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Abstract

The total cross section and the forward-backward asymmetry for the process ete™ —
ptp~(ny) are measured in the energy range 20-136 GeV by reconstructing the effective
centre-of-mass energy after initial state radiation. The analysis is based on the data
recorded with the ALEPH detector at LEP between 1990 and 1995, corresponding to
a total integrated luminosity of 143.5 pb™'. Two different approaches are used: in the
first one an exclusive selection of events with hard initial state radiation in the energy
range 20-88 GeV is directly compared with the Standard Model predictions showing good
agreement. In the second one, all events are used to obtain a precise measurement of the
energy dependence of 0% and A%z from a model independent fit, enabling constraints to
be placed on models with extra Z bosons.

(submitted to Physics Letters B)
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1 Introduction

The muon pair cross section and forward-backward asymmetry have been accurately
measured at different energy points around the Z mass [1]. These measurements allow
a precise determination of the effective couplings of the Z to muons. The vector and
axial vector couplings of the Z , together with the known photon couplings, completely
determine the behaviour of the cross section and forward-backward asymmetry at any
energy, if no new physics beyond the Standard Model is present.

In a more general framework, however, the description of the energy dependence of
these quantities requires the introduction of new parameters, as done, for example in the
S-matrix formalism (ref. [2]), which can be determined from the present measurements at
LEP only with limited precision.

Radiative muon events can be used to explore an interval of energies much broader
than the nominal LEP energy range, and to improve the knowledge on these parameters.

So far, the analysis of radiative muon events carried out by other experiments [3] has
been based on the exclusive selection of events with hard initial state radiation (ISR)
photons. This approach has been followed in this paper and the results compare well
with the Standard Model (SM) expectations.

In addition, a more general method (inclusive analysis) has been developed in which
the effective centre-of-mass energy after ISR is determined on an event-by-event basis.
This approach allows the use of all muon events. As a consequence, the sensitivity to the
parameters describing the energy dependence of the cross section and forward-backward
asymmetry is maximized, allowing as well the LEP constraints on the existence of new Z
bosons to be improved.

The outline of this paper is the following: in section 2 the theoretical justification of
this new approach is analyzed. In section 3 a brief description of the ALEPH detector
with its performances and the Monte Carlo generators used are given. Section 4 is devoted
to the discussion of the event selection and the two analysis methods. In section 5 the
results and a summary of the main systematic uncertainties are presented. Finally in
sections 6 and 7, limits on extra Z bosons and conclusions are given.

2 Theoretical formalism

The probability density that describes the process eTe™ — ptp~(n7y) at a given centre-
of-mass energy /s can be written as
425 1 3,

m(s) - @H(‘S’x) gUT(Sl)(l‘i‘COSZQ)—FUgB(s') cosf| . (1)

Here 6 is the scattering angle of one of the outgoing fermions with respect to the beam of
the same sign in the centre-of-mass of the hard process, and s’ = s(1 — x) is the invariant



mass of the colliding ete™ system after ISR. x is the fraction of radiated beam energy if
only one photon is emitted in the initial state. All the electroweak radiative corrections,
Z and vy vacuum polarization, vertex and box corrections are absorbed in the definition
of the total cross section o% and the antisymmetric (w.r.t. ) cross section o2y, while
H(s,z) is the radiator function that accounts for QED bremsstrahlung corrections [4].
The integral of the differential cross section, o(s), is used to normalize the probability

density.

One can think of /s as the “effective” centre-of-mass energy after ISR. This
interpretation is only valid if the interference between initial and final state photon
radiation (FSR) can be neglected. Moreover, this interference distorts the angular
distribution of Eq. (1). The effect of ISR-FSR interference is predicted to be small [5] at
/s ~ My, if no tight cuts are placed on the photon phase space. This is not, however,
true when the variable s’ (or z) in Eq. (1) is not integrated. The differential x distribution
is thus binned in intervals of size greater than the Z width, Az = 0.04 > ', /M. Such a
choice reduces the effect of the overlap between initial and final state wavefunctions and
hence diminishes the influence of ISR-FSR interference.

The probability density of Eq. (1) is only positive defined for all values of cos# when
| 0P |< 30%. This is not a problem when the measured asymmetry (Afg = opg/0}) is
far from this theoretical constraint, but would introduce strong correlations between the
fitted parameters when close to it as is the case at /s’ ~ 80 GeV or /s’ ~ 113 GeV [6].
In order to overcome this problem, the angular distribution is also binned in two regions
defined by cos@ > 0 (forward hemisphere) and cos < 0 (backward hemisphere), which
is equivalent to computing the forward-backward asymmetry without any hypothesis on
the angular distribution.

In this case, the probability density for an event to be in the interval z; < x < ;44 is
given by

Placosts) = s [ e (0,2) (o460 = )+ eO)otuls1 =) . @

where €(f) = +1 when cosf > 0 and €(f) = —1 when cos# < 0 and Az is the bin size.

The simplest S-Matrix [2] parametrization for the process ete™ — putpu~ predicts the
total and the forward-backward cross sections to be

o e

S (s — M2)2 + M2T%,

4
on(s) = §7r042 l

(3)

(4)

opp(s) = ma? l(s M_ 2

Assuming that the photon exchange term g* is known from QED (as for the

radiator function H (s, x)), the simplest S-matrix parametrization requires six parameters:

T tot stot ,.fb -fb
Mgz, Lz, 5, ) and 7,



The “r” parameters describe the measurements at the Z peak (dominated by the Z-
exchange diagram in the SM), while the “;j” parameters describe the energy dependence
of the total and the forward-backward cross section, (dominated by the -Z interference
in the SM). The parameters My and I'; are simply related to the usual definitions of the

Z mass and width [2]:

_ M
M, = z
(L+1I%/M3)
_ r
Iy, = z (5)

(1+T%/M3)

giving a shift in My of 34 MeV and in I'; of 0.9 MeV.

3 The ALEPH detector and event simulation

The ALEPH detector and its performance are described in detail elsewhere [7]. The
features relevant to this analysis are briefly mentioned here.

The momentum of charged particles is reconstructed using the information given by
the three tracking devices immersed in a 1.5 T axial magnetic field: a double-sided two-
layer silicon vertex detector (VDET), an eight-layer axial-wire chamber (ITC) and a large
time projection chamber (TPC), the last providing up to 21 space points for tracks of
charged particles. An inverse transverse momentum resolution of 6 x 107* (GeV)™! is
achieved (for 45 GeV muons) in the combined fit, while the resolution on cos @ is better
than 3 x 10~* with a negligible impact on the analysis presented here.

The highly granular electromagnetic calorimeter (ECAL), located inside the magnetic
coil, is made of 45 layers of lead and proportional wire chambers of a total thickness of
22 radiation lengths. ECAL is used to identify electrons and photons and measure their
energy with a relative resolution of 0.18/v/E (E in GeV).

Muons are identified by their characteristic penetration pattern in the hadron
calorimeter (HCAL), a 1.2 m thick iron yoke instrumented with 23 layers of limited
streamer tubes which provides a digital signal that gives a two-dimensional projection
of the energy deposition, and a measurement of hadronic energy deposits. Muon
identification is complemented with the measurement of three-dimensional hits in the
two surrounding layers of muon chambers.

Photon candidates are identified by means of an algorithm [7] which performs
a topological search for localized energy deposition in ECAL with a transverse and
longitudinal profile consistent with that of an electromagnetic shower. The resolution
achieved in the determination of the photon direction is better than 5 mrad.

In order to study the effect of the experimental cuts, more than 2 x 10° events were
produced with full detector simulation, using the DYMU3 [8] and KORALZ 4.0 [9] Monte
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Carlo generators for the exclusive and inclusive analysis, respectively, at several nominal
LEP energies. Radiation of hard photons in the initial and final state is treated at O(«)
by DYMU3 and at O(a?) by KORALZ 4.0. In KORALZ the radiation of soft photons is
included at all orders by exponentiation.

4 Event selection

As mentioned in the introduction, two different approaches have been followed. In both
cases, the selection of dimuon events starts from the standard cuts applied in previous
ALEPH [1] analyses, except that no cut on acollinearity or particle momentum is applied.
This preselection completely rejects the hadronic background and most of the Bhabha
events.

To reconstruct the effective centre-of-mass energy /s, it is assumed that photons are
emitted along the beam line, boosting the centre-of-mass system in that direction. In
this approximation the magnitude of the boost 4 can be computed from the measured
directions of the final state particles.

In the case of no FSR, the two charged particles are back to back in the centre-of-mass
system of the incoming electron and positron after ISR. This condition determines /3 as
a function of the measured polar angles of the two muon candidates (6; and ) through

| sin (6, + 62) |
sinf; +sinfy

6] = (6)

If one also considers the possibility of having one radiated photon in the final state,
the three particles (utp~7yps) will be contained in a plane in their centre-of-mass system.
So, from the angles measured in the laboratory system (6;,¢;) , one can compute 3 such
that the relative angles in the centre-of-mass system 6;; satisfy the condition that defines
a plane, 0, + 05, + 05, = 27.

Assuming the emission of only one ISR photon, s’ can be determined from (3. The
energy radiated along the beam direction reads

s 1AL
EEREIG "

and, as a consequence, the fraction = of radiated beam energy can be expressed as:

2[6]

Tr 18] ®)

The only limitations come from the experimental resolution in the measurement of the
directions of the detected particles and from the error induced by the ISR collinear
approximation.



4.1 Selection of dimuon events with hard ISR

In the first analysis, an exclusive selection of dimuon events with hard ISR (20 < /s’ <
88 GeV ), is performed. The effective centre-of-mass energy /s’ is computed with Eq. (6),
i.e. assuming collinear [SR and no FSR.

Each muon candidate is required to have a momentum of at least 10 GeV and the
sum of the momenta must be greater than 45 GeV. In order to eliminate the remaining
background and dimuon events with FSR, the following cuts, C; which are functions of
the reconstructed v/s' and are given in table 1, are applied:

Vs' — M, < C1(\V/s'), M, being the invariant mass of the two muon candidates.

N, <2 and |cosf,| > Co(V/s').

o | ¢ — ¢y — 7| < Cs5(V/s'), ¢; being the azimuthal angle of muon .
e Missing pr < C4(V/s).

The first cut removes both the 77 background and events with FSR. The efficiency
of the selection procedure and the contamination by FSR are studied with a sample of
simulated radiative muon events flagged as ISR or FSR on the basis of the generator
information. This distinction is possible since no ISR-FSR interference is included at the
generator (DYMUS3) level. If initial, as well as final state photons are produced, the events
are called ISR if the final state photon energy is below 1 GeV and FSR otherwise.

Data from the years 1992 to 1995 corresponding to a total integrated luminosity of
138 pb ! at centre-of-mass energies in the range 89.4—93.0 GeV are used. A total of 986
di-muon events are selected compared to 1026.7 expected from Monte Carlo simulation,
with 25 of the events coming from two photon background. The results of this direct
comparison with the MC predictions are shown in table 2.

4.2 Inclusive selection

In this case, no specific selection of hard ISR events is made, and 3 is computed for all the
identified dimuon candidates in the approximation that any detected photon is radiated
in the final state. The only requirements added to the standard muon preselection are

e Only two charged tracks must be present with the momentum of the most energetic
track being greater than 35 GeV.
e Only one photon candidate in ECAL with more than 0.3 GeV is allowed.

e The difference between the energy measured in ECAL and the corresponding energy
computed from the event kinematics (/s, # and cos ) must be less than four times
the energy resolution in ECAL.



e The difference between (y/s — E}°") and the total energy measured in ALEPH
must be less than four times the energy resolution. Here E;SR denotes the energy
computed with Eq. (7).

The first cut completely eliminates the two-photon background, while the second cut
removes those events with double FSR. Photons from ISR emitted at large angles, and
therefore detected in ECAL, are removed by the third cut, or by the second one if there
is also FSR. The last cut requires the total energy to be conserved, and eliminates most
of the remaining 77 background which is thus reduced to 0.01%. The only remaining
background is mis-identified Bhabha events (0.09%). The total efficiency of the selection
of dimuon candidates is (80.34 + 0.05)% at the Z peak. The resolution on x is shown in
fig. 1, the rms of the differences between the reconstructed (z,e), and generated fraction
of radiated energy (zgen), is around 0.01 to be compared with a bin size of 0.04.

The probability density given by Eq. (2) is corrected for the experimental efficiency as a
function of x,... The efficiency 6%(}3) for the F(B) hemisphere in the interval z; < x < ;44
is computed using the KORALZ MC simulation. These efficiency functions have been
computed for all the different LEP nominal energies.

The data sample used in the inclusive analysis was recorded in the years 1990 to 1995
at centre-of-mass energies from 88.2 to 136.2 GeV, and corresponds to a total integrated
luminosity of 143.5 pb™". A total of 130178 events pass the selection cuts.

5 Results and systematic studies

The probability density of Eq. (2), corrected for the experimental efficiency at each energy
point, is used to build a log-likelihood function defined as the sum of the logarithms of the
single-event probabilities. These probabilities are convolved with a Gaussian probability
density of the beam energy spread. The residual effect due to ISR-FSR interference on ofy
is taken into account by means of an analytic expression that computes such corrections

at O(«a) [5].

The probability density of Eq. (2) which is normalized w.r.t. the variables x and cos 6,
needs to be weighted with the luminosity taken at each energy point and normalized again

~

(P). The total number of events is used to build a new constraint

o _ (Zicuw, Li(o(si) —o™(s:))?
X1 = (A)Q ) (9)

where the error in the denominator A takes into account the systematic and statistical
uncertainties in the determination of the total cross section and luminosities at each
nominal centre-of-mass energy (,/s;). A second constraint (x3) is given by the
experimental measurements of My and I'z, as determined from the ALEPH measurements
of the hadronic line shape. The final function to be minimized taking into account the
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above constraints is

I = =2 > In P (x4, cos 0;, 5:) + X2 + x2. (10)

1=1,Nevt

The results obtained are shown in table 3 together with the SM predictions. A 2
can be computed from the Poisson probability to have seen N events in the interval

\/Sie1 > Vs > \/37; when the expected number is Nft. The x?/d.o.f. for the fit shown

in table 3 is 193.7/187, corresponding to a confidence level of 35%. The results are in
agreement, with the SM, and the statistical precision of the measurements of jfft and jlib
is improved by a factor 1.4 compared with the results obtained using the convolved cross
sections of ref. [14]. A direct comparison with the predictions of the fit as a function of

the /s’ interval is shown in table 4.

From the definitions

0 [} _ fit ’ Ngbs
o ((Vs) = o' ((Vs)) N

0 [} — fit ’ N]%bs
o ((Vs')) = op ((V8>)—N]§t,

a measurement of the total cross section and forward-backward asymmetry is obtained
over a wide range of energies, where the effect of the ISR has been deconvolved. The
results are shown in tables 5 and 6 for the exclusive and inclusive analyses, respectively.
In fig. 2 and fig. 3 one can compare also these measurements with previous measurements
made at PEP [10], PETRA [11] and TRISTAN [12] at lower energies. The low energy
data from these experiments are corrected to include the effect of the running of the fine
structure constant «.

Different sources of possible systematic errors on the measured S-matrix parameters
have been investigated and reported in table 7:

e The statistical uncertainty due to the finite number of MC events used to determine
6%(3) has been propagated in the fit.

e The uncertainty associated with the calculation at O(«) of the ISR-FSR interference
corrections has been evaluated from the data by comparing the change on the
asymmetry after a cut on the radiated energy with that predicted by the analytic
calculation. A discrepancy of ~60% is observed and propagated to the S-matrix
parameters. A similar conclusion on the size of these discrepancies between data
and the O(«) ISR-FSR interference analytic calculation can be found in ref. [13].

e The limitations of the MC simulation to reproduce the angular distribution of hard
FSR photons emitted at large angles (613 > 100°) with respect to the muon direction
has been considered. The variation of the S-matrix parameters obtained by removing
these events from the final sample has been quoted as a systematic error.
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e The effect of the remaining Bhabha background has also been considered as a source
of systematic uncertainty.

e The uncertainty on the beam energy spread (~ 1 MeV) has been propagated in the
fit, and the effect is completely negligible.

6 Limits on extra Z bosons

Many attempts to unify the strong and electroweak interactions predict additional neutral
heavy gauge bosons Z'. New interference terms, such as v-Z' and Z-Z' would appear at
the Born level and would modify the cross section and angular distribution at energies
far from /s ~ M.

After specifying the model (without any assumption on the structure of the Higgs
sector), only two free parameters remain: i) the mixing angle 63 between Z and Z', and
ii) the mass of the heavier-mass eigenstate, M.

To obtain exclusion limits, a x? is computed by comparing the values that appear
in table 6 with different theoretical models. The ALEPH measurements of the hadronic
cross section reported in [14] are also included, but they only improve the sensitivity to
the mixing angle.

Four of the most popular models that introduce a new Z boson are considered. Three of
them (x, ¢ and 1 models) are superstring-inspired models [15] based on the Eg symmetry
group. The other one is a left-right symmetric model [16] that includes a right-handed
SU(2)r extension of the Standard Model gauge group SU(2);, ® U(1). These kind of
models are characterized by the parameter o, g that describes the coupling of the Z’ to
fermions. The specific value ar,_r = 1 is chosen as typical example.

The effects of the Z’ for the L-R and Es models on the cross sections and asymmetries
are calculated using an addition to the ZFITTER program, called ZEFIT (vers. 3.1) [17],
that provides radiatively corrected cross sections and asymmetries for the process ete™ —
ff. As the standard Z mass changes due to the presence of a mixed Z', M is also fitted
(using the direct M, measurement constraint) along with the mixing angle 3 and the Z’
mass.

The region defined by x? < x2;,+5.99 corresponds to a 95% confidence level one-sided
exclusion bound on two parameters. This is plotted in fig. 4 for the models considered,
and in table 8 the explicit limits are given. They are computed with oy = 0.120 4= 0.003,
M, = 175 £ 6 GeV and My = 150733° GeV. In fig. 4 the exclusion limits published by
CDF [18] in a direct search for Z' bosons are also shown.
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7 Conclusions

An exclusive selection of hard ISR events has been performed. A total of 986 events
are selected, and good agreement with the Standard Model expectations is observed at
centre-of-mass energies between 20 and 88 GeV.

Going one step further, the full statistical power of the event sample has been used
by reconstructing the effective centre-of-mass energy v/s’ on an event-by-event basis. A
precise measurement of the total cross section and the forward-backward asymmetry in a
range of energies still uncovered by present accelerators, extending from 60 to 136 GeV,
has been performed. As a result, the S-matrix parameters that describe, in a general
way, the energy dependence of these observables are determined with an unprecedented
precision.

The results obtained for the S-matrix parameters are

r' = 0.14186 £ 0.00080 % 0.00004

7
jff)t = —0.033 £ 0.022 4+ 0.007
rzb = 0.00273 £ 0.00054 £ 0.00032

i = 0.807 £ 0.026 = 0.013,

where the second error corresponds to the systematic uncertainty in the extraction of
these parameters.

The improved precision on the measured energy dependence, especially the energy
dependence of the forward-backward asymmetry jﬁb, allows the existing limits from LEP
on Mz to be improved.
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Figure 1: Monte Carlo study of the performance of the s’ = s(1 — x) reconstruction at /s = 91.2 GeV.
The upper figure shows the correlation between the reconstructed @rec, and the generated zgen values of
x. The size of the squares is proportional to the logarithm of the number of events. The lower figure
shows the distribution of the difference Zrec — Tgen.
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Figure 2: Measured cross sections of muon-pair production compared with the fit results. The ALEPH
measurements below 60 GeV correspond to the exclusive hard ISR selection that are not used in the fit.
For comparison the measurements at lower energies from PEP, PETRA and TRISTAN are included.
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Figure 3: Measured forward-backward asymmetries of muon-pair production compared with the fit
results. The ALEPH measurements below 60 GeV correspond to the exclusive hard ISR selection that
are not used in the fit. For comparison the measurements at lower energies from PEP, PETRA and
TRISTAN are included.
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Figure 4: Curves corresponding to 95% confidence level contours dividing the Mz - 63 plane into
allowed and excluded (shaded) regions. a) x model, b) ) model, ¢) n model and d) Left-Right model
with A1, —R — 1.
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Tables

Table 1: Cuts used to identify hard ISR events as a function of the reconstructed effective centre-of-mass
energy.

| Vs' (GeV) | C1 (GeV) | Oy | C; (rads) | Cy (GeV) |

20 — 30 20 0.60 1.0 10
30 — 40 15 0.60 0.2 8
40 — 50 10 0.94 0.2 6
50 — 60 8 0.94 0.1 5
60 — 70 6 0.94 0.05 5
70 — 80 3 0.94 0.03 5
80 — 85 2 0.94 0.02 5
85 — 87 2 0.94 0.02 5
87 — 88 2 0.94 0.02 5

Table 2: Number of observed hard ISR events in the different intervals of v/s’ compared with the number
of events predicted by the Monte Carlo and the expected number of two-photon background events. The
pull is defined to be (N°P — NMC)/(§N). The efficiency and purity of the selection w.r.t. FSR events
are shown in the last two columns.

| Vs (GeV) | (V) (GeV) | N°> | NMC [ Pull | N, Backg. | Efficiency | Purity |

20 — 40 30.94 o6 | 54.5 | +0.2 14.3 0.81 0.95
40 — 50 45.11 28 | 31.0 | —=0.5 9.0 0.71 0.93
50 — 60 55.12 17 | 23.8 | —=1.3 0.0 0.69 0.96
60 — 70 65.15 33 | 36.1 | —=0.5 1.8 0.67 0.92
70 — 80 76.08 70749 | +0.2 0.0 0.65 0.89
80 — 85 83.37 167 | 167.3 0.0 0.0 0.65 0.88
85 — 87 86.13 256 | 264.8 | —0.5 0.0 0.71 0.91
87 — 88 87.53 345 | 354.8 | —0.5 0.0 0.74 0.92

Table 3: Results obtained for the S-matrix parameters from a maximum likelihood fit to the events
selected in the inclusive analysis. The SM predictions are computed with My = 91.1863 GeV,
a Y (M%) =128.896, M; = 175 GeV and My = 150 GeV.

‘ | SM predictions ‘ Fit results ‘ Correlation matrix
rltft 0.14298 0.14186 + 0.00080 | 1.00 0.04 0.04 0.11
jfft 0.004 —-0.033 £ 0.022 1.00 —0.04 —-0.34
rff’ 0.00278 0.00273 + 0.00054 1.00 0.13
jff’ 0.800 0.807 + 0.026 1.00

16



Table 4: Number of observed events in the different intervals of v/s for the inclusive analysis compared
with the number of events predicted from the fit results. The pull is defined to be (N°P* — Nfit) /(5 V).

| Vs’ GeV | (Vs) GeV | Ng™ | Nft | Pull| Ng* | Nt | Pul]
55 — 65 63.13 11 105 [+01] 17 | 199 [-05
65 — 75 72.18 22 | 169 |+1.1| 37 | 399 |-05
75— 80 78.29 17 | 123 | +12| 35 | 380 |-05
80 — 84 82.50 26 | 232 |+06| 74 | 769 |-03
84 — 86 85.20 70 | 649 |+06| 169 | 168.1 | 40.1
86. — 87.8 87.49 160 | 153.2 | +0.5| 306 | 297.5 | +0.5
87.8—88.6 | 88.37 80 | 89.0 | 00| 145 | 1439 | +0.1
88.6—89.6 | 89.42 | 3336 | 3399.4 | —1.1 | 4683 | 4562.9 | +1.8
89.6 —90.3 |  90.21 376 | 378.7 | —0.1| 459 | 4384 | +1.0
90.3—91.3 | 91.22 | 55258 | 54873.5 | +1.6 | 53974 | 53778.6 | +0.8
91.3—-92.3 | 92.05 619 | 609.8 |-+0.4| 511 | 5368 | —1.1
92.3-933 | 92.99 | 5268 | 5216.3 | +0.7 | 4036 | 3985.3 | +0.8
93.3—100 | 93.96 239 | 2280 |+0.7| 183 | 1541 | 423
100 — 127 | 110.25 7 6.1 |[402] 1 1.7 0.0
127—133 | 130.17 17 | 138 | +0.7| 3 24 | 40.2
133 —136 | 136.21 13 93 | +1.0| 3 1.8 | 40.6

Table 5: Measured cross sections and asymmetries in the exclusive analysis compared with those
predicted from the fit results. The pull is defined to be (¢° — o1*)/(60°) and (A%g — ALL)/(0A%R).

| (Vs) (GeV) | 0° £ 60° (nb) | o™ (nb) | Pull | A% + 640, | Al | Pull |

30.94 0.105 £ 0.016 0.1009 | +0.3 | +0.56 £0.38 | —0.07 | +1.7
45.11 0.043 £0.011 0.0487 | —0.6 | =0.39 £0.46 | —0.17 | —0.5
55.12 0.0245 £0.0084 | 0.0339 | —1.1 | —0.37£0.30 | —0.29 | —0.3
65.15 0.0243 £ 0.0057 | 0.0268 | —0.5 | —0.44 £0.28 | —0.48 | +0.2
76.08 0.0291 £ 0.0034 | 0.0292 0.0 —-0.524+0.14 | —=0.70 | +1.4
83.37 0.0610 = 0.0048 | 0.0612 0.0 | =0.624+0.08 | —0.60 | —0.1
86.13 0.1191 £ 0.0076 | 0.1241 | —0.6 | —0.28 £0.07 | —0.43 | +2.2
87.53 0.210 £ 0.011 0.2163 | —0.5 | —=0.33 £ 0.06 | —0.32 | —0.1
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Table 6: Measured cross sections and asymmetries in the inclusive analysis compared with those

predicted from the fit results. The pull is defined to be (¢° — ofi*)/(60°) and (A% — Af)/(§A%R).

‘ (Vs') (GeV) | o’ + 60° (nb) ‘ ot (nb) ‘ Pull | AV £ 6AY, | Alit ‘ Pull ‘

63.12
72.18
78.29
82.50
85.20
87.49
88.37
89.42
90.21
91.23
92.05
92.99
94.03
110.46
130.20
136.21

0.0253 £ 0.0085
0.0263 £ 0.0037
0.0325 £ 0.0048
0.0520 £ 0.0053
0.0956 £ 0.0061
0.219 £ 0.010
0.336 £ 0.022
0.6759 £ 0.0075
1.276 £ 0.044
2.0018 £ 0.0060
1.322 £ 0.040
0.6570 £ 0.0068
0.381 £ 0.018
0.019 £ 0.010
0.0102 £ 0.0028
0.0104 £ 0.0026

0.0278
0.0263
0.0330
0.0525
0.0934
0.2118
0.3341
0.6710
1.2487
1.9911
1.3403
0.6498
0.3466
0.0175
0.0083
0.0072

—0.3

0.0
—0.1
—0.1
+0.4
+0.7
+0.1
+0.6
+0.6
+1.8
—0.5
+1.1
+1.9
+0.1
+0.7
+1.2

—0.357022
o
—Y.OV_0.11
—0.593100%
—0.472+3:953
—0.317+5:047
—0.250 £ 0.067
—0.171 4+ 0.011
—0.101 £ 0.036
0.0216 =+ 0.0030
0.128 + 0.030
0.178 + 0.010
0.201 + 0.049
0.7510%%
e
-9Y_0.30

—0.435
—0.637
—0.716
—0.641
—0.499
—0.324
—0.246
—0.149
—0.075
0.0199
0.096
0.179
0.260
0.788
0.736
0.712

+0.5
+1.0
+1.0
+0.6
+0.5
+0.1
—0.1
-2.0
—-0.7
+0.6
+1.0
—0.1
—-1.2
—0.2

0.0
+0.2

Table 7: Contributions to the total systematic uncertainties on the S-matrix parameters.

| Source

| Ar [Ag [ Ary [ Ajy ]

MC statistics | 0.00003 | 0.006 | 0.00003 | 0.009
ISR-FSR interf. | 0.00002 | 0.002 | 0.00032 | 0.009
FSR nil | 0.003 | 0.00005 | 0.004
background nil | 0.001 | 0.00002 | 0.003
| TOTAL | 0.00004 | 0.007 | 0.00032 | 0.013 |

Table 8: 95% confidence level limits on M, and @3 from fits to the predictions of several models.

Es(x) | Es(v) | Es(n) | L-R(arr=1)
My (GeV) > 236 160 173 190
05 (rads) > —0.0016 | —0.0020 | —0.021 —0.0017
05 (rads) < +0.0036 | +0.0038 | +0.012 +0.0035
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