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15 Helsinki Institute of Physics, HIP, P.O. Box 9, FIN-00014 Helsinki, Finland
16 Joint Institute for Nuclear Research, Dubna, Head Post Office, P.O. Box 79, 101 000 Moscow, Russian Federation
17 Institut für Experimentelle Kernphysik, Universität Karlsruhe, Postfach 6980, D-76128 Karlsruhe, Germany
18 Institute of Nuclear Physics and University of Mining and Metalurgy, Ul. Kawiory 26a, PL-30055 Krakow, Poland
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Abstract. A study of the channele+e− → µ+µ−γISR,
whereγISR is an initial state radiation photon, is presented
using data collected by the DELPHI experiment from 1991
to 1994. The total cross-section at effective annihilation en-
ergies (

√
s′) below theZ0 peak is obtained by using the

events with relatively hard initial state radiative photon(s)
(Eγ > 1 GeV). The differential cross-section as a func-
tion of the muon polar production angle is also determined
in order to extract the forward-backward asymmetries for
the reactione+e− → µ+µ− at energies

√
s′ between 20 and

87 GeV. The ratio of the helicity cross-sectionsσLL+σRR
σRL+σLR

,
where the two subscripts stand for the helicities of the in-
cominge− and outgoingµ− respectively, is extracted from
the differential cross-sections in order to test the Standard
Model and to look for new physics near 80 GeV. No devi-
ations from the Standard Model were found.

1 Introduction

In this paper, experimental results from studies of events col-
lected at LEP1 in the channele+e− → µ+µ−γISR, with γISR
being an initial state radiation photon, are used to probe the
cross-sections and forward-backward asymmetries in the en-
ergy region between LEP1 and TRISTAN and down to PE-
TRA energies. Similar measurements have been performed
previously [1]. In this paper an analysis in terms of helicity
cross-sections [2] is also performed, and is shown to be par-
ticularly useful in a search for new physics near the effective
annihilation energy

√
s′ = 80 GeV.

The investigation of thee+e− → µ+µ− cross-section
at energies below theZ0 peak is attractive because no ex-
periments have ever taken data at energies between 61 and
88 GeV. In addition, an indication of a deviation of the cross-
section from the predictions of the Standard Model (SM) at
58 GeV has been reported from TRISTAN [3]. Measurable
deviations in thee+e− → ff̄ cross-section in this energy
range can arise in several models beyond the SM, for in-
stance those which introduce an additionalZ ′ gauge boson.

In a previous paper [4] an analysis was presented of
radiative muon events using the data collected by DELPHI
up to 1992. In this paper a new analysis is presented based
on the data collected between 1991 and 1994, and on an
improved event selection procedure.

The paper is organised as follows. Section 2 summarises
the theoretical background to the analysis. Section 3 de-
scribes briefly the DELPHI detector and presents the data
samples used. Section 4 discusses the event selection pro-
cedures. Section 5 presents the calculation of the total Im-
proved Born cross-sections. The analysis of the differential
cross-sections in terms of the forward-backward asymmetry

and the helicity cross-sections is presented in Sect. 6. Finally,
Sect. 7 summarises.

2 Theoretical background

2.1 Total cross-section

Electromagnetic radiative corrections to the interactione+e−
→ ff̄ substantially distort the Born-level cross-section at
energies around theZ0 pole [5, 6].

Most of the effects can be understood to arise from initial
state radiation (ISR), after which the effective annihilation
energy

√
s′ of the e+e− system is less than the total centre-

of-mass energy
√
s. Because the Born cross-section varies

rapidly across theZ0 pole, the resulting changes in the cross-
section are large. Consequently they need to be understood
very precisely in order to study the underlying electroweak
physics.

The cross-section for the reactione+e− → µ+µ− has
contributions from directZ0 and photon terms and from
γ − Z0 interference. Radiative corrections can be divided
into the following components:

– emission of real photons from the initial and/or final state
fermions,

– corrections to theZ0 and γ propagators, consisting of
loop diagrams involving any particles which couple to
these bosons,

– vertex corrections, involving virtual photons as well as
any other particles which couple to the initial or final
fermions,

– box diagrams, involving the exchange of two bosons
(γ, Z0).

At the present level of precision, the box diagrams can be
neglected. To a very good approximation, the effect of the
vertex and propagator corrections can be absorbed into a re-
definition of the Born-level parameters that retains the struc-
ture of the Born-level formulae (Improved or Effective Born
Approximation; see e.g. [6]).

Pure QED initial state corrections can be described by a
radiator functionHi(s, s′), giving the probability density of
emitting a photon with a given fraction of the beam energy
from the initial state, such that the observed cross-section
for e+e− → ff̄ (nγ) can be written:

σff̄obs(s) =
∫ s

s′0

Hi(s, s
′) σff̄IB(s′) ds′ (1)

where s′0 = 4m2
f , the invariant massMff̄ of the fermion

pair produced is given by the effective annihilation energy√
s′, andσff̄IB(s′) is the Improved Born cross-section. Thus

the observed cross-section involves a convolution ofσff̄IB(s′)
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with the radiator functionHi(s, s′). A similar formula can
be written for the case where selection criteria are applied
to the final state fermions or to the photons produced.

In addition, there is a small contribution to the cross-
section from the interference between initial and final state
radiation [7]. This interference is very small in the energy
region covered by this analysis,

√
s′ < 87 GeV andEγ >

1 GeV, and can be neglected at the present level of precision.
For the case where a pure ISR sample is selected, the

number of eventsN12 in a given interval (s′1, s
′
2) can be

written as

N12 = L
∫ s′2

s′1

Hi(s, s
′) σff̄IB(s′) ds′ (2)

whereL is the integrated luminosity. Thus, from the known
QED radiator functionHi(s, s′) (see [8] and references
therein) and the measured integrated luminosityL , the Im-
proved Born cross-sectionσff̄IB(s′) for energies

√
s′ below

the nominal LEP energy
√
s can be determined by measur-

ing the
√
s′ spectrum from the invariant mass distribution

of the final state fermion pairs.

2.2 New physics near the zeroes of thee+e− → µ+µ−
cross-section

At tree level, thee+e− → µ+µ− cross-section can be written,
apart from radiative corrections and possible new physics,
as

σ = σLL + σRR + σRL + σLR (3)

wherei(j) in σij stands for the helicity of the incominge−
(outgoingµ−) [2]. Within the Standard Model,σLL andσRR
have nearby zeroes such thatσLL+σRR almost vanishes near√
s = 80 GeV. This is not the case forσRL + σLR, which

vanishes at
√
s > mZ . A study of the cross-section sum

σLL +σRR around 80 GeV allows a search for new physics
in an environment of minimal background.

As shown in [2], due to their angular dependence of the
form (1± cosθ)2, whereθ is the production polar angle of
the µ− relative to thee− beam direction, the two helicity
components of the cross-section,σLL+σRR andσRL+σLR,
can be extracted from the data by a polynomial projection
of the differential cross-section as a function ofθ:

σ̃µ+ =
∫ CM

−CM

dσ

d cosθ
· F+ · d cosθ (4)

σ̃µ− =
∫ CM

−CM

dσ

d cosθ
· F− · d cosθ , (5)

where the filtersF± are polynomials of the formA(1 ±
B cosθ), andCM = cosθmax represents the acceptance
limits in the analysis.

At tree level in the framework of the Standard Model,

σ̃µ+ = σLL + σRR (6)

σ̃µ− = σLR + σRL (7)

and the ratio

σ̃µ+
σ̃µ−

=
σLL + σRR
σRL + σLR

(8)

has a minimum just below 80 GeV. Therefore, this ratio is
very sensitive to new physics near this energy.

3 The DELPHI detector and data samples

The DELPHI detector and its performance are described in
detail in [9]. In this analysis, the tracking was performed
by the Vertex Detector (VD), the Inner Detector (ID), the
Outer Detector (OD), the Time Projection Chamber (TPC),
and the Forward Chambers (FCA,FCB). In the rejection of
events with final state radiation (FSR), the barrel and forward
electromagnetic calorimeters were used (HPC and FEMC).
The identification of muons was based on the muon cham-
bers (MUB and MUF), the hadron calorimeter (HCAL), and
the electromagnetic calorimeters. In what follows, the barrel
region was defined as 43◦ ≤ θ ≤ 137◦, and the endcaps
as θ < 43◦ and θ > 137◦, whereθ is the polar angle with
respect to the electron beam axis.

The data used for the calculation of the forward-backward
asymmetries and the helicity cross-section ratios were col-
lected during the years 1991 to 1994, and correspond to an
integrated luminosity of around 115 pb−1. For the calcula-
tion of the total cross-sections, only the data taken during
the years 1992-1994 were used, corresponding to an inte-
grated luminosity of around 100 pb−1. About 80% of the
events were collected at theZ0 peak energy, while the oth-
ers were produced during a scan at different energies below
and above theZ0 peak.

For simulation studies of the signal, dimuon events were
generated using the DYMU3 program [10]. The events were
generated with up to two initial state photons and at most
one final state photon. For the cross-section studies, where
a normalisation to the simulated sample is needed, a total of
about 613,000 events were generated, spread over the beam
energies at which data were taken in the period 1992 to
1994. For the evaluation of the efficiency and purity of the
ISR sample (see Sect. 4.3), about 240,000 radiative muon
events withµ+µ− invariant massMµµ < 88 GeV/c2 were
generated at the same beam energies.

For the study of the background from the channele+e−
→ τ+τ−, about 270,000 events were generated with the KO-
RALZ program [11]. For the study of the background com-
ing from γγ processes, about 236,000e+e− → e+e−µ+µ−
and 10,000e+e− → e+e−τ+τ− events were generated using
the FERMISV program [12].

All the generated events were passed through the full
DELPHI simulation [9] and the same data reconstruction
program as the real data.

4 Selection of dimuon events with ISR

The selection of dimuon events with ISR was performed in
two steps. First a sample of dimuon events with or without
photon production was selected following the procedure de-
tailed in Sect. 4.1. From this sample, events with ISR were
extracted using the procedure described in Sect. 4.2.

For the calculation of the cross-sections, the same selec-
tion procedure was applied to the 613,000 simulated dimuon
events (see Sect. 3).
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4.1 Selection ofe+e− → µ+µ−(nγ) events

To select a sample of dimuon events allowing for possible
photon emission, the procedure explained in [13] was fol-
lowed, with looser cuts to admit a larger fraction of radiative
events and consequently with a more elaborate rejection of
τ+τ− events.

The events had to contain two charged particles of mo-
mentum greater than 10 GeV/c, both of which were iden-
tified as muons either by the muon chambers (MUB and
MUF), or by the hadron calorimeter (HCAL), or by the elec-
tromagnetic calorimeters (HPC and FEMC). Both particles
had to come from the interaction region, which was defined
as |z| less than 4.5 cm andR less than 1.5 cm, wherez is
along thee− beam direction andR is the radius normal to
it. The variablePrad =

√
p2

1 + p2
2/Ebeam, whereEbeam is

the beam energy andp1 andp2 are the momenta of the two
muons, had to exceed 0.3. Events with more than 5 charged
particle tracks were rejected.

Because these cuts were looser than those used in the
standard dimuon selection, the background fromτ+τ− events
was higher. To reduce this background, the following three
criteria were introduced. Firstly, if the acollinearity angle
between the two muons was larger than 1◦, the event was
rejected if the energy deposited in the HCAL was larger than
a cutoff value dependent on the polar angle (see [13]). Sec-
ondly, if the event had more than 2 charged particle tracks,
either the acollinearity angle between the two muons had to
be less than 1◦ or both muons had to have at least one asso-
ciated hit in the muon chambers. Thirdly, in the procedure
to separate ISR from Final State Radiation (FSR) events, a
variable∆Eγ was introduced, which was defined as

∆Eγ = E′
γ − E′′

γ (9)

where

E′
γ =

√
s− Eµ+ − Eµ− (10)

and

E′′
γ =

| sin (θµ+ + θµ− )|
| sin (θµ+ + θµ− )| + sinθµ+ + sinθµ−

√
s . (11)

In these formulae,θµ+ and θµ− are the polar angles, and
Eµ+ andEµ− the energies of the muons. The variableE′

γ

represents the energy taken by the ISR photons if no FSR
photons are produced. The variableE′′

γ is an approximation
to the ISR photon energy if the muon masses are neglected
and if one assumes that a single ISR photon is emitted along
the beam direction and that no FSR photons are produced.
The variable∆Eγ was also effective in rejecting tau events,
as can be seen in Fig. 1a, which shows the distribution of
this variable for simulated dimuon andτ+τ− events, after
application of all of the above cuts except the tau rejection
criteria. Events with∆Eγ > 25 GeV were rejected as tau
candidates.

Because the selection efficiencies could not be estimated
reliably at low polar angles, the cross-sections were deter-
mined with samples of events with theµ− polar angle in
the region 20◦ ≤ θµ− ≤ 160◦. For the measurement of
the forward-backward asymmetries however, the likelihood
fit method is not affected by the selection efficiencies if
these are forward-backward symmetric. Therefore, for these

measurements theµ− polar angle region was extended to
11◦ ≤ θµ− ≤ 169◦. For the extraction of the helicity cross-
sections, efficiency corrections had to be made, and the polar
angle acceptance was dependent on the effective energy

√
s′

(see Sect. 6.3).
After this selection of dimuon events, data runs were

rejected if the parts of the DELPHI detector used in this
analysis were not fully operational. The total number of
dimuons available for the asymmetry analysis (data taking
period 1991-1994) amounted to 128,876. These were spread
over 7 energy points, but about 92% were produced at the
Z0 peak. The total number of dimuons selected for the cross-
section analysis (data taking period 1992-1994) was 107,619
spread over 3 energy points, about 91% of them being pro-
duced at theZ0 peak.

The tau background was estimated with the simulated
τ+τ− events to be 0.26%. The background from two-photon
events was also estimated with simulated events, and found
to be less than 0.1% for the channele+e− → e+e−µ+µ−.
For the channele+e− → e+e−τ+τ−, no simulated events
were found to satisfy the dimuon selection criteria.

The cosmic ray background was estimated from the data,
by relaxing the definition of the interaction region [13] and
counting the number of additional events accepted in the
data sample. It was found to amount to 0.57%.

From the 613,000 simulatedµ+µ− events, 508,058 re-
mained after the dimuon selection in the polar angle region
20◦ ≤ θµ− ≤ 160◦. These events were used for the normal-
isation in the cross-section calculation (see Sect. 5).

4.2 Selection ofe+e− → µ+µ−γISR events

To extract the events with ISR from the dimuon sample
described in Sect. 4.1, the following variables were used.

– pmiss
T = |∑Nch

i=1 pi
T |, the missing transverse momentum

of the event with respect to the beam axis.
– αacol, the acollinearity angle between the two muons.
– αacop, the acoplanarity angle defined as the angle be-

tween the two planes respectively formed by each of the
muons and the electron beam axis.

– Eneu
em , the total neutral electromagnetic energy of the

event, defined as

Eneu
em = Etot

em − Eµ+

em − Eµ−
em (12)

whereEtot
em is the total energy deposited in the elec-

tromagnetic calorimeters andEµ+

em (Eµ−
em) is the energy

deposited by theµ+ (µ−).
– ∆Eγ , defined in equations (9) to (11). Figure 1b shows

the distribution of∆Eγ for simulated ISR and FSR
events after applying all the selections mentioned in
Sect. 4.1 except the∆Eγ cut. The events were labelled
as ISR or FSR on the basis of the generator information.
Figure 1b shows that the ISR events are concentrated in
the region|∆Eγ | < 15 GeV, while the FSR events are
spread over the whole∆Eγ domain.

– αµγ , the isolation angle. For a given reconstructed pho-
ton, this was taken to be the smallest of the following
angles: the two angles between the muon tracks and the
flightline of the photon, and the two angles between the
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Fig. 1a,b. Distribution of∆Eγ (see Sect. 4.1 for definition)
for a simulated dimuon events (solid line) andτ+τ− events
(dashed line) after all cuts from Sect. 4.1 except the tau vetoes,
and b simulated ISR (cross-hatched area) and FSR events
(solid line) with

√
s′ < 88 GeV after the selection procedure

of Sect. 4.1 without the∆Eγ cut

Table 1.Requirements for the selection of ISR events. The details are given
in the text
√
s′ [GeV] < 35 35-65 65-80 80-84 > 84

loose selections
pmiss
T [GeV/c] - < 5 < 4 < 4 < 3
αacol [◦] > 1.5 > 1.5 > 1.5 > 1 > 1
αacop [◦] < 7.5 < 7.5 < 5 < 4 < 4
Eneu
em [GeV] - < 2 < 2 < 2 < 2
|∆Eγ | [GeV] < 25 < 13.2 < 6 < 6 < 5

tight selections
pmiss
T [GeV/c] - < 2.5 < 1 < 1 < 1
αacol [◦] > 3 > 3 > 3 > 2 > 2
αacop [◦] < 5 < 5 < 4 < 3 < 3
Eneu
em [GeV] - < 1 < 1 < 1 < 1
|∆Eγ | [GeV] < 25 < 4.4 < 3 < 3 < 2.5

direction opposite to the muons and the flightline of the
photon. The photons were assumed to be produced at the
vertex. They were reconstructed following the method
described in [9]. Only photons with a reconstructed en-
ergy larger than 1 GeV were considered.

To ensure a high purity of the selected sample for all ef-
fective annihilation energies, the selection criteria were taken
to be different in each

√
s′ interval. The selection criteria are

summarised in Table 1.
Two sets of selections were used, called tight or loose,

depending on whether or not a photon was detected in the
electromagnetic calorimeters close to one of the muons. The
tight selections were applied in the barrel region when a
photon was found with isolation angleαµγ < 36◦, and in
the endcaps when either a) a photon was found with isolation
angleαµγ < 20◦, or b) αµγ < θγ , whereθγ is the polar
angle of the photon with respect to the electron beam axis.
In all other cases, the loose selections were applied.

For the effective annihilation energy
√
s′, or equivalently

theµ+µ− invariant massMµµ, the following expression was
used:
√
s′ = Mµµ =

√
s− 2E′′

γ

√
s . (13)

The justification for this procedure is explained in [4]. Fig-
ure 2 shows the relation between the true effective annihila-
tion energy and approximation (13) for simulated ISR events.
The mean difference between the true and reconstructed val-
ues was found to be around 1% at 87 GeV and about 7% at
energies below 60 GeV. The analysis was restricted to the√
s′ region between 20 and 87 GeV.

In the data sample, 325 ISR events were selected for the
cross-section calculation, and 399 for the differential cross-
section and asymmetry calculation.

From the 508,058 simulated dimuons selected as de-
scribed in Sect. 4.1, 1868 ISR events were selected for the
cross-section calculations.

4.3 Efficiency of the selection procedure and purity of the
ISR sample

The efficiency of the selection procedure and the contami-
nation by FSR events were studied with the sample of simu-
lated radiative muon events generated by DYMU3 [10] with
true

√
s′ lower than 88 GeV. The events were flagged as ISR

or FSR on the basis of the generator information. If both ini-
tial and final state photons were produced, the events were
labelled ISR if the generated final state photon energy was
below 1 GeV and FSR otherwise. The effective annihilation
energy

√
s′ was calculated using formula (13). The resulting

efficiency and purity are displayed as a function of
√
s′ in
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Fig. 2. Reconstructed effective annihilation energy
√
s′ (for-

mula 13) as a function of the true value for simulated ISR
events with true

√
s′ < 88 GeV

Fig. 3. The purity of the sample is near 90% over the whole
energy interval. The selection efficiency is about 80% at low
energies and decreases to around 50% at 87 GeV.

The cosmic ray background was checked using the sam-
ple of ISR events selected for the cross-section calculation.
No additional events were found when the cuts on the in-
teraction region definition were relaxed to allow impact pa-
rameters of charged particle tracks to the production vertex
of up to 3 cm in the plane transverse to the beam and up
to 9 cm parallel to the beam, which should have quadrupled
this background.

The background frome+e− → τ+τ− events was esti-
mated from the sample of 270,000 simulatedτ+τ− events
(see Sect. 3). No events were found to satisfy the ISR selec-
tion criteria.

The background from two-photon processes was esti-
mated from simulated events. It was found to be 1.6% for
the channele+e− → e+e−µ+µ−, while no events in the
channele+e− → e+e−τ+τ− satisfied the ISR criteria.

5 Estimation of the total Improved Born cross-sections

The data taken in the years 1992–1994 were used to estimate
the Improved Born cross-sectionsσobsIB (

√
s′). The polar angle

of theµ− was required to be in the range 20◦ ≤ θµ− ≤ 160◦.
A total of 325 events was selected. The ratio of the averages
of the observed to the Standard Model Improved Born cross-
sections inside a given

√
s′ interval is given by

< σobsIB (
√
s′) >

< σSMIB (
√
s′) >

=
Nobs(

√
s′) ·Nnorm

sim

Nsim(
√
s′) ·Nnorm

obs

(14)

where
√
s′ is the mean effective annihilation energy in the

interval. The quantitiesNobs(
√
s′) andNsim(

√
s′) represent

the numbers of ISR events in a given
√
s′ interval in the

data and in the simulated sample respectively, selected as
explained in Sect. 4.2. The quantitiesNnorm

obs and Nnorm
sim

represent the number of dimuon events selected as explained
in Sect. 4.1 in the real and simulated data samples. In each√
s′ interval, the normalisation of the ISR sample to the full

dimuon sample was calculated separately for the on-peak
and off-peak data, after which the results were averaged.
The numberNobs(

√
s′) was corrected for the two-photon

background, and the numberNnorm
obs was corrected for the

background arising from cosmic ray and tau events. The
other backgrounds were too small to justify a correction. It
was verified that the selection efficiency for ISR events was
the same for the observed data and the simulation.

The theoretical Improved Born cross-section,σSMIB (
√
s′),

was obtained from the DYMU3 program. The parame-
ters used in this calculation wereMZ = 91.25 GeV/c2,
ΓZ = 2.562 GeV/c2, and sin2 θW = 0.2296, which were
the default values used by DELPHI for the generation of
µ+µ− events. It was shown previously [4] that the calcula-
tions made by this program and those made by the ZFITTER
program [8] agreed to within 1%.

Table 2 shows the number of ISR events selected in the
data and in the simulated samples as a function of

√
s′, up

to an energy of 87 GeV/c2. The same table shows the calcu-
lated SM Improved Born cross-section in the different

√
s′

intervals as well as the experimental cross-section obtained
from formula (14). Only statistical errors were taken into
account. The main source of systematic errors was the mod-
elling of the muon momenta in the simulation. To reduce
these effects to a negligible size, the muon momenta were
smeared in the simulation to match the resolution observed
in the data.
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Fig. 3. a Efficiency for the selection of ISR events andb pu-
rity of the ISR sample with regard to FSR events, based on
simulated radiative muon events with

√
s′ < 88 GeV

Table 2.Numbers of ISR events found in the data and simulated samples (Nobs andNsim) for different
√
s′ intervals,

and the ratios of the average measured to SM Improved Born cross-sections. Then<
√
s′ > is the mean measured

effective annihilation energy in the interval, andσSMIB is the mean Improved Born cross-section within each energy
interval expected in the Standard Model, obtained from the DYMU3 program. FinallyσobsIB with its errorδ(σobsIB ) is
the resulting measured cross-section
√
s′ [GeV] 24-38 38-45 45-52 52-59 59-66 66-73 73-80 80-84 84-87

Nobs 6 12 12 10 11 21 38 55 160
Nsim 25 79 70 86 94 105 222 338 849
< σobsIB > / < σSMIB > 1.20 0.84 1.11 0.70 0.54 1.02 0.92 0.92 1.14

±0.56 ±0.26 ±0.36 ±0.23 ±0.19 ±0.25 ±0.16 ±0.12 ±0.07
<
√
s′ > [GeV] 33.8 42.4 47.4 55.8 62.5 70.2 77.6 82.6 85.8

σSMIB [pb] 85. 55. 44. 33. 27. 25. 30. 51. 106.
σobsIB [pb] 102. 46. 49. 23. 15. 25. 28. 47. 121.
δ(σobsIB ) [pb] ±48. ±14. ±16. ±8. ±5. ±6. ±5. ±6. ±8.

Figure 4 shows the ratios between the observed and the-
oretical Improved Born cross-sections as a function of the
effective annihilation energy, and the resulting experimental
cross-sections. It also shows the cross-sections for the reac-
tion e+e− → µ+µ− obtained near theZ0 peak [13, 15] and
those obtained at PEP, PETRA, and TRISTAN [16, 3]. The
published values were corrected to obtain Improved Born
values. The cross-section measured with the VENUS detec-
tor at 58 GeV has a value of 29.07± 0.66 pb [3], which
has to be compared with the Standard Model prediction of
30.72 pb. The resolution of Fig. 4 is not sufficient to show
this deviation.

6 Asymmetries and helicity cross-sections

6.1 Polar angle distributions

The data taken in the years 1991–1994 were used to obtain
the distributions of the muon polar angle in theµ+µ− rest

frame for different
√
s′ intervals. A total of 399 events were

selected. The distribution of these events as a function of√
s′ is shown in Table 3.

For events which are not produced in thee+e− c.m.
frame, the angle between theµ− and thee− beam direc-
tion in theµ−µ+ rest frame is given by [14]:

cosθ∗ =
sin 1

2(θµ+ − θµ− )

sin 1
2(θµ+ + θµ− )

(15)

whereθµ+ andθµ− are the polar angles of theµ+ and theµ−
with respect to thee− beam axis in the laboratory frame.

The raw distributions of cosθ∗ in the different
√
s′ inter-

vals are shown in Fig. 5. They were corrected for selection
inefficiencies in the following way. It was assumed that,
within the limits of the present statistics, forward-backward
asymmetries in detection efficiency could be neglected. In-
deed, such asymmetries distort the forward-backward asym-
metry by at most 0.001 [15]. Therefore, in each

√
s′ inter-

val of the data, the correction factor was obtained from the
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Fig. 4. a Ratio of measured to SM Improved Born cross-
section as a function of the effective annihilation energy.
b Improved Born cross-sections measured in this analysis
(black circles), at theZ0 peak (open circles), and at PEP, PE-
TRA and TRISTAN. Thesolid line shows the SM prediction

Table 3.NF , NB : observed number of ISR events in the forward and backward hemispheres;AcountingFB :

the asymmetry with statistical error calculated with the counting method;AfitFBunc: the asymmetry with
statistical error calculated with a maximum likelihood fit, without correction for FSR contamination;
AfitFBcorr: the asymmetry with statistical error calculated with a maximum likelihood fit, after correction

for FSR contamination, with systematic errorδ(AFB)fitsys; σ̃µ+ /σ̃
µ
−: the helicity component ratio defined

in Sect. 2.2, with its statistical error;δsys: the systematic error on the helicity component ratio.
√
s′ [GeV] 20-50 50-65 65-80 80-84 84-87

NF 20 10 12 17 55
NB 19 19 59 53 135
<
√
s′ > [GeV] 43.0 59.0 74.7 82.4 85.8

AcountingFB [%] 3.4± 15.8 −32.6± 17.6 −69.5± 8.5 −54.0± 10.1 −44.2± 6.5
AfitFBunc [%] 3.3± 15.8 −45.0± 17.7 −63.0± 7.4 −60.5± 8.9 −41.6± 6.4
AfitFBcorr [%] 3.2± 16.7 −48.9± 19.2 −70.3± 8.2 −66.8± 9.8 −46.2± 7.1
δ(AFB)fitsys[%] ±0.4 ±0.6 ±0.7 ±0.6 ±0.3
σ̃µ+ /σ̃

µ
− 1.20± 0.46 0.24± 0.15 0.05± 0.07 0.10± 0.06 0.23± 0.06

δsys 0.05 0.01 0.01 0.01 0.01

folded distribution in| cosθ∗|, which was fitted to a function
of the form

dNr

d| cosθ∗| =
3
8
C (1 + cos2 θ∗) (16)

in the region of| cosθ∗| where the fit gave the smallest value
of χ2/Nd. TheC value obtained from this fit was used to
calculate correction factors in the| cosθ∗| bins outside the fit
region, namelyF (| cosθ∗|) = 3

8C(1 + cos2 θ∗)/Nr(| cosθ∗|),
where Nr is the raw number of events. In the unfolded
cosθ∗ distribution, the raw bin contents for positive and neg-
ative cosθ∗ were corrected with the same correction factors
F (| cosθ∗|). The resulting corrected cosθ∗ distributions are
also shown in Fig. 5 for the five

√
s′ intervals considered.

In each
√
s′ interval, the cosθ∗ distribution was then

corrected for the background coming from FSR, which on

average amounted to about 10%. In each interval, a distri-
bution of the form

dNFSR

d cosθ∗
= C ′ [

3
8

(1 + cos2 θ∗) +A0
fb cosθ∗] (17)

was subtracted, whereA0
fb was taken to be the asymmetry at

theZ0 peak, from which this background dominantly arises.
The constantsC ′ were obtained from the integral of (17),
which is equal to the expected number of FSR events in a
given

√
s′ interval as predicted by the simulated radiative

muon sample. The contamination by tau events, cosmics or
two-photon events was too small to justify a correction.
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Fig. 5. Distribution of cosθ∗ in different intervals of the ef-
fective annihilation energy

√
s′. The dashed linesshow the

raw distributions and thesolid lines the distributions after
correction for the selection efficiency

6.2 Forward-backward asymmetries

In each
√
s′ interval, the asymmetryAFB was obtained

by performing a maximum likelihood fit of the uncorrected
cosθ∗ distribution to an expression of the form

dN

d cosθ∗
= C ′′[(1 + cos2 θ∗) +

8
3
AFB cosθ∗] . (18)

Formula (18) does not include radiative corrections.
Since the asymmetries determined in this analysis are Im-
proved Born asymmetries, only the electro-weak corrections
should be considered. Compared to the experimental preci-
sion they are small, and modify the asymmetry by at most
0.02 in the energy region between 40 and 88 GeV.

The asymmetry was also calculated, after correcting for
the selection inefficiency as described in Sect. 6.1, by count-
ing the number of events with positive and negative cosθ∗,
since

AFB =
NF −NB

NF +NB
(19)

with

NF =
∫ 1

0

dN

d cosθ∗
d cosθ∗

NB =
∫ 0

−1

dN

d cosθ∗
d cosθ∗ . (20)

Table 3 shows the asymmetries obtained with the two meth-
ods as a function of

√
s′ up to 87 GeV.

The raw asymmetries obtained with the fit were cor-
rected for the contamination by FSR events in a similar
way as the polar angle distributions were corrected (see
Sect. 6.1). These corrected values are also shown in Table 3,

and are displayed in Fig. 6 together with the SM predic-
tion for the Improved Born asymmetry. Figure 6 also shows
the asymmetries measured by DELPHI near theZ0 peak
(see [13, 15]), after correction to Improved Born values.
The SM Improved Born asymmetry was calculated with
the DYMU3 program with the parameters mentioned in
Sect. 5. The only source of systematic error on the asym-
metry,δ(AFB)fitsys, which was considered was that resulting
from the error on the purity. The values of this error are
shown in Table 3.

6.3 Extraction of the helicity cross-sections and test of the
Standard Model.

From the cosθ∗ distributions corrected for selection efficien-
cies and for the FSR background, the cross-sections ˜σµ+ and
σ̃µ− (see Sect. 2.2) and their ratio were determined as follows.
In each bin of the cosθ∗ distribution the corrected content
was multiplied by a weight factor

F± = A (1±B cosθ∗) (21)

where

A =
2

CM (3 +C2
M )

B =
3 +C2

M

2C2
M

(22)

andCM = cosθ∗max. These weighted contents were summed
for all cosθ∗ bins between−0.8 and +0.8 for

√
s′ below

65 GeV, and between−0.9 and +0.9 for the other
√
s′ val-

ues. TheCM limits were chosen to match the binning in each√
s′ interval. The values of ˜σµ+ and σ̃µ− and their statistical

errors were derived from the weighted sums. For the system-
atic error, the error on the purity of the sample was taken
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Fig. 6. Improved Born asymmetry as a function of the effec-
tive annihilation energy. Theblack pointsshow the measure-
ments made by DELPHI below 87 GeV, using the likelihood
fit method described in the text. Theopen circlesshow the
measurements made by DELPHI at theZ0 peak. Thesolid
line shows the SM prediction

Fig. 7. Ratio σ̃µ+ /σ̃
µ
− = (σRR + σLL)/(σLR + σRL) as a

function of the effective annihilation energy. Thesolid line
shows the SM prediction

into account. The numbers obtained are given as a function
of
√
s′ in Table 3 and are shown in Fig. 7, together with

the prediction of the Standard Model. The theoretical pre-
dictions include all electroweak radiative corrections, apart

from the box diagrams which are very small (see [2]). There
is no indication of any deviation from the Standard Model.
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7 Summary

Using the data collected by DELPHI until 1994, a sam-
ple of around 400 dimuon events with initial state radiation
was selected. The differential and total cross-sections and
forward-backward asymmetries were determined at energies
between 20 and 87 GeV. No deviation from the Standard
Model was observed.

The polar angle distributions were used to determine the
ratio σLL+σRR

σRL+σLR
, where the two subscripts represent the he-

licities of the incominge− and outgoingµ− respectively.
The aim was to test the Standard Model near the minimum
of this ratio, around 80 GeV, where the sensitivity to new
physics is greatest. No evidence for new physics was seen.
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