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Abstract

Using the data recorded with the L3 detector at LEP, we study the process

e+e� ! �+��() for events with hard initial-state photon radiation. The e�ective

centre-of-mass energies of the muons range from 50 GeV to 86 GeV. The data

sample corresponds to an integrated luminosity of 103.5 pb�1 and yields 293 muon-

pair events with a hard photon along the beam direction. The events are used

to determine the cross sections and the forward-backward charge asymmetries at

centre-of-mass energies below the Z resonance.
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Introduction

At LEP, the cross sections and forward-backward charge asymmetries for the process e+e� !
�+��() are measured at centre-of-mass energies,

p
s, between 88 GeV and 136 GeV [1, 2].

Data from experiments at PEP, PETRA and TRISTAN cover the energy range from 12 GeV

to 60 GeV [3]. The energy region between 60 GeV and 88 GeV is not explored by direct mea-

surements, but can be accessed at LEP using events with hard initial-state photon radiation in

which the fermion pair is produced at lower centre-of-mass energies [4].

The following analysis uses 93,000 muon-pair events collected with the L3 detector in the

years 1991 to 1994. The data correspond to an integrated luminosity of 103.5 pb�1. Events

with high missing momentum along the beam direction are interpreted as events with hard

initial-state photon radiation. They are used to measure cross sections and forward-backward

asymmetries at e�ective centre-of-mass energies between 50 GeV and 86 GeV.

Photon radiation in fermion-pair production

Radiative corrections to the fermion-pair production process e+e� ! f �f() at the Z resonance

can be separated into electroweak and QED bremsstrahlung contributions. The electroweak

corrections are the sum of propagator, vertex and box corrections, including the e�ect of the

energy dependence of the �ne structure constant �. QED bremsstrahlung corrections are

present in the initial state (ISR) and �nal state (FSR). At the Z pole, the interference between

initial and �nal-state radiation is small [5] and allows a separate treatment of both corrections.

In interactions with initial-state bremsstrahlung, a fraction of the beam energy is taken by

the photon and the fermion pair is produced at a lower e�ective centre-of-mass energy,
p
s0.

The visible cross section is described by a convolution of the cross section including electroweak

corrections, �ew, with a radiator function, G(z; s),

�(s) =

Z 1

4m2
f
=s
dz G(z; s) �ew(zs)(1 + �FSR) ; (1)

where z = s0=s [6]. The correction �FSR is small, e.g. 0.17% for �+�� [6], and accounts for the

e�ect of �nal-state radiation. Measuring the di�erential cross section of initial-state radiation

thus allows to extract the cross section at lower centre-of-mass energies,

d�

dz
= G(z; s) �ew(zs) ; (2)

since the radiator function G(z; s) is calculable in QED. A �rst-order calculation [7] for G(z; s)

gives

G(z; s) =
�

�

 
ln

s

m2
e

� 1

!
1 + z2

1� z
: (3)

In the analysis presented here the KORALZ Monte Carlo generator [8] is used to take into

account higher-order bremsstrahlung corrections. The generator treats the radiation of hard

photons in the initial and �nal state to O(�2). The radiation of soft photons is considered in

all orders by exponentiation.

Photons are emitted predominantly collinear to the direction of the radiating particles.

Initial-state photons go mainly along the direction of the e+e� beams, while �nal-state photons

cover the full solid angle. A separation of the di�erent types of radiation is therefore possible.
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From the energy, E , of the initial-state photon one �nds for the e�ective centre-of-mass energy

squared, s0:

s0 = s

 
1� 2

Ep
s

!
: (4)

For three-particle �nal states the particle momenta follow from the measured directions using

energy and momentum conservation. Assuming that the undetected initial-state photon is

radiated in the direction of the beams, its energy is given by the polar angles, �1, �2, of the

outgoing fermions:

E =
p
s � j sin(�1 + �2)j

sin �1 + sin �2 + j sin(�1 + �2)j : (5)

Equation (5) cannot be applied to events with more than one hard initial-state photon or

in the presence of additional �nal-state photons which are not collinear with the outgoing

fermions. The e�ect of multiple initial-state photons on the measurement of the cross sections

and asymmetries, as well as the �nal-state photon contamination can be estimated from Monte

Carlo simulation.

In this analysis events of the reaction e+e� ! �+��() are used. The process allows a clear

separation between photons and outgoing leptons and hence gives a good rejection of the �nal-

state bremsstrahlung events. Moreover, the polar angles of the two leptons can be measured

with good precision, which is necessary for the determination of s0.

L3 detector

The L3 detector is described in detail in Reference [9]. The components of the detector are

the central tracking chamber, the electromagnetic calorimeter composed of bismuth germanium

oxide (BGO) crystals with a barrel region (42�<�<138�) and two endcaps (11�<�<37� and

143� < � < 169�), a layer of scintillation counters used for time measurements, a �ne grained

hadron calorimeter with uranium absorbers and proportional wire chamber readout, and a

muon spectrometer consisting of three layers of precise drift chambers for the measurement of

the transverse muon momentum. The inner and outer muon chamber layers are surrounded

with additional layers of drift chambers allowing the measurement of the muon direction in the

rz plane and thus a measurement of the polar angle, �. All sub-detectors are located in a 12 m

diameter magnet which provides a uniform �eld of 0.5 T along the beam direction.

For muons of 45 GeV the three chamber layers allow a momentum measurement with a

resolution of 2.5%. The polar angle measurement has a precision of 4.5 mrad which is dominated

by multiple scattering of the muon in the calorimeters. Due to the � resolution the error onp
s0 according to equations (4) and (5) is smaller than 300 MeV for

p
s0 values between 50 GeV

and 86 GeV.

Event selection

The selection of muon-pair events requires two identi�ed muons in the detector. At least

one muon must have a reconstructed track in the muon chambers. For the second muon the

signature of a minimum ionising particle in the inner detector components [1] is accepted. One

muon is restricted to the angular acceptance of the muon chambers j cos ��j < 0:8, while for the

second a polar angle up to j cos ��j < 0:9 is allowed. Background from cosmic rays is removed
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by asking a hit in the scintillation counters within a �3 ns time window around the beam

crossing. In addition, at least one muon must have a track in the inner tracking chamber with

a transverse distance of less than 5 mm to the interaction point. To reject hadronic Z decays

the calorimetric cluster multiplicity must be less than 15.

For the accepted events we apply equation (5) to calculate the energy, E , of the initial-state

photon. Events with a reduced centre-of-mass energy of the muon system,
p
s0 < 0:95

p
s , are

used for further analysis.

The muon momenta can also be calculated from the polar angles of the muons similarly

to the photon energy . A cut on the ratio of the highest measured muon momentum, p�, and

the momentum, pexp� , expected from the polar angles is used to reduce backgrounds from the

process e+e� ! �+�� and from the two-photon process e+e� ! e+e��+��. The distribution

of the ratio, p�=p
exp
� is shown in Figure 1 for data, signal and background Monte Carlo. The

cut of p�=p
exp
� > 0:8 removes most of the background.

A Monte Carlo study of the photon reconstruction according Equation (5) is shown in

Figure 2. The reconstructed photon energy, E, is compared with the generated photon energy,

Egen
 . Both energies are normalised to

p
s. Events where a photon is emitted along the beam

axis appear in the band A. For these events the photon energy determined from the muon angles

reproduces well the generated photon energy, Egen
 . For the events of band B a large photon

energy is reconstructed, although no photon parallel to the beams is present. A large fraction

of these events have a hard photon observed in the detector, mainly originating from �nal-state

radiation. In addition, there are events where a mis-reconstruction of a muon polar-angle leads

to a wrong value of E. In the following, the events of region B are considered as background

to our signal. They are suppressed by the following cuts:

� The application of Equation (5) is only correct for initial-state photons parallel to the

beam axis. Final-state photons can only be accepted if they are collinear with the outgoing

muons. Both conditions result a muon pair which is back-to-back in the r� plane. The

muons are therefore required to have an acoplanarity angle, � = j�1 � �2 � 180�j, of less
than 2�. The distribution of the muon acoplanarity is shown in Figure 3 for data and

Monte Carlo simulation of signal and background.

� Events with a detected photon are only accepted if the transverse energy component of

the photon with respect to the direction of the nearest muon is less than 1:5 GeV.

� To ensure the rejection of �nal-state photons in the acceptance gaps of the electromagnetic

calorimeter, events with an energy cluster in the hadron calorimeter of more than 2 GeV

and more than 5� away from the nearest muon are rejected.

� The measurement of the muon polar angle using the muon chambers and the polar angle

determined from the calorimeters must agree within 2�.

The acceptance, �, for events from the process e+e� ! �+��ISR is listed in Table 1 for

di�erent centre-of-mass energies
p
s0 of the muon system. The quoted values are determined

from the Monte Carlo simulation and include the detector e�ciency. A large
p
s0 dependence of

the acceptance is observed. For lower
p
s0 values the muons are produced at smaller angles to

the beam direction and thus fall outside the detector acceptance. The errors on the acceptance

reect the limited Monte Carlo event statistics. Additional systematic errors from the selection

cuts and from uncertainties of the detector e�ciency are small compared to the statistical error.
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The background to the �+��ISR signal comes from tau-pair production, e+e� ! �+��,

from the process, e+e� ! e+e��+��, from muon pairs without hard photon radiation, and from

events with a �nal-state photon. The corresponding background fractions ��� , �ee�� and ��� re-

spectively are estimated from the Monte Carlo simulation using the KORALZ and DIAG36 [10]

generators. To determine the background fraction, �FSR, of events where the reconstructed pho-

ton is radiated from the �nal state, the four-vector information of a large KORALZ Monte

Carlo event sample is used.

Table 2 summarises the four background contributions as fractions of the accepted signal

events. The backgrounds from two-photon processes and from events with �nal-state photons

show a signi�cant
p
s0 dependence and are given for the di�erent

p
s0 intervals separately.

Within the quoted errors the the values of ��� and ��� are independent of
p
s0.

Cross sections

The data sample used for the cross section measurement was recorded in the years 1991 to 1994

at the three centre-of-mass energies, 89:5 GeV, 91:2 GeV and 93:0 GeV and corresponds to a

total integrated luminosity of 103.5 pb�1.

The
p
s0 distribution of all selected muon-pair events is shown in Figure 4 in comparison

with the Monte Carlo prediction. Good agreement is observed.

Out of this data sample 293 events have a reconstructed
p
s0 value between 50 GeV and

86 GeV and are used to determine the cross section for six energy bins. The number of selected

e+e� ! �+��ISR events, N�� , are given in Table 3 for the di�erent bins of e�ective centre-

of-mass energy,
p
s0. The observed events are corrected for the expected total background, �

(� = ��� + �ee�� + ��� + �FSR), according to Table 2, and the corrected number of events are

listed in a second column.

The number of expected initial-state bremsstrahlung events, NMC
ISR

, for the di�erent
p
s0

bins is determined from the Monte Carlo simulation. The luminosity contribution of the three

di�erent LEP centre-of-mass energies and the detector e�ciency are taken into account. The

predictions are given in Table 3.

The cross section, �, is determined by comparing the background corrected number of

�+��ISR candidates in the data with the Monte Carlo prediction, NMC
ISR

. The ratio of the

two is multiplied by the theoretical cross section, �ew, determined from a Standard Model

calculation [11]:

�(h
p
s0i) = �ew(h

p
s0i) � N��(1 � �)

NMC
ISR

: (6)

The value hps0i is the mean
p
s0 value of the data in the corresponding energy bin. The resulting

cross sections for the six di�erent energy points are listed in Table 3. The quoted systematic

errors account for the Monte Carlo statistics, uncertainties of the background subtraction and

the error on the acceptance determination.

The results are shown in Figure 5 compared with the Standard Model prediction for �ew.

We also include our results from the cross section measurements around and above the Z-pole

energy [1]. They are corrected for the e�ect of initial-state photon radiation. Our measurement

of the cross sections at lower
p
s0 values is in good agreement with the theoretical prediction.

For comparison the muon-pair cross sections measured at PEP, PETRA and TRISTAN [3]

are also shown. They are corrected to include the e�ect of the running of the �ne structure

constant, �.
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Forward-backward asymmetries

In the centre-of-mass system of the muons, the angular distribution of the muon-pair production

can be parametrised using the forward-backward asymmetry, Afb:

d�

d cos ��
/
h
3
8
(1 + cos2 ��) +Afb cos �

�

i
: (7)

The angle �� is the production angle of the �� in the centre-of-mass system of the muon pair.

In the presence of an initial-state photon, the event is boosted along the beam direction and

�� can be calculated from the muon polar angles, ��� and ��+, measured in the laboratory:

cos �� =
sin 1

2
(��+ � ���)

sin 1
2
(��+ + ���)

: (8)

The forward-backward asymmetry is determined using an unbinned maximum-likelihood �t,

where the likelihood, L, is de�ned as the product of the single-event probabilities:

L =
Y
i

h
3
8
(1 + cos2 ��i ) +Afb cos �

�

i

i
: (9)

The result of the �t is shown in Table 4 for the di�erent
p
s0 bins. The asymmetry measure-

ment does not require an accurate knowledge of the luminosity determination or the trigger

e�ciency. Therefore, the luminosity used for the asymmetry measurement is slightly higher

and leads to more events (320 events) than for the cross section measurement. The �tted

asymmetry, A�t
fb, has to be corrected for the background contamination according to Table 2. A

correction factor is calculated by assuming a zero asymmetry for the four-fermion production,

the Standard Model asymmetry prediction for the tau-pair production, and for the background

from muon-pair events without hard photon radiation. The inuence of the �nal-state photon

contamination is computed from a high-statistics Monte Carlo event sample by comparing the

asymmetry we calculate for the initial-state photon events with the asymmetry value we deter-

mine after the full analysis. The correction accounts for the angular distribution of the FSR

background, mainly located in the very forward and backward directions, and for the e�ect of

multiple photons. Applying the correction to the �tted asymmetry values we �nd the forward-

backward asymmetry, Afb, as given in Table 4. The systematic error reects the uncertainty of

the correction factor.

The results are shown in Figure 6 compared with the Standard Model prediction of the elec-

troweak corrected asymmetry, Aew
fb . Also shown are our asymmetry measurements around and

above the Z-pole energy [1]. They are corrected for the e�ect of initial-state photon radiation.

The measurements of the asymmetry at lower centre-of-mass energies are in good agreement

with the theoretical prediction. For comparison, the muon-pair asymmetries measured at PEP,

PETRA and TRISTAN [3] are also shown. They are corrected to include the e�ect of the

running of the �ne structure constant, �.

Conclusion

The e�ect of initial-state radiation in the process e+e� ! �+��() is studied using 293 events

with a hard initial-state photon and an e�ective centre-of-mass energy between 50 GeV and

86 GeV. The events are used to measure the cross section and the forward-backward asymmetry

of the muon-pair production at energies between the TRISTAN and the Z-pole energy. The

measurements show good agreement with the Standard Model prediction.
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Tables

p
s0 [GeV] � [%]

50 { 60 25:2 � 1:4

60 { 70 31:5 � 1:3

70 { 75 38:8 � 1:4

75 { 80 38:7 � 1:1

80 { 83 41:7 � 0:9

83 { 86 41:9 � 0:5

Table 1: Acceptance, �, for the selection of �+��ISR events. The values are determined from

the Monte Carlo simulation and include the detector e�ciency.

p
s0 [GeV] �ee�� [%] �FSR [%]

50 { 60 6:8 � 0:6 1:7� 0:3

60 { 70 2:9 � 0:3 5:5� 0:5

70 { 75 1:5 � 0:3 6:4� 0:6

75 { 80 0:9 � 0:1 8:6� 0:5

80 { 83 0:3 � 0:1 7:9� 0:4

83 { 86 0:2 � 0:1 5:9� 0:2

p
s0 [GeV] ��� [%] ��� [%]

50 { 86 1:6 � 0:7 0:9� 0:2

Table 2: Expected background from tau-pair production (���), from four-fermion production

(�ee��), from muon-pair production without hard photon radiation along the beam direction

(���), and from events with �nal-state photon radiation (�FSR) as a fraction of the selected

events.
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p
s0 [GeV] h

p
s0i [GeV] N�� N��(1��) NMC

ISR
��(stat.)�(syst.) [pb]

50 { 60 55.4 10 8:9 11.8 24:9 � 7:9� 1:5

60 { 70 65.8 17 15:3 19.2 20:3 � 4:8� 0:9

70 { 75 73.3 30 27:2 18.9 37:1 � 6:8� 1:6

75 { 80 77.9 37 32:6 32.9 30:5 � 5:0� 1:0

80 { 83 81.7 56 50:6 47.3 47:8 � 6:3� 1:3

83 { 86 84.8 143 130:7 121.6 87:5 � 7:3� 1:7

Table 3: Number of selected e+e� ! �+��ISR events, N�� , and the background corrected

number, N��(1��). The correction � is the sum of the backgrounds from tau-pair production,

from two-photon processes, from muon pairs without photon radiation and from events with

�nal-state photons. Also given are the expected number of initial-state photon events, NMC
ISR

.

The cross section, �, is calculated according Equation (6). The systematic error accounts for

the Monte Carlo statistics, the uncertainty on the background subtraction and the uncertainty

of the e�ciency determination. The energy hps0i is the mean energy of the corresponding

energy bin.

p
s0 [GeV] hps0i [GeV] Nf Nb A�t

fb �(stat.) Afb�(stat.)�(syst.)
50 { 60 55.0 5 8 �0:14� 0:31 �0:16� 0:36 � 0:01

60 { 70 66.0 7 12 �0:26� 0:21 �0:30� 0:25 � 0:01

70 { 75 73.3 6 24 �0:75� 0:17 �0:84� 0:19 � 0:01

75 { 80 78.0 10 29 �0:52� 0:14 �0:60� 0:17 � 0:01

80 { 83 81.8 16 46 �0:58� 0:10 �0:65� 0:11 � 0:01

83 { 86 84.8 51 106 �0:41� 0:07 �0:44� 0:08 � 0:01

Table 4: Number of forward (Nf) and backward (Nb) produced muon pairs, the �tted forward-

backward asymmetry, A�t
fb, and the resulting background corrected asymmetry value, Afb. The

quoted systematic error accounts for the uncertainty of the background correction. The energy

hps0i is the mean energy of the corresponding energy bin.
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Cut Data 91-94
µµ(γ) M.C.
ττ(γ) M.C.
eeµµ M.C.

pµ  /  pµ
exp
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ts
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Figure 1: The measured muon momentum, p�, normalised to the momentum, pexp� ,

calculated from the polar angles of the muon pair. Data and signal and background

Monte Carlo are shown. All other selection cuts are applied.
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B A

 Monte Carlo

Eγ
gen  /  √s

E
γ  

/  
√s

0
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0.2

0.3

0.4

0.5

0 0.1 0.2 0.3 0.4 0.5

Figure 2: Monte Carlo study of the reconstruction of the photon energy. The

reconstructed photon energy, E , using equation (5), is compared with the generated

photon energy, Egen
 . For the events in the diagonal band A, a photon going along

the e+e� beams is present. The events of band B, where no hard photon is generated,

are regarded as background. The size of the squares is proportional to the logarithm

of the number of events.
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Cut Data 91-94
µµ(γ) M.C.
ττ(γ) M.C.
eeµµ M.C.
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Figure 3: Acoplanarity angle, �, of the muon pair for data and signal and background

Monte Carlo. All other selection cuts are applied.
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Data 91-94
Monte Carlo
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Figure 4: The
p
s0 spectrum of all muon-pair events for data and Monte Carlo

simulation. All selection cuts are applied. The double arrow shows the
p
s0 range

used for the cross-section and asymmetry measurements (50 GeV <
p
s0 < 86 GeV).

In the region
p
s0=
p
s < 0:55 the background contamination from the two-photon

process, e+e� ! e+e��+��, becomes large.
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Figure 5: Measured cross sections of muon-pair production compared with the Stan-

dard Model prediction. The theory (solid line) does not include the e�ect of initial-

state photon radiation. The results of this analysis, e+e� ! �+��ISR, are shown as

solid squares. The L3 results from the measurements at energies around and above

the Z pole have been corrected for the e�ect of initial-state photon radiation and

are shown as dots. For comparison the measurements at lower energies from PEP,

PETRA and TRISTAN are included.
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Figure 6: Measured forward-backward asymmetries of muon-pair production com-

pared with Standard Model prediction. The theory (solid line) does not in-

clude the e�ect of initial-state photon radiation. The results of this analysis,

e+e� ! �+��ISR, are shown as solid squares. The L3 results from the measure-

ments at energies around and above the Z pole have been corrected for the e�ect of

initial-state photon radiation and are shown as dots. For comparison the measure-

ments at lower energies from PEP, PETRA and TRISTAN are included.
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