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Abstract

Using the data recorded with the L3 detecior at LEP, we study the process ete”™ — putu~(y) for events with hard
initial-state photon radiation. The effective 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™

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.

1. Introduction

At LEP, the cross sections and forward-backward
charge asymmetries for the process e'e” —
ut T (y) are measured at centre-of-mass energies,
/5. 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 measurements, but can be accessed
at LEP using events with hard initial-state photon ra-
diation in which the fermion pair is produced at lower
centre-of-mass energies [4].

The following analysis uses 93000 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~'. 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-

! Supported by the German Bundesministerium fiir Bildung, Wis-
senschaft, Forschung und Technologie.

2 Supported by the Hungarian OTKA Fund under contract number
T14459.

* Supported also by the Comisi6n Interministerial de Ciencia y
chhnologfa.

* Also supported by CONICET and Universidad Nacional de La
Plata, CC 67, 1900 La Plata, Argentina.

5 Also supported by Panjab University, Chandigarh-160014, India.

backward asymmetries at effective centre-of-mass
energies between 50 GeV and 86 GeV.

2. Photon radiation in fermion-pair production

Radiative corrections to the fermion-pair production
process ete” — ff(y) at the Z resonance can be
separated into electroweak and QED bremsstrahiung
contributions. The electroweak corrections are the sum
of propagator, vertex and box corrections, including
the effect of the energy dependence of the fine struc-
ture constant a. QED bremsstrahlung corrections are
present in the initial state (ISR ) and final state (FSR).
At the Z pole, the interference between initial and
final-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 effective
centre-of-mass energy, V/s'. The visible cross section
is described by a convolution of the cross section in-
cluding electroweak corrections, gy, with a radiator
function, G(z, s),

i
o(s) = f dz G(z,5) Oew(25) (1 + Oes) (1)

4mzf /s
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where z = 5" /s [6]. The correction 8 is small, e.g.
0.17% for u*u~ [6], and accounts for the effect of
final-state radiation. Measuring the differential cross
section of initial-state radiation thus allows to extract
the cross section at lower centre-of-mass energies,

d
d—if =G(2,5) Oew(25), (2)

since the radiator function G(z,s) is caiculable in
QED. A first-order calculation [7] for G(z, s) gives

(U0 acl eale i)

o~
2
~—

mZ J 1-7

esented here the KORALZ Monte
Carlo generator [8] is used to take into account
higher-order bremsstrahlung corrections. The gener-
ator treats the radiation of hard photons in the initial
and final state to @ (a?). 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 pho-
tons go mainly along the direction of the eTe™ beams,
while final-state nhntnnc cover the full solid angle. A

Sial pRIOLQIS COVED L0 R s &llg:

separation of the dlfferent types of radiation is there-
fore possible. From the energy, E,, of the initial-state
photon one finds for the effective centre-of-mass en-
ergy squared, s’

S'=S(I~2—7) (4)

V2

In the analysis p

For three-particle final states the particle momenta
follow from the measured directions using energy and
momentum conservation. Assuming that the unde-

tected initial-state nhlntnn 18 radiated in the direction

of the beams, its energy is given by the polar angles,
0,. 6. of the outgoing fermions:

|sin(6) + 62)]

Ey= s o ——— (5)
’ siIn¥y + sinby + | Sin( o) + ¢2)|

Eq. (5) cannot be applied to events with more than
one hard initial-state photon or in the presence of addi-
tional final-state photons which are not collinear with
the outgoing fermions. The effect of muitiple initial-
state photons on the measurement of the cross sec-

t nd tria vell ac the fingl.ctat h
tions and asyminetrics, as weii as e nna;-state pno-

ton contamination can be estimated from Monte Carlo
simulation.

4 {
{

ol
(=
~
g
“w
~—
|
L)
P
D
w
1%
wr

In this analysis events of the reaction ete™ —
u ™ () are used. The process allows a clear separa-
tion between photons and outgoing leptons and hence
gives a good rejection of the final-state bremsstrahlung
events. Moreover, the polar angles of the two leptons
can be measured with good precision, which is neces-
sary for the determination of .

3. L3 detector

The L3 detector is described in detail in Ref. [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° < 6 < 138°) and two endcaps
(11° < @ < 37° and 143° < @ < 169°), a layer
of scintillation counters used for time measurements,
a fine grained hadron calorimeter with uranium ab-
sorbers and proportional wire chamber readout, and a
muon spectrometer consisting of three layers of pre-
cise drift chambers for the measurement of the trans-
verse muon mormentum. 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 measure-
ment of the polar angle, 8. All sub-detectors are lo-

cated in a 12 m diameter masnet which nrovides a

1 QLGOI faagil PrUYIGLS

uniform field of 0.5 T along the beam direction.

For muons of 45 GeV the three chamber layers al-
low 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 # resolu-
tion the error on v/s* according to Egs. (4) and (5} is
smaller than 300 MeV for /s’ values between 50 GeV

and QK Gie\/

aiiyg OU Guy .

4. Event selection

The selection of muon-pair events requires two
identified muons in the detector. At least one muon
must have a reconstructed track in the muon cham-
bers. For the second muon the signature of a minimum

ionisine narticla in the inner detector comnonents 11
1I0N1SIng partiC:e 1n né 1Inner GeeCior components | 1)

is accepted. One muon is restricted to the angular ac-
ceptance of the muon chambers | cos6,,| < 0.8, while
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Fig. 1. The measured muon momentum, p,, normalised to the

momentum, pi T, calculated from the polar angles of the muon
pair. Data and signal and background Monte Carlo are shown. All
other selection cuts are applied.

for the second a polar angle up to {cosé,| < 0.9 is
allowed. Background from cosmic rays is removed
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 Eq. (5) to calcu-
late the energy, E,, of the initiai-state photon. Events
with a reduced centre-of-mass energy of the muon sys-

torn /ol < 0.95 /o are nead far fiirthar analuaic
wii, v b V.70 VJ s AU UDLU 11Ul 11Ul LIIVE aualyma.

The muon momenta can also be calculated from the
polar angles of the muons similarly to the photon en-
ergy. A cut on the ratio of the highest measured muon
momentum, p,. and the momentum, p,*, expected
from the polar angles is used to reduce backgrounds
from the process e* ~ — 7777 and from the two-
photon process ete™ — ete™ ut u™. The distribution
of the ratio, p, /pi." is shown in Fig. | for data, signal
and backoround Monte Carlo. The cut of p / pCxP

valkgrouna Vaor LIESRR O2- 1 § L6 IR 8 § {3 L hul P -

0.8 removes most of the background.

A Monte Carlo study of the photon reconstruction
according to Eq. (5) is shown in Fig. 2. The recon-
structed photon energy, E,, is compared with the gen-
erated photon energy, E¥™". Both energies are nor-
malised to /5. Events where a photon is emitted along

0-5 T T T T T T T T
Monte Carlo ]
0.4 A .
£ 03 1 o A 4
B A
—
-~
w o2 n
nHA -
V.l
0 —T T T
02 03 04 05
en
E¥" / Vs
Fig. 2. Monte Carlo study of the reconstruction of the photon
energy. The reconstructed nhg[gn energy, Ey; ||su}g Ea. (5)’ is

compared with the generated photon energy, E5™. For the events
in the diagonal band A, a photon going along the ete™ 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.

the beam axis appear in the band A. For these events

tha nhatan anargy datarmsand fean tha mas anglac
(98 () }lllU\.Ull Ciivl y (Viviiw) llllll\.«u 11U L 1lluU allsl(«b
reproduces well the generated photon energy, E .

For the events of band B a large photon energy is re-
constructed, although no photon parallel to the beams
is present. A large fraction of these events have a
hard photon observed in the detector, mainly origi-
nating from final-state radiation. In addition, there are
events where a mis-reconstruction of a muon poiar-
angle leads to a wrong value of E,. In the following,

a svante af raginn R nra ~on mrlnw;rl ac haslkorn u nd tn
n¢ Svenis O1 Tegion  are CoNnsiGlrea as 0ackgrouna o

our signal. They are suppressed by the following cuts:
~ The application of Eqa. (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
in a muon pair which is back-to-back in the r¢
plane. The muons are therefore required to have an
acoplanarity angle, { = | — ¢ — 180°, of less

than 2°. The distribution of the muon aconlanarity is

il & 200 CISUROBUUN O U INLON alOpalial Iy

shown in Fig. 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.
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Fig. 3. Acoplanarity angle, £, of the muon pair for data and signal
and background Monte Carlo. All other selection cuts are applied.

Table 1
Acceptance, €, for the selection of ut u ™ yis events. The values
are determined from the Monte Carlo simulation and include the
detector efficiency.

Vs [GeV] € %]

50-60 252+ 14

60-70 315+ 1.3

70-75 388+ 14

75-80 387+ 1.1

80-83 41.7x 09

83-86 419405

~ To ensure the rejection of final-state photons in the

acceptance gaps of the electromagnetic calorime-

ter, 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 angie using
the muon chambers and the polar angle determined
from the calorimeters must agree within 2°.

The acceptance, €, for events from the process
ete”™ — utpT s is listed in Table 1 for different
centre-of-mass energies /s’ of the muon system. The
quoted values are determined from the Monte Carlo
simulation and include the detector efficiency. A large
Vs dependence of the acceptance is observed. For
lower /s’ values the muons are produced at smaller
angles to the beam direction and thus fall outside
the detector acceptance. The errors on the acceptance

+

Table 2

Expected background from tau-pair production (7n,;), from four-
fermion production (7eey, ), from muon-pair production without
hard photon radiation along the beam direction (7, ), and from
events with final-state photon radiation (7ssr) as a fraction of the
selected events.

AT VA Tor 1 — rev 1
Vs [GeV] Tecun 1%} 7rsy [ %]
50-60 6.8+ 0.6 1.74+03
60-70 29+03 55+£05
70-75 1.5+0.3 64+0.6
75-80 09+0.1 8.6+ 0.5
80-83 03+0.1 79+04
83-86 02401 59+02
‘/;/_ [GeV] Nrr 1 %] Nup [P
50-86 1.6+07 09+02

reflect the limited Monte Carlo event statistics. Ad-
ditional systematic errors from the selection cuts and
from uncertainties of the detector efficiency are small
compared to the statistical error.

The background to the p*u~ vy signal comes
from tau-pair production, ete™ — 77, from the
process, ete” — eTe " utpu”, from muon pairs
without hard photon radiation, and from events with
a final-state photon. The corresponding background
fractions 1, Neeun and 7, respectively are esti-
mated from the Monte Carlo simulation using the
KORALZ and DIAG36 [10] generators. To deter-
mine the background fraction, 7, of events where
the reconstructed photon is radiated from the final
state, the four-vector information of a large KORALZ
Monte Carlo event sample is used.

Table 2 summarises the four background contribu-
tions as fractions of the accepted signal events. The
backgrounds from two-photon processes and from
events with final-state photons show a significant
/s’ dependence and are given for the different v/s”
intervals separately. Within the quoted errors the the
values of 7., and 7,, are independent of \,/? .

5. Cross seciions

The data sample used for the cross section measure-
ment was recorded in the years 1991 to 1994 at the
three centre-of-mass energies, 89.5 GeV, 91.2 GeV



338 L3 Collaboration / Physics Letters B 374 (1996) 331-340

105- ST I ' g

¢ Data 91-94

4 (] Monte Carlo
10 E
To] 3
§ - ]
S 103
~ ]
» 2 )
" |
® 10 4 ]

N T T

0.2 04 0.6 0.8
Vs / Vs

Fig. 4. The Vs spectrum of all muon-pair events for data and
Monte Carlo simulation. All selection cuts are applied. The dou-
ble arrow shows the Vs range used for the cross-section and
asymmetry measurements (50 GeV < Vi < 86 GeV). In the
region N Vs < 0.55 the background contamination from the
two-photon process, ete™ — ete~ ut u~, becomes large.

o Al

and 93.0 GeV and corresponds to a total integrated
luminosity of 103.5 pb™".

The /s’ distribution of all selected muon-pair
events is shown in Fig. 4 in comparison with the
Monte Carlo prediction. Good agreement is observed.

Out of this data sample 293 events have a recon-
structed /s’ value between 50 GeV and 86 GeV and
are used to determine the cross section for six en-
ergy bins. The number of selected ete™ — ut ™y
events, N, , are given in Table 3 for the different bins
of effective centre-of-mass energy, /s’. The observed
events are corrected for the expected total background,
N (7 = Nrr + Neepp + Nup + Mrse)» according to Ta-
ble 2, and the corrected number of events are listed in
a second column.

The number of expected initial-state bremsstrahlung
events, NMC, for the different v/s’ bins is determined
trom the Monte Carlo simulation. The luminosity con-
tribution of the three different LEP centre-of-mass en-
ergies and the detector efficiency are taken into ac-
count. The predictions are given in Table 3.

The cross section, ¢, is determined by comparing
the background corrected number of u™u™ v can-
didates in the data with the Monte Carlo prediction,
NMC. The ratio of the two is multiplied by the theo-

ISR
retical cross section, gy, determined from a Standard

Table 3

Number of selected e¥e™ — u* ™ ysk events, Npuy. and the
background corrected number, N,y (1 — 7). The correction 7 is
the sum of the backgrounds from tau-pair production, from two-
photon processes, from muon pairs without photon radiation and
from events with final-state photons. Also given are the expected
number of initial-state photon events, N¥$. The cross section, r, 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 efficiency determination. The
energy (v/s") is the mean energy of the corresponding energy bin.

VS (V) Nugy Nuwy(1=7m) NME o d(stat)(syst.)

[GeV] [GeV] Lpbl

50-60 55.4 10 8.9 118 2494+£79%+ 1.5
60-70 65.8 17 15.3 192 203448409
70-75 733 30 272 189 371468+ 1.6
75-80 779 37 32.6 329 305+£50+1.0
80-83 81.7 56 50.6 473 47863+ 1.3
83-86 843 143 130.7 1216 87.5£73+1.7

Model calculation [117]:

Nuwy(l —7)

MC
N, ISR

o((VF)) = ge ((V5)) - (6)

The value (v/s' ) is the mean Vs’ value of the data
in the corresponding energy bin. The resulting cross
sections for the six different energy points are listed
in Table 3. The quoted systematic errors account for
the Monte Carlo statistics, uncertainties of the back-
ground subtraction and the error on the acceptance
determination.

The results are shown in Fig. 5 compared with
the Standard Model prediction for g,. We also in-
clude our results from the cross section measurements
around and above the Z-pole energy [ 1]. They are cor-
rected for the effect of initial-state photon radiation.
Our measurement of the cross sections at lower /s’
values is in good agreement with the theoretical pre-
diction. For comparison the muon-pair cross sections
measured at PEP, PETRA and TRISTAN [3] are also
shown. They are corrected to include the effect of the
running of the fine structure constant, a.

6. Forward-backward asymmetries

In the centre-of-mass system of the muons, the an-
gular distribution of the muon-pair production can be
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Fig. 5. Measured cross sections of muon-pair production compared
with the Standard Model prediction. The theory (solid line) does
not include the effect of initial-state photon radiation. The results of
this analysis,ete™ — u ™ ¥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 effect of initial-state photon
radiation and are shown as dots. For comparison the measurements
at lower energies from PEP, PETRA and TRISTAN are included.

parametrised using the forward-backward asymmetry,
Afbl

do

Tosgs X [ (1 Fc0s?07) + Apcos6’] . (T)

The angle 6~ is the production angle of the 4~ 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 8* can be calculated
from the muon polar angles, 6, and 6+, measured
in the laboratory:

sin %(0#» —0,-)

cosf" = — .
Sin '2'(0/_,_| +0#—)

(8)

The forward-backward asymmetry is determined us-
ing an unbinned maximum-likelihood fit, where the
likelihood, L, is defined as the product of the single-
event probabilities:

L=T][2 (1 +cos?6;) + Amcos 7] . (9)

The result of the fit is shown in Table 4 for the differ-
ent /s’ bins. The asymmetry measurement does not
require an accurate knowledge of the luminosity deter-

Table 4

Number of forward (Ny) and backward (N,) produced muon
pairs, the fitted forward-backward asymmetry, Ag:, and the re-
sulting background corrected asymmetry value, Ag. The quoted
systematic error accounts for the uncertainty of the background
correction. The energy (1/s') is the mean energy of the corre-
sponding energy bin.

VY (VE) N Ny AR(stat)
[GeV] [GeV]

Ag, £ (stat.) E(syst.)

50-60 55.0 5 8 —-0.14+031 —-0.16+0.36+0.01
60-70 66.0 7 12 -026+021 —-0.30x0.2540.01
70-75 733 6 24 —075%£0.17 —0.84+£0.19£0.01
75-80 78.0 10 29 -052+0.i14 —-0.60+0.17 +0.01
80-83 81.8 16 46 —0.58£0.10 —0.65£0.1140.01
83-86 8438 51 106 —041+007 —0.44+0.08+ 0.0l

mination or the trigger efficiency. Therefore, the lumi-
nosity used for the asymmetry measurement is slightly
higher and leads to more events (320 events) than for
the cross section measurement. The fitted asymme-
try, A{{;, has to be corrected for the background con-
tamination according to Table 2. A correction factor
is calculated by assuming a zero asymmetry for the
four-fermion production, the Standard Model asym-
metry prediction for the tau-pair production, and for
the background from muon-pair events without hard
photon radiation. The influence of the final-state pho-
ton contamination is computed from a high-statistics
Monte Carlo event sample by comparing the asymme-
try we calculate for the initial-state photon events with
the asymmetry value we determine after the full anal-
ysis. The correction accounts for the angular distribu-
tion of the FSR background, mainly located in the very
forward and backward directions, and for the effect of
multiple photons. Applying the correction to the fit-
ted asymmetry values we find the forward-backward
asymmetry, Ap, as given in Table 4. The systematic
error reflects the uncertainty of the correction factor.
The results are shown in Fig. 6 compared with the
Standard Model prediction of the electroweak cor-
rected asymmetry, A3'. Also shown are our asymme-
try measurements around and above the Z-pole energy
[1]. They are corrected for the effect of initial-state
photon radiation. The measurements of the asymme-
try at lower centre-of-mass energies are in good agree-
ment with the theoretical prediction. For comparison,
the muon-pair asymmetries measured at PEP, PETRA
and TRISTAN [3] are also shown. They are corrected
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Fig. 6. Measured forward-backward asymmetries of muon-pair
production compared with Standard Model prediction. The theory
(solid line) does not include the effect of initial-state photon
radiation. The results of this analysis, ete™ — ptu™ yisg, are
shown as solid squares. The L3 results from the measurements
at energies around and above the Z pole have been corrected for
the effect of initial-state photon radiation and are shown as dots.
For comparison the measurements at lower energies from PEP,
PETRA and TRISTAN are included.

to include the effect of the running of the fine structure
constant, «.

7. Conclusion

The effect of initial-state radiation in the process
ete™ — utu” (y) is studied using 293 events with
a hard initial-state photon and an effective 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 en-
ergy. The measurements show good agreement with
the Standard Model prediction.
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