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Abstract

We report on the measurement of W-boson pair-production with the L3 detector
at LEP at an average centre-of-mass energy of 172.13 GeV. In a data sample corre-
sponding to a total luminosity of 10.25 pb~! we select 110 four-fermion events with
pairs of hadronic jets or leptons with high invariant masses. Branching fractions
of W decays into different fermion-antifermion pairs are determined with and with-
out the assumption of charged-current lepton universality. The branching fraction
for hadronic W decays is measured to be: B(W — hadrons) = 64.2%3% (stat.) &
0.5 (syst.) %. Combining all final states the total cross section for W-pair produc-
tion is measured to be: oww = 12.27773) (stat.) + 0.23 (syst.) pb. The results are

in good agreement with the Standard Model.
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1 Introduction

In the second half of the 1996 data taking period, the eTe™ collider LEP at CERN was operated
at centre-of-mass energies, /s, above the kinematic threshold of W-pair production, ete™ —
W*W~, which was investigated earlier at LEP [1,2]. Compared to the situation at threshold
the higher centre-of-mass energy implies an increased cross section for the W-pair signal and a
reduced cross section for the fermion-pair background, thus improving the signal-to-background
ratio by a factor of four.

To lowest order within the Standard Model [3], three Feynman diagrams contribute to W-
pair production, the s-channel v and Z-boson exchange and the t-channel v, exchange, referred
to as CCO3 [4-6]. The higher centre-of-mass energy increases the importance of the s-channel
diagrams. The W boson decays into a quark-antiquark pair, for example W~ — ud or cs, or
a lepton-antilepton pair, W= — ("7, (¢ = e, 4, 7); in the following denoted as qq, fv or ff in
general for both W+ and W~ decays. In this letter, separate measurements of all four-fermion
final states mediated by W-pair production are reported:

1. ete”—qqev() 2. eTe"—qqur () 3. eTe—qqrv(y)
4. eTem—=lvlv(y) 5. eTe”—qqqq (),

where () indicates the possible presence of radiative photons. Additional contributions to
the production of these four-fermion final states arising from other neutral-current (NC) or
charged-current (CC) Feynman diagrams are small. At the current level of statistical accuracy
the interference effects need to be taken into account only for ete™ — gger(y) (CC20) and
ete™ — (vlv(y) (CC56+NC5H6) [4-6].

During the run the L3 detector collected integrated luminosities of 1.00 pb~* and 9.25 pb™*
at /s = 170.31 £ 0.06 GeV and /s = 172.32 + 0.06 GeV, respectively [7]. For the results
presented here these two data samples are combined using a luminosity weighted mean centre-
of-mass energy of /s = 172.13 + 0.06 GeV. The cross section is measured for each of the
five signal processes. Combining these measurements the W-decay branching fractions and the
total W-pair production cross section are determined.

2 Analysis of Four-Fermion Production

The L3 detector is described in detail in References 8 and 9. The selections of the five four-
fermion final states are similar to the ones used at /s = 161 GeV [1]. Charged leptons are
explicitly identified using their characteristic signature. Hadronic jets are reconstructed using
the Durham jet algorithm [10] and adding four-momenta during the combination process. The
momentum of the neutrino in ggfv events is identified with the missing momentum vector.

Selection efficiencies and background contaminations of all processes are determined by
Monte Carlo simulations. The following Monte Carlo event generators are used to simulate
the various signal and background reactions: KORALW [11] and HERWIG [12] (eTe” —
WW — f£ff(~)); EXCALIBUR [13] (e*e~ — £ f(7)); PYTHIA [14] (¢*e™ — qq(7), ZZ(v),
hadronic two-photon collisions); KORALZ [15] (ete™ — utu~(vy), 7777 (v)); BHAGENES3 [16]
(ete™ — eTe™(7)). The response of the L3 detector is modelled with the GEANT [17] detector
simulation program which includes the effects of energy loss, multiple scattering and showering
in the detector materials and in the beam pipe.

Systematic errors on the cross-section measurements are in all cases small compared to the
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statistical error. The measurement of the total luminosity, £, follows the procedure described
in References 18 and 19. The total error on the luminosity measurement is estimated to be
0.6% [19].

The results on cross sections and W-decay branching fractions are determined in a combined
fit as discussed in Section 3. They are compared to the predictions of the Standard Model
calculated for a mass of the W boson of My = 80.33 GeV [20] using the GENTLE [21]
program.

2.1 ete —qqev(y)

There are several changes in the event selection for the process ete™ — qgev(y) at /s =
172 GeV relative to that at /s = 161 GeV [1]. The neutrino energy must be larger than
20 GeV and the range of accepted polar angles of electron and neutrino, 6, and 6,, is extended
to | cos fe|, | cosb,| < 0.95. The electron identification in the forward-backward region, | cos fe| >
0.75, is improved by widening the window in azimuthal angle, |A¢|, for associating a track in
the central tracking chamber to the calorimetric energy deposition. Depending on |cos 6|, the
|A¢| window is enlarged from 10 mrad up to 42 mrad to account for geometrical and resolution
effects.

After having removed the calorimetric energy depositions associated with the identified
electron, the remaining calorimetric clusters are grouped into two jets. To reject electrons from
decays of hadrons the separation angle between the electron and both hadronic jets must be
larger than ten degrees. The invariant masses of the electron-neutrino system, M,,, and the
jet-jet system, My,, are required to be larger than 55 GeV and 45 GeV, respectively.

The distributions of the polar angle of the neutrino and of the invariant mass of the electron-
neutrino system are shown in Figure 1, comparing Monte Carlo to data.

A total of 19 events are selected in the data. The selection efficiencies and the background
contributions are listed in Table 1. The signal efficiency and cross section is determined within
the following phase-space cuts: Ee, E, > 20 GeV; |cosfe|,|cosf,| < 0.95; Me,, My, > 45 GeV.

Systematic errors in the electron identification are derived from a comparison of data versus
Monte Carlo using eTe™ — eTe™ () events collected at /s = 91 GeV and radiative ete™ —
qq(y) events as control samples. Systematic errors on efficiencies and accepted background
cross sections are derived by comparing different Monte Carlo event generators and Monte Carlo
samples simulated with different W masses and detector energy scales. A total systematic error
of 3% on the measured cross section is obtained.

2.2 ete —qquu(y)

The event selection for the process eTe™ — gqur(y) is adapted to the higher centre-of-mass
energy. The selection is improved by including muons identified by their minimum-ionising-
particle (MIP) signature in the calorimeters. If two muons are reconstructed the invariant mass
of the two-muon system must be smaller than 30 GeV. After having removed the calorimetric
energy depositions associated with the identified muon, the remaining calorimetric clusters are
grouped into two jets.

Muons identified in the muon spectrometer must have a momentum larger than 15 GeV.
Their angular separation to both hadronic jets must be at least ten degrees to reject muons
arising from the decays of hadrons. The muon-neutrino invariant mass must be larger than
55 GeV, and the jet-jet invariant mass must be larger than 30 GeV and smaller than 120 GeV.



Muons are also identified as a track in the central tracking chamber with momentum larger
than 10 GeV associated with energy depositions in the calorimeters compatible with those of
a MIP. Muons identified as MIPs in the electromagnetic and hadronic calorimeters must have
an angular separation of at least 15 degrees to both hadronic jets while muons identified in the
electromagnetic calorimeter only must have at least 20 degrees angular separation. For MIP
muons the muon-neutrino invariant mass must be larger than 20 GeV, and the jet-jet invariant
mass must be larger than 40 GeV and smaller than 110 GeV. The inclusion of MIP-based muon
identification increases the selection efficiency by 10%.

The distributions of the polar angle of the neutrino and of the invariant mass of the muon-
neutrino system are shown in Figure 2.

A total of nine events are selected in the data, eight events with a muon reconstructed in the
muon spectrometer and one event with a muon identified by its MIP signature. The selection
efficiencies and the background contributions are listed in Table 1.

Systematic errors in the muon and MIP identification are derived from a comparison of data
versus Monte Carlo using ete™ — ptu~(y) and ete™ — ¢g(7) events collected at /s = 91 GeV
as a control sample. Systematic errors on efficiencies and accepted background cross sections
are evaluated as described at the end of Section 2.1. A total systematic error of 3% on the
measured cross section is obtained.

2.3 ete —qqrv(vy)

Events must have more than 15 calorimetric clusters in order to reject low-multiplicity leptonic
final states. Signal events contain at least two neutrinos, resulting in missing momentum and
reduced visible energy. In order to reject ¢g(y) and gqqq(~y) events the missing momentum
must be larger than 10 GeV, while the difference between the visible energy and the missing
momentum must be less than 130 GeV. Requiring the longitudinal energy imbalance to be
smaller than 40 GeV and the transverse energy imbalance to be larger than 5 GeV suppresses
qq(y) events with hard initial-state radiation.

In events with the 7 decaying into an electron or muon, the energy of that lepton must be
larger than 5 GeV and the sum of the electron (muon) energy and the magnitude of the missing
momentum must be less than 70 GeV (65 GeV).

If no electrons or muons are found, jets are reconstructed based on clustering inside a cone
of 15 degrees half-opening angle [22]. At least three jets with an energy larger than 10 GeV are
required. The hadronically decaying 7 is identified among the three jets of highest energy as
the one which satisfies the largest number of the following requirements for being 7-like: the
number of tracks associated to the jet is between one and three, the number of calorimetric
clusters associated to the jet is less than five, the half-opening angle of the jet is less than eight
degrees, the electromagnetic energy of the jet is greater than 25 GeV, and the visible mass
of the jet is less than 2 GeV. The efficiency of this 7 jet identification for hadronic 7 decays
is 80%. In order to reduce the background from ete” — gger(7y) events where the electron
is not identified, events with the 7 jet having more than 30 GeV of energy deposited in the
electromagnetic calorimeter and less than 5 GeV in the hadronic calorimeter are rejected. The
background of eTe™ — qquv(7) events where the muon is not identified in the muon chambers
is reduced by rejecting events where the 7 jet is compatible with a MIP.

After having removed the tracks and calorimetric energy depositions associated with the
identified 7 jet, the remaining tracks and calorimetric clusters are grouped into two hadronic
jets using the Durham jet algorithm [10]. For events with a transverse energy imbalance less



than 25 GeV and with | cos f,,;ss| > 0.55 for the polar angle of the missing momentum vector,
the angular opening of the 7 jet must be smaller than eight degrees. The invariant mass of the
jet-jet system must be larger than 60 GeV and smaller than 100 GeV. The system of the 7 jet
and the missing four-momentum must have an invariant mass larger than 50 GeV and smaller
than 110 GeV.

The distributions of the sum of the electron (muon) energy and the missing momentum,
and of the invariant mass of the system of the 7 jet and the missing four-momentum are shown
in Figure 3.

A total of twelve events are selected in the data, two 7 — e events, three 7 — u events and
seven 7 —hadrons events. The selection efficiencies and the background contributions are listed
in Table 1. Systematic errors are evaluated as described at the end of Sections 2.1 and 2.2. A
total systematic error of 5% on the measured cross section is obtained.

2.4 ete —Llvlv(y)

The event selection for the process ete™ — (vlv(y) depends on whether the event contains
one or two identified electrons or muons, referred to as lepton-jet and lepton-lepton class.
The selection for the lepton-jet class is the same as at /s = 161 GeV [1]. For the lepton-
lepton class, the transverse energy must be at least 10 GeV and larger than 10% of the visible
energy. The requirement of the missing energy vector not pointing to the gap between the
electromagnetic barrel and endcap calorimeter is no longer necessary because of the use of a
new electromagnetic calorimeter in that region [9]. The sum of the energies of calorimetric
clusters at low polar angles, | cos Oysier| > 0.95, must be less than 5 GeV.

The distributions of the acoplanarity between the two charged leptons and of the energy of
the identified electron or muon with highest energy are shown in Figure 4.

A total of nine events are selected in the data, five events in the lepton-lepton class and
four events in the lepton-jet class. The selection efficiencies and the background contributions
are listed in Table 1. The signal efficiency and cross section is determined within the following
phase-space cuts: |cosf| < 0.96 for both charged leptons, with energies larger than 15 GeV
and 5 GeV.

Systematic errors on the lepton identification are derived from a comparison of data versus
Monte Carlo using ete™ — 7/~ () events as a control sample. Systematic errors on efficiencies
and accepted background cross sections are evaluated as described at the end of Section 2.1. A
total systematic error of 4% on the measured cross section is obtained.

2.5 ete”—qqqq(y)

The event selection for the process ete™ — qqqq(7) is similar to that at /s = 161 GeV [1].
High multiplicity events with visible energy, E.;, larger than 0.7,/s and longitudinal energy
imbalance less than 0.25F ;s are selected. Tracks and calorimetric clusters are grouped into four
jets. The Durham jet-resolution parameter [10] at which the event changes from a four-jet to a
three-jet topology, Y34, must be larger than 0.0025 to enhance the four-jet signal. To suppress
qq(y) background with hard radiative photons recorded in the detector, an event is rejected if
it contains an electromagnetic cluster with an energy of more than 40 GeV, or if more than
50% of energy of any jet is attributed to a single photon.

The selection accepts 92.3% of the WW — ¢qqq(7) signal while reducing the dominating
qq(7y) background by a factor of 20. A total of 122 events pass this selection. The determination



of jet energies and angles is improved by a kinematic fit imposing four-momentum conservation.
Two pairs of jets are formed with invariant masses M; and Ms. The optimal jet-jet pairing
maximising the sum M; + M, + min(M;, M) is chosen. This yields the correct assignment of
jets to W bosons for 76% of the selected signal events.

A neural network is trained to separate the signal from the dominating ¢g(y) background.
The input to the network consists of ten variables: Y34, sphericity, minimal and maximal jet
energies, minimal jet cluster multiplicity, sum and difference of the two W masses, maximal
acollinearity between jets belonging to the same W, minimal jet-jet angle, minimal mass of jets
when the event is reconstructed as a two-jet event. The network is trained such that the output
peaks at one for the signal and at zero for the background.

The distributions of the jet resolution parameter Y34, the minimal jet-jet angle and the
minimal and maximal jet energies are shown in Figure 5. In projection, these four neural-
network input variables show the largest separation between the signal and the background.
The distribution of the neural-network output is shown in Figure 6.

The neural-network output distribution for data events is fitted by a linear combination
of neural-network output distributions derived from Monte Carlo simulations for signal and
background [1]. The results of the fit correspond to a signal cross section of 5.48%0-92 pb
and a qg(y) cross section of 128%1% pb where the errors are statistical. The measured ¢g(7)
cross section is in good agreement with both our dedicated measurements of fermion-pair cross
sections [19] and with the Standard Model value. As a cross check the signal cross section is
determined by applying a cut on the output of the neural network larger than 0.72. The selection
efficiencies and the background contributions corresponding to this cut are listed in Table 1. A
total of 61 events are selected in the data, yielding a signal cross section of 5.571):2> pb.

The systematic error due to a discrepancy in the four-jet event rate between the ¢g(7)
data and the Monte Carlo is estimated to be 2% by reweighting ¢g(y) Monte Carlo events as
a function of Y34. The reweighting function is derived from a comparison between data and
Monte Carlo of hadronic Z decays collected at /s = 91 GeV. Systematic effects due to Bose-
Einstein correlations and fragmentation models are estimated to be 2% by comparing different
Monte Carlo programs to simulate the signal. Detector calibration uncertainties and W-mass
dependence lead to an error of less than 2%. A total systematic error of 3% on the measured
cross section is obtained.

3 Results

The fitting procedure to determine cross sections of the five signal processes, W-decay branching
fractions, the total W-pair cross section and the mass of the W boson is described in detail in
Reference 1.

3.1 Signal Cross Sections

The cross sections, o;, of the five signal processes are determined simultaneously in a maximum-
likelihood fit, using the number of selected events, selection efficiencies and accepted background
cross sections as summarised in Tables 1 and 2. For the ete™ — ggqq() process, the likelihood
as a function of the signal cross section derived from the fit to the neural-network output
distribution described in Section 2.5 is used.

The resulting cross sections including statistical and systematic errors are listed in Table 2.
The Standard Model agrees well with these results. Since the efficiency matrix of Table 1
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contains non-zero off-diagonal elements, the measured cross sections are correlated. The largest
correlations, —13% and —17%, arise among the semileptonic channels between gg7v and gqgev
and between gg7v and gquv. All other correlations are smaller than 1% in magnitude and thus
negligible.

For the ggev(y) and ¢vlv(7y) final state the cross sections contain significant contributions
from processes not mediated by resonant W-pair production. In order to determine W-pair cross
sections also for these final states the measured cross sections are scaled by a multiplicative
factor, f;. These conversion factors are given by the ratio of the total CC03 cross section and
the four-fermion cross section within phase-space cuts, and are calculated within the Standard
Model using the EXCALIBUR [13] event generator. They are determined to be 1.10 for the
qqer(y) and 1.03 for the (vlv(v) phase-space cuts, where the dependence of the f; on My is
negligible. These cross sections are also listed in Table 2.

3.2 W-Decay Branching Fractions and W-Pair Cross Section

For the determination of the total CC03 production cross section of W-pairs, oww, the signal
cross sections o; are replaced by the product r;oww or r;oww/ f; for the ggev(vy) and (vlv(7y)
final states. The ratios r; are given in terms of the W-decay branching fractions, B(W — ¢q)
and B(W — (v), as follows: 749y = [B(W = q@)]?, 7gqev = 2B(W — qq)B(W — (v), and
Toe, = [1 — B(W — ¢q)]?, where the sum of the hadronic and the three leptonic branching
fractions is constrained to be unity. For the determination of W-decay branching fractions the
data collected at /s = 161 GeV [1] are included.

The resulting total W-pair cross section and the W-decay branching fractions including
statistical and systematic errors are listed in Table 3. They are determined both with and
without the assumption of charged-current lepton universality in W decays. The W-decay
branching fractions obtained for the individual leptons are in agreement with each other and
support this assumption. The branching fraction for hadronic W decays is:

B(W — qq) = 64.2737 (stat.) £ 0.5 (syst.) %. (1)

The accuracy on the W-decay branching fractions is improved by more than a factor of two
with respect to our previous analysis [1].

Within the Standard Model the branching fractions of the W boson depend on the six
elements V;, of the Cabibbo-Kobayashi-Maskawa quark mixing matrix Voxw [23] not involving
the top quark. In terms of these V,, the branching fraction of leptonic W decays is given by
1/B(W = lv) = 3+3[14+as(Mw) /7] 3= |Vyql?, where ay is the strong coupling constant [5]. The
sensitivity is largest for the dominant diagonal elements of Vigy. Since Vg is known much
more precisely than Vg, it is most useful to determine the latter. Using the current world-
average values and errors of the other matrix elements not assuming the unitarity of Voxy [24],
the result is:

Vis| = 0.82701% (stat.) £0.02 (syst.). 2)

The statistical error includes the errors on « and the other V, but is dominated by the
statistical error on the W branching fractions. This result is of the same precision as the
current world average [24].

In order to obtain a more precise determination of oww, the W-decay branching frac-
tions from the Standard Model are imposed, which are calculated including QCD and mass



corrections [5] (Table 3). The result for the total production cross section of W-pairs at
V5 = 17213 £0.06 GeV [7] is:

oww = 12.277131 (stat.) +0.23 (syst.) pb. (3)

The measurements of oww at /s = 161 GeV [1] and at /s = 172 GeV are compared to
the Standard Model expectations in Figure 7. The deviation to pure t-channel v, exchange in
W-pair production is clearly visible. Both non-abelian s-channel diagrams with triple-vector-
boson couplings as expected within the Standard Model are needed to get agreement with the
measurement presented here.

Within the Standard Model the W-pair cross section, oww, depends on /s and the mass
of the W boson, M. The sensitivity of oww to My at /s = 172 GeV is reduced compared
to that at /s = 161 GeV [25]. The cross section measurement presented here yields My =
80.5757 (stat.) & 0.3 (syst.) GeV. Combining this new measurement with our previous result
on My obtained from the cross section measurement at /s = 161 GeV [1] one finds My =
80.78040 (exp.) &+ 0.03 (LEP) GeV. These results for My are based on total cross section
measurements only. The mass of the W boson as determined more precisely from the invariant
mass of the W decay products will be presented in a forthcoming publication [26].
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Selection of Efficiencies [%)] for Background | Systematic

Process qgev  qquv  qqrv  Lvlv  qqqq [pb] Error [%)]
ete”™ — qgev(y) | 79.3 0.16 1.74 0.063 3
efe” — qqur(y) | 0.11 74.1 3.50 0.037 3
efe” — qqrv(y) | 5.62 6.89 46.6 0.14 0.207 5
ete™ — (vlv(y) 45.1 0.033 4
ete” — qqqq(7) | 0.08 0.04 2.14 84.1 1.23 3

Table 1: Selection efficiencies, accepted background cross sections from non-W processes, and
total systematic uncertainties for signal processes ee™ — gqev(y), ete™ — qquv(vy), eTe” —
qqrv(7y), ete” — wlv(y) and eTe” — qqqq(7y). For the ggev (fvlv) signal, the signal efficiency
is derived from a CC20 (CC56+NC56) Monte Carlo sample and is given within phase-space
cuts, see Section 2.1 (2.4). For the gqgqq signal, the numbers are quoted for a neural-network

output larger than 0.72. The total systematic uncertainties are relative to the cross sections
listed in Table 2

Process Naata | Nog o(cuts) o(CC03) rsMm | Osm
[pb] [pb] [%] | [pb]

ete™ — qqev(y) | 19 | 0.64 | 2.227058 +0.07 | 2.447382 +0.07 || 14.6 | 1.81
ete™ — qquu(y) 9 |0.38 — 1.067038 £0.03 || 14.6 | 1.81
ete™ = qqrv(y) | 12 | 2.12 — 1.601031 +0.08 || 14.6 | 1.81
ete™ — twlv(y) 9 [0.34|1.8750:2240.08 | 1.9373% £0.08 || 10.6 | 1.32
ete™ = qqqq(y) | 61 | 12.6 — 5487092 +0.17 || 45.6 | 5.67

Table 2: Number of selected data events, Ngai., number of expected non-W background events,
Ny, and cross sections for the reactions ete™ — ggev(y), ete™ — qquv(y), ete” — qqrv(y),

te” — lvlv(y) and eTe” — qqqq(y). For the ggqq signal, the numbers Ny, and Ny,g corre-
spond to a cut on the output of the neural network at 0.72. The qqgqq cross section is obtained
from a fit to the neural-network output distribution as described in Section 2.5. For the gqev
and (vlv signal, the cross sections within the phase-space cuts described in the text, o(cuts),
are given in addition to the CCO03 cross sections, 0(CC03). The first error is statistical and the
second systematic. Also shown are the CCO03 ratios, rgy, and the CCO03 cross sections, ogy, as
expected within the Standard Model.
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Parameter Lepton Lepton Standard
Non-Universality Universality Model
B(W —ev) [%] | 16.5537+£0.5 —
B(W = uv) [%)] 8.473%54+0.3 —
BW — 1) [%] | 10.9733+0.5 —
B(W — tv) [%) — 119715 +0.2 10.8
B(W = qq) [%] | 642731 +0.5 64.2731 +0.5 67.5
oww [pb] 12.37713740.23 | 12.407131 +£0.23 ||  12.43
Parameter Using SM W-Decay Standard
Branching Fractions Model
oww [pb] 12,2713+ 0.23 12.43

Table 3: W-decay branching fractions, B, and total W-pair cross section, oww, derived with
and without the assumption of charged-current lepton universality. In the bottom part of the
table, the measured total W-pair cross section imposing Standard-Model W-decay branching
fractions is given. Also shown are the W-decay branching fractions [5] and the total W-pair

cross section as expected in the Standard Model.
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Figure 1: Distributions of variables used for the selection of ete™ — ggev(7) events, comparing
the signal and background Monte Carlo to the data. The position of the selection cuts are
All selection cuts except in the variable plotted are applied.
(a) The polar angle of the neutrino, |cosf,|. (b) The invariant mass of the electron-neutrino
system, M., .
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Figure 2: Distributions of variables used for the selection of e"e™ — gquv(7y) events. (a) The
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Figure 7: The cross section, oww, of the process efe™ — WW — ffff(y) as a function
of the centre-of-mass energy, \/s. The measurements of oww at /s = 161 GeV [1] and at
Vs =172 GeV are shown as dots with error bars, combining statistical and systematic errors
in quadrature. The solid curve shows the Standard Model expectation. The dashed curve
shows the expectation if there is no ZWW coupling. The dotted curve shows the expectation

if only t-channel v, exchange in W-pair production is considered.
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