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Abstract

The cross sections for the production of single charged and neutral intermediate vector bosons were measured using integrate
luminosities of 52 pi! and 154 pb? collected by the experiment at centre-of-mass energies of 182.6 GeV and 188.6 GeV,
respectively. The cross sections for the reactions were determined in limited kinematic regions. The results found are in
agreement with the Standard Model predictions for these chanh@@01 Published by Elsevier Science B.V.
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1. Introduction

The measurement of the production cross section
of a single vector bosorete™ — e v, W', ete™ —
ete=Z)2is a test of the Standard Model. In addition,
the study of these processes is important in the
evaluation of background to the search for the Higgs
boson and for physics beyond the Standard Model.
SingleW production is also interesting in itself for the
measurement of the trilinear couplings at thévy
vertex; this measurement, in combination with other
physics channels, has been made by the DELPHI
Collaboration and is reported elsewhere [1].

This Letter presents measurements of singlend
singleZ production cross sections using the data
collected by DELPHI at centre-of-mass energies of
182.6 and 188.6 GeV. The corresponding integrated
luminosities are 52 and 154 ph respectively.

The criteria for the selection of the events are
mainly based on the information from the tracking
system, the calorimeters and the muon chambers
of the DELPHI detector. A detailed description of
the DELPHI apparatus and its performances can be
found in [2,3]. The detector has remained essentially
unchanged in the past few years, except for upgrades
of the Vertex Detector [4].

2. Definition of the signal

Single-boson production is investigated in this pa-
per through four-fermion final states; v, f f’ and

Letters B 515 (2001) 238-254

ev, W channel The four-fermion final states v.qg’
and e~ vty (I =, ) can be produced
both via singleW production, referred to
as ev,W in the following, or via W-pair
production. A distinctive feature afv, W is
the fact that the distribution of the electron
direction is strongly peaked at small polar
angles with respect to the incoming electron
beam direction. The signal definition was
restricted to the region of phase space where
the contribution of the singlé¥ process is
dominant. The polar angle of the outgoing
electron, 6,-, was required to be smaller
than the lower edge of the DELPHI detector
acceptance:

|cosd,- | > 0.9993 1)

Additional selections were applied to avoid
the phase space regions of lofvf’ invari-
ant mass, mostly due to multiperipheral di-
agrams, where large uncertainties affect the
cross section computation. It was required
that:

mgg > 45 GeV/c? fore v.qq,
E;+ > 15 GeV

fore v /Ty (1T =pt, ), (2)
wherem,; is theqq’ invariant mass and;+
the lepton energy.

SingleW production accounts for more than 90%

ete™ f f. These final states receive contributions from of all e~ v.¢g" ande™ ./ v; events in the kinematic
single resonant diagrams producing, respectively, the region defined above. The sum of the cross sections
W and Z signals studied here, and from other dia- inthe channels”v.qg’, e vt vy, e vt v,, here-
grams, including doubly resonant production, conver- after calledevf f’, is then compared to the theoretical
sion diagrams and multiperipheral processes [5]. To calculations from GRCA4F [6] and WPHACT [7].
enhance the single-boson production contribution, the  The e~ .e™v, contributions are treated separately
cross sections correspond to the limited kinematic re- (below) because they hawechannel contributions
gions described below. The measured cross sectionsboth for singleW and singleZ topologies which are
therefore refer to the entire set of diagrams contribut- not easily disentangled.
ing to the specific final states, with the exception
of multiperipheral diagrams [5] whose contributions evev channel In the kinematic region defined above,
were evaluated separately and then subtracted. this final state receives, besides singjfe-
production, a large contribution frome e~
production (withZ — v.v,) and from the

2 Charge conjugate states are implied throughout the text. interference between sing- and ZeTe™
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processes. In addition it is not possible, ex-
perimentally, to disentangle the v,e~ v, fi-

nal state from the e v, v, andeTe v v,
final states with the neutrinos produced in
Z — v, v,, v v, decays. Therefore, a topo-
logical cross section was defined correspond-
ing to theevev final state (where a sum over
all neutrino flavours is implied), to be com-
pared with theoretical calculations. This was
done restricting further the signal phase space
to:

lcosf,+| <0.72,  E,>30GeV. (3)

channel The neutral bosons are produced in
the so-called electroweak Compton scatter-
ing procesey — ey*/Z, where a quasireal
photon is radiated from one of the beam elec-
trons and scattered off the other beam [8].
In this Letter only decays of the*/Z into
hadrons andu*u~ pairs have been con-
sidered: the signature of such events is an
electron, typically of low energy, recoiling
against the/*/ Z system, with the other elec-
tron usually lost in the beam-pipe. The signal
cross section presented in this note refers to
the overall set of graphs contributing to the
ete ff (f =q, p) final state with the ex-
ception of the so-called multiperipheral ones,
typical of the yy physics [5]. The signal
was defined topologically, requiring at least
one electron (tag electron) to be within the
acceptance of the DELPHI forward electro-
magnetic calorimeter, i.dcosd,+| < 0.985,
and having an energ¥f,.+ > 4 GeV. The

y*|/Zee
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and BDK [15] for two-photon collisions. All the
events were processed through the full DELPHI de-
tector simulation and analysis chain [3].

3. Single-W analysis

Both the hadronic and the leptonic final states
were considered in the sing#- analysis. They are
characterized by the presence of two hadronic jets
acoplanar with the beam or by a single lepton with
large transverse momentum, respectively [16].

3.1. Selection of hadronic events

The experimental signature ef v,qg’ events con-
sists of a pair of acoplanar jets. The undetected neu-
trino results in a large missing momentum at large an-
gle to the beam direction.

Other physics processes which can give rise to a
similar topology are*e™ — Zy with Z — gqg, WW
events with at least on& decaying into hadrons,
other four-fermion final statesl~¢qg, viqg, the
latter being topologically identical to the signal) and
two-photon collisions. Some of these processes have
cross sections larger than that of the signal by several
orders of magnitude. Sequential cuts on the event
variables have been applied to reject them.

A sample of hadronic events was preselected by re-
quiring at least seven charged particles to be measured
in the detector. The contribution from two-photon col-
lisions was reduced by requiring the opening angle of
the cone around the beam axis which contains 15% of
the visible energy to be larger than°1& y events are

measured cross section was then compared concentrated in the forward regions and have low val-

with that obtained from the GRC4F program.
A selection on the minimum energy of this
visible electron,E .+ > 1 GeV, was used in
the computation of the cross section to avoid
numerical instabilities in the integration.

For both theev, W and Zee samples, signal events
were simulated with the GRC4F event generator. For

ues of this variable. Furthermore, the total transverse
momentum was required to be larger than 16%y/ef

The background frora*e™ — ¢g(y) was rejected
by requiring the effective collision energys’ [17], to
be smaller than 85,/s and the cosine of the polar an-
gle of the missing momentum to satisfy the condition
|comisd < 0.9. In addition, since the background is
concentrated simultaneously at largmsomisd and

background processes, different generators were usedat values of+/s’ close to theZ mass, a selection

EXCALIBUR [9] for the WW and other four-fermion
final states, PYTHIA [10] fogg(y), TEEGG [11] and
BHWIDE [12] for ete™ — ete™y, KORALZ [13]
for ete™ — puTu=(y), Tt (y), TWOGAM [14]

on the correlation of the two variables was applied:
Vs’ > 160- |comiss — 30 GeV.Z(y) eventsin which

the ISR photon escaped undetected in the dead re-
gion between the barrel and end-cap electromagnetic
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Fig. 1.ev, W channel(W — ¢g’) at /s = 189 GeV. Maximum transverse momentum of any particle with respect to the closest jet. The open
histogram represents the simulatedv.qg’ signal, the cross-hatched area representsithié background, the other backgrounds are shown

with single hatching. Data points are indicated with statistical error bars. All the other selections described in Section 3.1 have already been
applied. The arrow indicates the position of the cut on this variable.

calorimetersd ~ 40°) were suppressed by looking for  from 3 to 4 jets in the Durham algorithm [181]2’524,
signals in the hermeticity counters in a cone of 30 to be larger than 0.005. When omé decays intayg’
around the direction of the missing momentum. and the other one intdv,, an isolated lepton with
In addition, a combined selection in the transverse high energy is usually visible: events were rejected
momentum versus visible energy plane was also ap-if an identified electron or muon was found with an
plied to separate the v.qg’ signal from theWw, energy larger than 15 GeV and forming an angle of
vvgq and Zy backgrounds. Finally, the planarity of more than 10 with the nearest track. If the lepton

the three-body final statg7y was exploited: two jets s a z, the topology can be 3-jet-like: the'®", for

; . 23
were reconstructed with all the detected particles, and the transition from 2 to 3 jets was required_t>o exceed
their g acoplanarit§ was required to exceed 15 0.05. The residual contamination fropg’z v, events

The most important remaining contribution to the jn which ther decay products have very low energy or
background is fromW-pair production. Events in  are very close to one of the hadronic jets was reduced
which both W bosons decay into g@g’" pair tend  py a selection on the maximum transverse momentum
to have a four-jet topology, and were rejected by of any particle with respect to the closest jgf"® <
requiring the distance parameter for the transition 35 GeV/c, as shown in Fig. 1.

Table 1 shows the number of selected events in the
data at 189 GeV in comparison to the expectation from
the Monte Carlo simulation at successive stages of
the analysis. As can be seen from Table 1, the main

3 The acoplanarity was defined as the complementary t6 180
of the angle between the projections of the two jet directions in the
plane transverse to the beam axis.
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Table 1
Number of events expected from the contribution of different channels and observed in the data at different stages vf, the — ¢’
selection at/s = 189 GeV

eve W ww Zy vigq Others Total MC Data
Step 1 363 13927 94842 295 2638 112065 11550
Step 2 2% 5651 5035 173 187 11272 1130
Step 3 216 1468 2390 163 155 4392 405
Step 4 141 +0.7 217+£0.9 51+0.3 89+0.2 05+05 503+13 52

The column labelled “Others” includdd I~ ¢ final states and two-photon collisions. Step=Jafter hadronic preselection and apt cuts;
Step 2= after cuts onv/s’, |cOSAmiss and signal in the hermeticity counters; Step-after the cuts on transverse momentum versus visible
energy and on acoplanarity; Step=4the final sample afteW W rejection. Details on the selection are provided in Section 3.1.

Table 2

Performance of the™ v,gg’ event selection at the two centre-of-mass energies considered in the analysis
V5 (GeV) Efficiency (%) Obgd (Pb) Lint (pb™) Ndata Oo—i,qq’ (PD)
182.6 330+15 0.22440.009 5185 15 0201233
188.6 281+12 0.245:+0.007 15400 52 033018

contamination in the final selected sample is due to  Events were selected if exactly one well measured
WW production, with oneW decaying into hadrons  charged particle was reconstructed. The quality of the
and the other one intov, . track measurement was assessed as follows:

The efficiency of the select|_0n fpr the signal, the relative error on the momentumyp/p, smaller
expected background, the luminosity and the number than 100%:
of selected .events in the da_ta at the two centre-qf— e track length greater than 20 cm:
mass energies are reported in Table 2, together with | polar angled between 19and 176;
the evaluated cross section for the hadronic channel. impact parameter in the transverse plafiBgg|,

alone. smaller than 4 cm, and that along the beam direc-
tion, |IP,|, smaller than 3 cmsing.
3.2. Selection of leptonic events Loose identification criteria were applied, requiring

associated hits in the muon chambers or a significant
energy deposition in the electromagnetic calorimeter.
The experimental signature of the leptonic channel For electrons, the acceptance was restricted to the bar-
ete” — e 1.l is the presence of a high-energy rel region,|cosd| < 0.72, and the best determination
lepton accompanied by a large missing momentum of the electron energy was estimated by combining the
and no other significant energy deposition in the de- momentum measurement from the tracking devices
tector. The analysis was optimised for final-state lep- and the calorimetric energy. Any other energy deposit
tons that are electrons or muons. In both channels, thein the detector not related to the lepton candidate was
contribution frome™ v, 7 v, events was considered as required not to exceed 2 GeV. In addition, the pres-

part of the background. ence of tracks not fulfilling the quality criteria listed
The main backgrounds for the leptonic channel above was used to veto the event. The acceptance was
are the radiative production of two leptoase~ — restricted to the kinematic region & decays by re-

ITI=(y), ete™ — WTW~ events and two-photon  quiring the lepton momentum to lie below 45%.gF
collisions. and its transverse momentum to exceed 12%/of
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A large residual contamination was still present, electromagnetic calorimeters. Therefore events were
due to cosmic ray events in the muon channel and rejected if a signal was found in the hermeticity
to Compton scattering in the electron channel. The counters at an azimuthal angle larger thafl 80m
former were suppressed by tightening the selections the electron.
on the track impact parameters fi®rs| < 0.2 cm Fig. 2 shows the momentum distribution of single
and |IP;| < 2 cm for the muons. Compton events leptons in data and simulation at 189 GeV. The
can mimic theW™ — e™v, signal when the photon  performance of the analysis at the two centre-of-mass
balancing the electron in the transverse plane is lost energy values and the results obtained are reported in
in the dead region between the barrel and forward Table 3.

DELPHI

events
~

0 IR Y e | AN ENANN NEFAFANEN AN W INEININE PAY W 22 T A

005 01 015 02 025 03 035 04 045 05

P lept /\/_S

Fig. 2. ev, W channel(W — [T v)) at /s = 189 GeV. Momentum distributions of the leptéh in real data (points with error bars) and in
the simulation (histograms) for the events selected at the end of the analysis. The open area representsithsigimglethe cross-hatched
histogram is the background expectation.

;ae?flir::”lance of the™ f;g;ﬁvﬂ andevev event selection at the two centre-of-mass energies considered in the analysis
Vs (GeV) Eff. ony (%) Ibkg (Pb) Ling (1) Ndata Gevuv (Pb)
I=p 182.6 708+ 1.0 0,013+ 0.002 5185 6 Q1472578
188.6 631+ 10 0,012 0.002 15345 8 0623333
Vs (GeV) Eff. one (%) Ibkg (PD) Lint (P57 Ndata Gevev (Pb)
I=e 182.6 834+32 0,038 0.008 5185 3 002413338

188.6 811+0.9 0.043+0.008 15345 12 004413951
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-(I;Ez)tr'llterigutions to the systematic uncertainty on&ng 7’ andevev cross sections af's = 189 GeV
Systematic effect Error o, r 1 (pb) Error onoeypey (pb)
Aopkg (€™ Veqq’) £5% 0.041 -
Aopkg (evev) £20% - 0.0106
Aopkg (e eptvy) £20% 0.004 -
As (e” Veqq’) due to simul. stat. 0.014 -
Ae (e~ velT ;) due to simul. stat 0.001 0.0005
Ag (e~ Dl vp) due tosgrack 0.001 0.0002
Luminosity +0.6% 0.008 0.0006
Total 0.044 0.0106

The luminosity is known with a total error of
+0.6%.

The effect of the uncertainties listed above on the
. . . - measurement of thevf f and evev cross sections
_The main source of systematic error is the limited at /s = 189 GeV are given in Table 4. The total
simulation statistics, both_for the _S|gna_l and for the systematic error, obtained from the sum in quadrature
background. However this has I|ttle_ influence ON st the individual contributions, is at the level &f10%
the accuracy of the measurement, since the error 'Sforefﬁgqc}’ and about-25% in the case ofven. For

doglna.tsld b.y the real .data_l st?t;ustlcs.d li f back the measurement at 183 GeV, the same relative error
ossible inaccuracies in the modelling of back- .. meq

ground processes were evaluated by comparing dif-
ferent Monte Carlo generators. The only notable ef-
fect was found in the g (y) channel, where the back-
ground estimate to the hadronic selection evaluated
with the ARIADNE [19] event generator was found
to be 60 £ 0.6 events at 189 GeV. The difference
from the value obtained from the PYTHIA samples
(5.1+£ 0.3, see Table 1) was considered as a system-
atic uncertainty. In the singley*/Z analysis, decays of the vector
The total systematic error on the background cross boson into hadronic angu*x~ final states were
section, mainly due to the effects listed above, amounts considered. Both final states are characterized by an
approximately to+5% in the ¢¢’ channel and to  electron scattered at large angle with respect to the
+20% in each of the leptonic channels (see Tables 2 incoming direction. The other electron, lost in the
and 3, for the part due only to the Monte Carlo statis- beam pipe, results in a missing momentum pointing

3.3. Study of systematic uncertainties

4. Single-Z analysis

tics). along the beam line direction. Instead of attempting to
From a comparison of dimuon events in data and Separate the*ee from the Zee contributions it was
simulation, the tracking efficiencyiack, of DELPHI preferred, like in [20], to determine the cross sections

was found to be overestimated by 0.5% in the simula- In two separate ranges of the invariant mass,, of
tion. This difference was assumed as systematic error.the final system: from 15 to 60 Ge¢¥? and above 60
This has a negligible effect on the background, while GeV/c2. The value of 60 GeYc? was chosen as it
it affects the selection efficiency of the signal for lep- represents about the minimum of the diﬁerenﬁi@lf
tonic decays of thév. distribution.
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4.1. Selection of hadronic events line. The four-momentum of the invisible electron was
chosento b0, 0, Q. E, E) with Q, the charge of the

The experimental signature of these events consiststagged electrorf. Fits with a x2 probability smaller

of a pair of jets produced in the hadronic decay of the than 10> were rejected.

v*/Z recoiling against an electron. To maximize the  The final selection of signal events was then per-

sensitivity of the analysis in the widest possible range formed using the variables after the constrained fit. It

of invariant masses of thg*/Z, the event selection  was required that:

was performed in three steps:

1. aloose preselection of hadronic events;

2. the identification of an isolated electron;

3. the final selection of signal events, optimized dif-
ferently in two ranges of the invariant mass of the
hadronic systemp,;, according to the most rele-  Two different sets of cuts were then applied in distinct

e (Q.cos9, > —0.8 with 6, being the polar angle of
the tagged electron;

o 0.cos8M* < 0 with M3 being the polar angle of
the jet closest to the beam line.

vant background process in each region. regions ofm ;.
. . . _ 2 i
The preselection of hadronic events consisted of the FOr 74z < 60 GeV/c, where the dominant back-
following requirements: ground consisted of two-photon events:

e at least five charged particles in the event with e cosx’. > —0.9 with «*. being the angle between
at least one in the Time Projection Chamber, the  the two jets in the e|eg?rom_*/z rest frame;
main DELPHI tracking detector, with a measured o Q,cosf, < 0.9 or E, < 0.75Epeam
transverse momentum larger than 2.5 GeV

e in events with more than one electromagnetic showerFor mqg > 60 GeV/c?, where the dominant back-
the energy of the second most energetic one was re-ground consisted o W events:
quired to be less than.®Epeamin order to reject

Bhabha events e (. C0SOmiss> 0.95 with 655 being the polar angle

of the missing momentum computed before the
The electron candidates were selected by requiring  kinematic fit;

energy depositions in the calorimet&p > 4 GeV, e O, Cos@/max> —0.985.

with an associated charged particle and in the angular
acceptancecost,| < 0.985. Moreover they had to  The distributions of these variables after the electron

satisfy the following isolation criteria: identification cuts are shown in Fig. 3 for the real and
simulated data. The numbers of selected events in the
data and the expected contributions from the different
backgrounds after each selection step are shown in
Table 5.

The efficiency of the selection on the signal, the

¢ their angle,x, with respect to the closest particle
with momentump > 0.5 GeV/c had to lie in the
range 18 <« < 170;

e their angle with respect to the second closest par-

zlrgje' with p > 0.5 GeV/e, had to be greater than expected background and the number of selected
' events in the data at the two centre-of-mass energies
Electrons from conversions or from decays were gare reported in Table 6, together with the evaluated
further reduced by requiring their impact parameters cross section. The distribution of the invariant mass of
with respect to the primary interaction vertex {0  the hadronic system and the energy spectrum of the tag
be |IPry| < 0.35 cm in the transverse plane and electron after the kinematic fit are shown in Fig. 4. The
lIP;| <1 cm along the beam line. peak in the invariant mass distribution around the

The charged and neutral particles were then clus- mass corresponds to events for which the contribution
tered into two jets with the Durham algorithm, ex-  of the Zee process is dominant.

cluding the tag electron and rejecting events for which
Dg’fz < 10~*. A kinematic fit of the event was then

perf_ormed gs_suming a topology of signal events with 4 he pELPHI reference frame has thexis oriented along the
two jets, a visible electron and one lost along the beam incominge™ beam.
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Fig. 3. y*/Zee channel(y*/Z — qq) at \/s = 189 GeV. Distributions of the variables used for the signal definition after the “electron
identification” step (see Section 4.1), in real data (points with error bars) and in the simulation (histograms). The arrows indicate the value of
the cut on each variable. The top plots show discriminant variables used for the signal selection in thexgyespttctrum. The bottom ones

show the variables used for the different selections in the low (left) and high (right) invariant mass region of the hadronic system.

Table 5
Number of events expected from the contribution of different channels and observed in the data at different stagey/ @kthselection at
/s =189 GeV in the hadronic channel

y*/Zee ww Z(y) yy Others Total MC Data
Preselection 179 10467 31565 8876 1033 53740 5812
e ident. 957 1183 64.0 1265 45 4090 400
Signal selection 38+ 25 32+04 70+ 0.6 69+21 04+0.1 548+ 3.3 51

The number of expectegd*/ Zee events has been computed using a simulation sample generated with GRC4F. The column labelled “Others”
includes Bhabha events and other four-fermion processes, namélyandy */ Zee with fully leptonic final state. Details on the selection are
provided in Section 4.1.

4.2. Selection of leptonic events scattered at large angle, is expected in the detector.
After acommon preselection and lepton identification,
The search was restricted to events with/Z the analysis was tuned separately for two kinematic

going into au*tu~ pair. The general features are regions:m,,- > 60 GeV/c? and 15< m+,- <
exactly the same as for the hadronic channel with 60 GeV/c?. The signal selection criteria on angular
jets replaced by muons. Thus a three-track signature, distributions were similar to those used in the hadronic
of two high momentum muons and oré or ¢, channel.
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Table 6
Performance of the* / Zee event selection at the two centre-of-mass energies considered in the analysis
Vs Y*/Z —qq Eff. Opgd Lint Ndata o
(GeV) mass range (Gen¢?) (%) (pb) (pbh) (pb)
182.6 15< myq < 60 192+20 0.05+0.01 519 6 0337528
0.57
myg > 60 142412 0.05+0.01 519 15 1667957
188.6 15< myg < 60 201+21 0,05+ 0.01 1543 20 041315
, +0.23
myg > 60 169+13 0074001 1543 31 a79+223
NG YZ = ptu” Eff. Obgd Lint Ndata o
(GeV) mass range (Ge\?) (%) (pb) (pi?) (pb)
182.6 15< my+,— < 60 54+0.3 0.004+ 0.002 519 0 -
my+,—- > 60 338+ 15 0.004+0.001 519 1 -
188.6 15<m,+,- <60 54+03 0.004- 0.002 1543 2 01540208
0.048
Myt~ > 60 338+15 0.005= 0.002 1543 5 0080+9:948
Table 7

Number of events expected from the contribution of different channels and observed in the data at different stage'y/ @kthselection at
/s =189 GeV in the leptonic channel

y*/Zee yy - utu~ Others Total MC Data
Preselection D+01 232+14 45+ 0.7 336+1.6 35
Final selection Z34+0.10 125+0.32 01440.12 41240.36 7

The column “Others” shows the numbers for two or four fermion background processes exglgdiagut 1~

In the preselection the event was required to have fied track was inferred from partial information taking

exactly three tracks fulfilling the following criteria: into account the combination of the charges of the ob-
. served particles. In the case @f x “e* or x T ~e*,
o fractional error on the momentump/p < 50%; the unidentified track was treated ag. Foru+pu—x*
e impact parameter in the transverse plaiie,| < the trackr was taken as*. In this way the loss of ef-
0.5 cm and along the beam directiif. | < 3 cm; ficiency due to electron identification was minimal.
e atleast one associated hit in the Vertex Detector. The data reduction factor of the preselection was

large. At./s = 189 GeV, 35 events were preselected
with 33.6 £+ 1.6 events expected. At this stage the ma-
jority of events came from they — ™ process
(see Table 7). The other nonzero contributions came
from the following sources (ordered by decreasing sig-
nificance):

The sum of the charges of the three particles was
required to bet1. Possible photon conversions were
removed according to the standard DELPHI procedure
described in [3]. The minimum opening angle of any
track pair had to be larger thaf.5

Since the event topology is clean, the particle iden-
tification required at least two tracks to be identified , _ +o— -
as leptons j or ¢) and at least one of them to be a eter = puipu (), ete” > 227,
muon. The momentum of the electron had to be greaterete™ — lfl;l;lg (l1,lp=e,u, 1),
than 4 GeVc. For muon identification the loose crite-
ria were applied as in the case of singleproduction
(see Section 3.2). The flavour of the possible unidenti- and ete™ — ' ¢4.

v¥/Zete™ >ttt ete, ete” > WTw™
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real data (points with error bars) and in the simulation (histograms) in the case of hadronic final states. Invariant mass distributiériof the

system (bottom) in the case pf 1~ final states.

The final selection of signal events was similar for
the twom,+,- ranges. The allowed angular ranges
for the direction of theZ /y* momentum and missing
momentum were defined by the following conditions,
in which Q. represents the charge of the observed
electron:

e Q.co80,+,- > —0.8 with 6,+,- being the polar
angle of theu* ™ system;

e Q. Co¥miss > 0.8 with Oniss being the polar angle
of the missing momentum.

The final selection was dependent on the ™
invariant mass:

e 0.Cc0%9, >—-0.8
for m,,+,- greater than 60 Ge\/?;
e 0.co80, >—0.7
for m,+,- between 15 and 60 Gev2,

The stronger condition for the low invariant mass
region was to reduce the background from the —
wru~ process further. The sum of all other sources
such as two- or four-fermion production is an order of
magnitude smaller after the final selection.
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Table 8
Contributions to the systematic uncertainty on $i&/ Zee cross sections in the hadronic channel, in the two ranges of invariant mass of the
hadronic system, ays = 189 GeV

Systematic effect Error ot (pb)
15<my; < 60 GeV/c? myg > 60 Gev/c?

Ase 0.034 0.064

Aopig (vy) £20% 0.030 0.015

Ae¢ due to simul. stat 0.043 0.060

Aopkg due to simul. stat. 0.058 0.051

Luminosity +0.6% 0.003 0.005

Total 0.085 0.103

At 183 GeV in the high invariant mass ,+,- photon events which represents the largest background
region, one event was found in the data witB € 0.1 component.

event expected. For the low mass region no event was The uncertainty on the efficiency of the electron
observed in the data andiit 0.1 event was expected. identification was estimated by comparing the number
Due to the low statistics, the value of the cross section of selected events in the data and in the simulation
was not derived. At 189 GeV, where the integrated for a sample enriched iWW events with at least
luminosity was three times greater, 5 event$20.3 one of the twoW'’s decaying, directly or in cascade,
predicted) and 2 events .@l+ 0.2 predicted) were into a final state containing an electron. The same
selected in the high and low mass regions, respectively. criteria for electron identification and isolation were
The spectrum of ther,+,- invariant mass after the  adopted as in th&ee analysis. The relative difference
kinematic fit is shown in Fig. 4 for the data at 189 GeV. in the efficiency was found to ba&e./e, = (6.7 £
A kinematic fit, assuming the lost electron along the 8.2)% where the error accounts both for the statistics
beam line and no missing momentum in the transverse and the systematics due to the presence of about
plane, was applied to improve the mass resolution. 11% of background events in the selected sample.
The efficiency of the selection on the signal, the Conservatively, the error on the difference was used
expected background and the number of selected for the computation of the systematic error.
events in the data at the two centre-of-mass energies A +20% uncertainty on the’y background was
are reported in Table 6 together with the evaluated assumed, as determined from a study on single tag

cross sections. events for both investigated final states.
The contributions of the different sources of sys-
4.3. Systematic uncertainties tematics in the hadronic channel at 189 GeV are

summarized in Table 8. The total systematic uncer-
In both channels the main systematic uncertainty tainty amounts ta21% in the region 15 my; <
came from the limited simulation statistics available 60 GeV/c? and to+13% form,; > 60 GeV/c?.
both for the signal and the background. As in the case  The contributions of the different sources of sys-
of the singleW analysis the influence on the overall tematics in the leptonic channel at 189 GeV are sum-
error is limited since the measurement is dominated marized in Table 9. The total systematic uncertain-
by the real data statistics. ties amount to+22% in the region 15 m+,- <
Besides this, in the hadronic channel two other 60 GeV/c? and to+9% form,+,- > 60 GeV/c?. For
sources of systematic errors were considered: thethe measurement at 183 GeV, the same relative error
efficiency in the electron identification procedure and was assumed.
the limited knowledge of the contribution from two-
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Contributions to the systematic uncertainty on thg/ Zee cross sections in the leptonic channel, in the two ranges of invariant mass of the

utu~ system, at/s = 189 GeV

Systematic effect

Error o (pb)

15<m,+,- <60 GeV/c? m,+,~ > 60 GeV/c?
Aopkg (vy) £20% 0.016 0.003
Ae due to simul. stat 0.010 0.004
Aopkg due to simul. stat. 0.028 0.005
Luminosity +0.6% 0.001 0.001
Total 0.034 0.007

5. Conclusions

The cross sections for singl- production in the
channelse™v.qg’ and e~ vl v (I # e), assuming
u—T universality, have been measuredeéhe~ col-
lisions at 182.6 and 188.6 GeV centre-of-mass ener-
gies by the DELPHI collaboration. These cross sec-
tions have been determined within a restricted phase-
space (see Section 2). The overall values are:

Oys jr = 0.497557 (stat.)+ 0.04 (syst.) pb

(/s =1826 GeV),

Opuf i = 0.457312 (stat.)+ 0.04 (syst.) pb

(/s =1886 GeV),

in agreement with the Standard Model expectations of
0.37 pb and 0.41 pb, respectively.

In addition, the cross sections feffe™ — evev,
which include contributions both from singl&- and
from singleZ with a large interference between the
two processes, have been measured to be:
o(ete™ — evev) = 0.02@8;8‘212 (stat.)

4 0.006 (syst.) pb

(/s = 1826 GeV),
o(eTe” — evev) = 0'044——F8:83613 (stat.)

+0.011 (syst.) pb

(/s = 1886 GeV),

in agreement with the Standard Model expectations of

0.041 pb and 0.046 pb, respectively. In both cases, the

theoretical predictions have been computed with the

GRCA4F [6] and WPHACT [7] programs for the signal
phase space defined in Egs. (1) and (2).

In the hadronic channel the cross sections for single-
Z production at,/s = 1826 GeV are:

o =0.33"928 (stat.)+ 0.08 (syst.) pb
15< myg < 60 GeV/c?,

o =1.66 33 (stat.)+ 0.21 (syst.) pb
mgg > 60 GeV/c?,

and at,/s = 1886 GeV:

o =0.4175185 (stat.)+ 0.09 (syst.) pb
15<my5 <60 GeV/c2,

o =0.797923 (stat.)+ 0.10 (syst.) pb
mgg > 60 GeV/c?.

These values are found to be in agreement with
Standard Model predictions, computed with GRCA4F,
which at./s = 1826 GeV are:

0=045ph 15<my; <60 Ge\//cz,
0=091ph my; >60GeV/?

and at,/s = 1886 GeV:

0=042ph 15<my; <60 Ge\//cz,
0=094ph my; >60GeV/c’

In the leptonic singleZ channel the cross sections
were determined ay/s = 1886 GeV only:

o =0.157021 (stat.)+ 0.03 (syst.) pb
15<my+,- <60 Ge\//cz,
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o =0.08 139 (stat.)+ 0.01 (syst.) pb
M+, > 60 GeV/c?,

in agreement with the Standard Model predictions, — Department  of

computed with GRC4F:

0=0112ph 15<m,+,- <60 GeV/c?,
0 =0033ph m,+,~ >60GeV/c?.
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