- i -

ST i

\\ Politecnico

| L A .
\\ 9, di Barl
f}ﬂ . -f’ff

Repository Istituzionale dei Prodotti della Ricerca del Politecnico di Bari

Single vector boson production in e(+)e(-) collisions at centre-of-mass energies from 183 to 209 GeV

This is a post print of the following article

Original Citation:
Single vector boson production in e(+)e(-) collisions at centre-of-mass energies from 183 to 209 GeV / Schael, S; Barate,
R; Bruneliere, R; De Bonis, I; Decamp, D; Goy, C; Jezequel, S; Lees, Jp; Martin, F; Merle, E; Minard, Mn; Pietrzyk, B;
Trocme, B; Bravo, S; Casado, Mp; Chmeissani, M; Crespo, Jm; Fernandez, E; Fernandez Bosman, M; Garrido, L;
Martinez, M; Pacheco, A; Ruiz, H; Colaleo, A; Creanza, Donato Maria; DE FILIPPIS, Nicola; de Palma, M; laselli,
Giuseppe; Maggi, Giorgio Pietro; Maggi, M; Nuzzo, S; Ranieri, A; Raso, G; Ruggieri, F; Selvaggi, G; Silvestris, L;

em t? P; Tricomi, A; Zito, G; Huang, X; Lin, J; Ouyang, Q; Wang, T; Xie, Y; Xu, R; Xue, S; Zhang, J; Zhang, L;

g'(E,i ".),&bbaneo : Ba l?@w, : Buchmuller, O; 2 M: Clerbaux, B; Drevermann, H; Forty, Rw; Frank, M;

ié%ééﬁf?ff’mar%vé’}i'%%‘? ﬁ%\ 87//-5%? ?o?t‘?@%?r@?@; 3'8&? ‘B; Kado, M; Mato, P; Moutoussi, A; Ranjard, F;
Eo qn?%iéjlg\/Schlatter, D; Sguazzoni, G; Teubert, F; Valassi, A; Videau, |; Badaud, F; Dessagne, S; Falvard, A; Fayolle, D;

A ,' X ugg% ; Michel, B; Monteil, S; Pallin, D; Pascolo, Jm; Perret, P; Hansen, Jd; Hansen, Jr; Hansen, Ph; Kraan,
N ,'P«]-i%é@ﬁ,%&h%ﬂ%‘?i@,oﬁfll\}gr%& C; Simopoulou, E; Vayaki, A; Zachariadou, K; Blondel, A; Brient, Jc; Machefert, F;
Rouge, A; Videau, H; Ciulli, V; Focardi, E; Parrini, G; Antonelli, A; Antonelli, M; Bencivenni, G; Bossi, E; Capon, G;
Cerutti, F; Chiarella, V; Laurelli, P; Mannocchi, G; Murtas, Gp; Passalacqua, L; Kennedy, J; Lynch, Jg; Negus, P;
DepmsagfysEhompson, As; Wasserbaech, S; Cavanaugh, R; Dhamotharan, S; Geweniger, C; Hanke, P; Hepp, V; Kluge,
Ee; Putzer, A; Stenzel, H; Tittel, K; Wunsch, M; Beuselinck, R; Cameron, W; Davies, G; Dornan, Pj; Girone, M; Marinelli,
N; Nowell, J; Rutherford, Sa; Sedgbeer, Jk; Thompson, Jc; White, R; Ghete, Vm; Girtler, P; Kneringer, E; Kuhn, D;
Rudolph, G; Bouhova Thacker, E; Bowdery, Ck; Clarke, Dp; Ellis, G; Finch, Aj; Foster, F; Hughes, G; Jones, Rwl;
Pearson, Mr; Robertson, Na; Smizanska, M; van der Aa, O; Delaere, C; Leibenguth, G; Lemaitre, V; Blumenschein, U;
Holldorfer, F; Jakobs, K; Kayser, F; Kleinknecht, K; Muller, As; Renk, B; Sander, Hg; Schmeling, S; Wachsmuth, H;
Zeitnitz, C; Ziegler, T; Bonissent, A; Coyle, P; Curtil, C; Ealet, A; Fouchez, D; Payre, P; Tilquin, A; Ragusa, F; David, A,
Dietl, H: Ganis, G: Huttmann. K: Lutjens, G: Manner, W: Moser, Hg: Settles. R: Villegas, M: Wolf, G: Boucrot, J; Callot,

O; Davier, M; Duflot, L; Grivaz, Jf; Heusse, P; Jacholkowska, A; Serin, L; Veillet, Jj; Azzurri, P; Bagliesi, G; Boccali, T;
Foa, L; Giammanco, A; Giassi, A; Ligabue, F; Messineo, A; Palla, F; Sanguinetti, G; Sciaba, A; Spagnolo, P; Tenchini, R;
Venturi, A; Verdini, Pg; Awunor, O; Blair, Ga; Cowan, G; Garcia Bellido, A; Green, Mg; Medcalf, T; Misiejuk, A; Strong,
Ja; Teixeira Dias, R; Clifft, Rw; Edgecock, Tr; Norton, Pr; Tomalin, Ir; Ward, Jj; Bloch Devaux, B; Boumediene, D; Colas,
P; Fabbro, B; Lancon, E; Lemaire, Mc; Locci, E; Perez, P; Rander, J; Tuchming, B; Vallage, B; Litke, Am; Taylor, G;
Booth, Cn; Cartwright, S; Combley, F; HodgsofAfdeLisdgmsvorThextpsare)Lf; Bohrer, A; Brandt, S; Grupen, C; Hess, J;
Ngac, A; Prange, G; Borean, C; Giannini, G; H, He; Putz, J; Rothberg, J; Armstrong, Sr; Berkelman, K; Cranmer, K;
Ferguson, Dps; Gao, Y; Gonzalez, S; Hayes, Oj; H, Hu; Jin, S; Kile, J; Mcnamara, Pa; Nielsen, J; Pan, Yb; von
Wimmersperg Toeller, Jh; Wiedenmann, W; Wu, J; Wu, SI; Wu, X; Zobernig, G; Dissertori, G.. - In: PHYSICS LETTERS.
SECTION B. - ISSN 0370-2693. - 605:1-2(2005), pp. 49-62. [10.1016/j.physletb.2004.10.057]

25 April 2024



25 April 2024



Available online at www.sciencedirect.com

SGIENCE@DIRECT°
PHYSICS LETTERS B

is -' D B
ELSEVIER Physics Letters B 605 (2005) 4962

www.elsevier.com/locate/physletb

Single vector boson production ine~ collisions
at centre-of-mass energies from 183 to 209 GeV

ALEPH Collaboration
S. Schael

Physikalisches Institut das RWTH-Aachen, D-52056 Aachen, Germany

R. Barate, R. Bruneliere, I. De Bonis, D. Decamp, C. Goy, S. Jézéquel, J.-P. Lees,
F. Martin, E. Merle, M.-N. Minard, B. Pietrzyk, B. Trocmé

Laboratoire de Physiqudes Particués (LAPP), INP3-CNRS, F-74019 Annecy-le-Vieux cedex, France

S. Bravo, M.P. Casado, M. Chmeissani, J.M. Crespo, E. Fernandez,
M. Fernandez-Bosman, LI. Garridp M. Martinez, A. Pacheco, H. Ruiz

Institut de Fisica d’Altes Energies, Universitatithnoma de Barcelona, E-08193 Bellaterra (Barcelona), SZ)ain

A. Colaleo, D. Creanza, N. De Filippis, M. de Palma, G. laselli, G. Maggi, M. Maggi,
S. Nuzzo, A. Ranieri, G. Ragt F. Ruggieri, G. Selvaggi, L. Silvestris, P. Tempesta,
A. Tricomi3, G. Zito

Dipartimento di Fisica, INFN Sezione di Bari, I-70126 Bari, Italy

X. Huang, J. Lin, Q. Ouyang, T. Wang, Y. Xie, R. Xu, S. Xue, J. Zhang, L. Zhang,
W. Zhao

Institute of High Energy Physics, Academia Sinica, Beijing, People’s Republic of €hina

D. Abbaneo, T. Barklow®, O. Buchmillef®, M. Cattaneo, B. ClerbafX,
H. Drevermann, R.W. Forty, M. Frank, F. Gianotti, J.B. Hansen, J. Harvey,
D.E. Hutchcroft®, P. Janot, B. Jost, M. KadpP. Mato, A. Moutoussi, F. Ranjard,
L. Rolandi, D. Schlatter, G. Sguazzoni, F. Teubert, A. Valassi, |. Videau

European Laboratory for Particle Physics (CERN), CH-1211 Geneva 23, Switzerland

0370-2693/$ — see front mattét 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2004.10.057


http://www.elsevier.com/locate/physletb

50 ALEPH Collaboration / Physics Letters B 605 (2005) 49-62

F. Badaud, S. Dessagne, A. Falv@tdD. Fayolle, P. Gay, J. Jousset, B. Michel,
S. Monteil, D. Pallin, J.M. Pascolo, P. Perret

Laboratoire de Physique Corpusculaire, Université Blaise Pasc@PMNCNRS, Clermont-Ferrand, F-63177 Aubiére, France
J.D. Hansen, J.R. Hansen, P.H. Hansen, A.C. Kraan, B.S. Nilsson
Niels Bohr Institute, 2100 Copenhagen, Denntark
A. Kyriakis, C. Markou, E. Simopoulou, A. Vayaki, K. Zachariadou

Nuclear Research Center Demokritos (NRCD), GR-15310 Attiki, Greece

A. Blondel*?, J.-C. Brient, F. Machefert, A. Rougé, H. Videau
Laboratoire Leprince-RingugEcole Polytechnique, RP3-CNRS, F-91128 Palaiseau cedex, France
V. Ciulli, E. Focardi, G. Parrini
Dipartimento di Fisica, Universita di Firenze, INFN Sezione di Firenze, 1-50125 Firenze, Italy

A. Antonelli, M. Antonelli, G. Bencivenni, F. Bossi, G. Capon, F. Cerutti, V. Chiarella,
P. Laurelli, G. MannocclHi G.P. Murtas, L. Passalacqua

Laboratori Nazionali dell'INFN (INF-INFN), I-00044 Frascati, Italy
J. Kennedy, J.G. Lynch, P. Negus, V. O’'Shea, A.S. Thompson
Department of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United KiHbdom
S. Wasserbaech

Utah Valley State College, Orem, UT 84058, USA

R. Cavanaugh S. Dhamotharaft, C. Geweniger, P. Hanke, V. Hepp, E.E. Kluge,
A. Putzer, H. Stenzel, K. Tittel, M. Wunséh

Kirchhoff-Institut fiir Physik, Universitat Heidelberg, D-69120 Heidelberg, Gerntény

R. Beuselinck, W. Cameron, G. Davies, P.J. Dornan, M. GitpNe Marinelli,
J. Nowell, S.A. Rutherford, J.K. Sedgbeer, J.C. Thomp§dR. White

Department of Physics, Imperial College, London SW7 2BZ, United KindgBom

V.M. Ghete, P. Girtler, E. Kneringer, D. Kuhn, G. Rudolph

Institut fir Experimentalphysik, Universitat Innsbruck, A-6020 Innsbruck, Austria



ALEPH Collaboration / Physics Letters B 605 (2005) 49—62 51

E. Bouhova-Thacker, C.K. Bowdery, D.P. Clarke, G. Ellis, A.J. Finch, F. Foster,
G. Hughes, R.W.L. Jones, M.R. Pearson, N.A. Robertson, M. Smizanska

Department of Physics, University of Laster, Lancaster LA1 4YB, United KingdéPn

O. van der Aa, C. Delaefé G. Leibengutti, V. Lemaitre®

Institut de Physique Nucléaire, Département de Physique, Wsitee€atholique de Louvain, 134®&uvain-la-Neuve, Belgium

U. Blumenschein, F. Hélldorfer, K. Jakobs, F. Kayser, K. Kleinknecht, A.-S. Miiller,
B. Renk, H.-G. Sander, S. Schmeling, H. Wachsmuth, C. Zeitnitz, T. Ziegler

Institut fur Physik, Universitat Mainz, D-55099 Mainz, Germafy
A. Bonissent, P. Coyle, C. Curtil, A. Ealet, D. Fouchez, P. Payre, A. Tilquin
Centre de Physique des Particules de Marseille, Université de la Méditerran@348INRS, F-13288 Marseille, France
F. Ragusa

Dipartimento di Fisica, Universita di Milane INFN Sezione di Milano, 1-20133 Milano, Italy

A. David, H. Dietl*!, G. Ganig®, K. Hiuttmann, G. Litjens, W. Mannér, H.-G. Moser,
R. Settles, M. Villegas, G. Wolf

Max-Planck-Institut fiir Physik, Werner-Heisenberg-Institut, D-80805 Miinchen, Gerfiany

J. Boucrot, O. Callot, M. Davier, L. Duflot, J.-F. Grivaz, Ph. Heusse, A. Jacholkdtyska
L. Serin, J.-J. Veillet

Laboratoire de I'Accélérateur Linéaire, Université de Paris-Sud?RR-CNRS, F-91898 Orsay cedex, France

P. Azzurri, G. Bagliesi, T. Boccali, L. Foa, A. Giammanco, A. Giassi, F. Ligabue,
A. Messineo, F. Palla, G. Sanguinetti, A. Sciaba, P. Spagnolo, R. Tenchini, A. Venturi,
P.G. Verdini

Dipartimento di Fisica dell’Universita, INFN Sezione di Pisa, e Scuola Normale Superiore, I-56010 Pisa, Italy

O. Awunor, G.A. Blair, G. Cowan, A. Garcia-Bellido, M.G. Green, T. Medcalf,
A. Misiejuk, J.A. Strong, P. Teixeira-Dias

Department of Physics, Royal Holloway & Bedford New GQml|eUniversity of London, Egham, Surrey TW20 OEX, United Kinch?om

R.W. CIifft, T.R. Edgecock, P.R. Norton, I.R. Tomalin, J.J. Ward

Particle Physics Department, Rutherford Appletabbratory, Chilton, Didcot, Oxon OX11 0QX, United Kingd&



52 ALEPH Collaboration / Physics Letters B 605 (2005) 49-62

B. Bloch-Devaux, D. Boumediene, P. Colas, B. Fabbro, E. Lancon, M.-C. Lemaire,
E. Locci, P. Perez, J. Rander, B. Tuchming, B. Vallage

CEA, DAPNIA/Service de Physique des Particu®&-Saclay, F-91191 Gif-sur-Yvette cedex, Frace

A.M. Litke, G. Taylor
Institute for Particle Physics, University of California at Santa Cruz, Santa Cruz, CA 9506424JSA

C.N. Booth, S. Cartwright, F. Comblé&y P.N. Hodgson, M. Lehto,
L.F. Thompson

Department of Physics, University of Sheffield, Sheffield S3 7RH, United KiﬁQdom
A. Bohrer, S. Brandt, C. Grupen, J. Hess, A. Ngac, G. Prange
Fachbereich Physik, Universitat Siegen, D-57068 Siegen, Gerhfany
C. Borean, G. Giannini
Dipartimento di Fisica, Universita di Trieste e INFN Sezione di Trieste, 1-34127 Trieste, ltaly

H. He, J. Putz, J. Rothberg

Experimental Elementary Particle Physics, University of Washington, Seattle, WA 98195, USA

S.R. Armstrong, K. Berkelman, K. Cranmer, D.P.S. Ferguson, Y..&& Gonzalez,
0.J. Hayes, H. Hu, S. Jin, J. Kile, P.A. McNamara lll, J. Nielsen, Y.B. Pan,
J.H. von Wimmersperg-Toeller, W. Wiedenmann, J. Wu, Sau Lan Wu, X. Wu,
G. Zobernig

Department of Physics, University of Wisconsin, Madison, WI 53706 14SA
G. Dissertori
Institute for Particle Physics, ETH Honggerberg, 8093 Zirich, Switzerland
Received 5 August 2004; received in revised form 27 October 2004; accepted 27 October 2004
Available online 12 November 2004

Editor: M. Doser

Abstract

The cross sections for single vector boson production in the &el Zee channels are measured from the data collected by
the ALEPH detector at LEP for centre-of-mass energies between 183 and 209 GeV. These data correspond to a total integrated
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luminosity of 683 pbrL. Single-W production is studied in both hadronic and leptonic decay channels. Hadronic and dimuon
decays are used for single-Z production. The measured cross sections agree with the Standard Model predictions.

0 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In this Letter a measurement of single vector bo-
son production with the processeses — Wev and
Zee (called in the following single-W and single-
Z) is described. The data were collected at LEP by
the ALEPH detector at centre-of-mass (CM) ener-
gies between 183 and 209 GeV and correspond to
an integrated luminosity of 683 pb. The break-
down of CM energies and luminosities is givenTia-
ble 1

At LEP2 energies, the single vector boson produc-
tion cross section is of the order of 1 b, i.e., a
few percent of the dominant Z and W resonant pro-
duction, € e~ — Zy (o ~ 100 pb) and WW~ (o ~
18 pb). Single-W and single-Z production provides,
however, significant background for many searches
at LEP. A direct measurement of these processes is
therefore an important cross-check of Standard Model
predictions. The single-W process is also of interest
because it probes the triple gauge WWoupling[2]
with a sensitivity complementary to that of WW pro-
duction.

All W decay modes are reconstructed in the analy-
sis presented here. The Weross-section measure-
ment is performed separately for the leptonic and
the hadronic channels at each CM energy. Two de-
cay channels, Z> u*u~ and Z— qg, are used for
the single-Z cross-sectiomeasurement. Because this
cross section varies by only 5% over the LEP2 en-
ergy range, the measurement in the dimuon channel
is averaged over the whole energy range. The higher
hadronic cross section allows a significant measure-
ment to be made at each CM energy.

30 supported by the Federal Offider Scientific, Technical and
Cultural Affairs through the Intemiversity Attraction Pole P5/27.

31 Now at Henryk Niewodnicznski Institute of Nuclear Physics,
Polish Academy of Sciences, Cracow, Poland.
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Table 1

Summary of the CM energies and integrated luminosities
Sample name  Average CM energy (GeV)  Luminosity (pp
183 18265 568+ 0.3
189 18863 1742+0.8
192 19158 289+0.1
196 19552 799+ 0.4
200 19952 863+0.4
202 20162 419+0.2
205 20486 814+04
207 20653 1332+ 0.6

2. The ALEPH detector

A detailed description of the ALEPH detector can
be found in Ref[3] and of its performance in Re#].

Charged particles are detected in the central part,

which consists of a precision silicon vertex detector
(VDET), a cylindrical drift chamber (ITC) and a large
time projection chamber (TPC), together measuring

up to 31 space points along the charged particle tra-

jectories. A 1.5 T axial magnetic field is provided by a

ALEPH Collaboration / Physics Letters B 605 (2005) 49-62

tubes, together with two surrounding double-layers of
muon chambers. In association with the electromag-
netic calorimeter, the hadron calorimeter also provides
a measurement of the hadronic energy with a relative
resolution of 085/+/E (E in GeV). The specific algo-
rithms used for lepton identification are described in
Ref.[5].

The total visible energy is measured with an energy-
flow reconstruction algorithm which combines all the
above measuremenfd]. The relative resolution on
the total visible energy is.60/vE (E in GeV) for
high multiplicity final states. In addition to the visible-
energy measurement, the energy-flow reconstruction
algorithm also provides a list of reconstructed objects,
classified as charged particles, photons and neutral
hadrons, and calleénergy-flow objectsn the fol-
lowing. Unless otherwise specified, these energy-flow
objects are the basic entities used in the present analy-
sis.

Down to 34 mrad from the beam axis, the accep-
tance is closed at both ends of the experiment by the
luminosity calorimeter (LCAL)[6] and a tungsten-
silicon calorimeter (SICAL)[7] originally designed

superconducting solenoid. Charged-patrticle transversefor the LEP1 luminosity measurement. The dead re-

momenta are reconstructed with Ap¥ resolution of
(6 x 104 ® 5 x 10°3/p1) (GeV/c)~L. The tracks

gions between the two LCAL modules at each end
are covered by pairs of scintillators. The luminosity

used in the present analysis are reconstructed with atis measured with small-angle Bhabha events with the

least four hits in the TPC and originate from within
a cylinder of length 20 cm and radius 2 cm coax-
ial with the beam, centred at the nominal collision
point.

In addition to its réle as a tracking device, the TPC

also measures the specific energy loss by ionization,

dE /dx. It allows low momentum electrons to be sep-

LCAL with an uncertainty less than 0.5%.

The trigger system plays an important réle in the
detection of single vector boson events, particularly
for single-W leptonic dcays to electrons or muons
with a single track in the detector acceptance. The
relevant trigger for a single electron requires a track
segment in the ITC to be in spatial coincidence with

arated from other charged particle species by more an energy depositin the module of the ECAL to which
than three standard deviations up to a momentum of the track is pointing. The energy threshold in ECAL

8 GeV/c.
Electrons (and photons) are also identified by the

characteristic longitudinal and transverse develop-

is set to 1.0 GeV in the barrel and 1.2 GeV in the
endcap region. For single muons, an ITC-HCAL co-
incidence is required, with at least four out of twelve

ment of the associated showers in the electromagneticdouble planes of HCAL tubes fired in the same az-

calorimeter (ECAL), a 22 radiation-length-thick sand-
wich of lead planes and proportional wire chambers
with fine read-out segmentation. A relative energy
resolution of 018/+E (E in GeV) is achieved for
isolated electrons and photons.

Muons are identified by their characteristic penetra-
tion pattern in the hadron calorimeter (HCAL),a1.2m
thick iron yoke interleaved with 23 layers of streamer

imuthal region as the ITC track segment. The trigger
efficiency for selected single-W events is measured
with simulated events to be 96.1% for single muons
and 99.3% for single electrons. The combination of
these and other calorimetric trigger conditions yields
an efficiency of 99.3% for single taus.
In this Letter, the polar anglé is the angle with

respect to the incoming electron beam direction.
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3. Signal and background simulation
3.1. Single-W signal definition

The dominant diagrams contributing to the single-
W hadronic final states are shown KFig. la. To
evaluate the selection efficiency, the signal definition
adopted here is based on the full set of four-fermion
diagrams compatible with the Wefinal states. The
following additional cuts are included in the definition.

e One electron (positron) must be produced with an
angle with respect to the beam axis smaller than
34 mrad.

e For W leptonic decays, the lepton must have an
energy in excess of 20 GeV and|@s/| value
smaller than 0.95.

e For W hadronic decays, the hadronic invariant
mass must be larger than 60 G&¥.

In the following, the four-fermion events compati-
ble with a WW final state but not fulfilling the single-
W signal definition are called WW events. (Different
definitions have been used by other LEP experiments;
for the definition used by the LEP Electroweak Work-
e e

e e

Y W u u
Y
w d w d
e’ v . e’ v .
()
e e f
£ z f
Y e e
Z f Y

(b)

Fig. 1. Dominant diagrams for (&adronic single-W final state, (b)
single-Z processes.

55

ing Group[8,9], the measured cross sections given in
this Letter have to be scaled by a factos+ 0.03 to
be combined with the other LEP results.)

3.2. Single-Z signal definition

In the Zee process, one of the two electrons has ra-
diated a quasi-real photon and is usually lost along the
beam axis while the second is in general within the de-
tector acceptance together with the Z decay products.
The main diagrams describing this process are shown
in Fig. 1b. The signal definition is based on the set
of four-fermion diagrams compatible with arf e ff
final state (f= q or ) with the following additional
cuts.

e The difermion invariant mass must exceed 60
GeV/c2.

e The polar angle of the low angle electron (posi-
tron) must be smaller than 1Zlarger than 168).

e The energy of the large angle positron (electron)
must exceed 3 GeV and its polar angle must be
between 12and 120 (60° and 168).

The set of diagrams with two electrons in the fi-
nal state (such as*@™ — ZZ with one of the Z's
decaying to &e~), denoted NCO08 diagrani8], and
the two-photon processes contribute to the signal defi-
nition. (This definition coincides with that used by the
LEP Electroweak Working Group.)

3.3. Signal and background event generators

Single-W and single-Z events were generated with
the Kor al Wgeneratof10]. The selection efficiency
determined byKor al Wwas found to agree with that
predicted byGRCAF [11] (single-W) within 3% and
PYTHI A[12] (single-Z) within 2%. The residual dif-
ference is quoted in Sectiodsand 5as a generator-
dependent efficiency systematic uncertainty. An addi-
tional theoretical uncertainty of 5% affects the cross
section of all four-fermion event generatss.

The background contamination is determined as in
Ref. [5]. The signal and background simulation was
performed at all CM energies dable 1
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4. Single-W production lected and the signal and background events expected
is giveninTable 3at each CM energy. The Zee process
4.1. Event selection contributes 60% of the background. A total of 102

events is selected in the data.

4.1.1. Leptonic selection

Leptonic single-W eventsra characterized by ei-
ther a single electron/muon track or a low multiplic-
ity jet from a tau decay within the detector accep-
tance. As a consequence, only events with one or
three tracks with cos9| < 0.95 are kept. If the single

charged particle fulfils the electron or muon identi- ; ; )
fication criteria, the event is classified as er pv. Two hemispheres are defined with respect to a plane

The remaining events are considered sas candi- perpenQicuIar to the thrust axis_. The acollinearity an-
dates. Further cuts are applied on the transverse miss-9!€ (defined as 180 degrees minus the angle between
ing momentum ﬁ_lrpiss/ﬁ ~ 0.06) and the total in- Fwo vectors) bet_ween the sum .of the engrgy-flqw ob-
variant mass Myis < 5 GeV/c?). The momentum of jects momenta in the two hgr_nlspheres is rngred to
the reconstructed electron/muon, corrected for possi- P& Smaller than 165 The visible massiyis is re-

ble bremsstrahlung emission as in Rig}, must be  duiredto be largerthan 40 Gg¥”. These cuts are ap-
greater than 20 Gel. No energy should be measured  Plied to reject difermion and two-photon backgrounds.
within a 14 cone around the beam axis. This require- Events including an identified electron or muon with
ment removes most of they background. Beam—gas 21 €nergy larger than 5% of the CM energy are re-
interactions, off-momentum beam particles or detector 1¢ted. The energy observed below” Iaf the beam
noise, not modelled in the simulation, may cause an 2XIS iS required to be smaller than 2.5% of the CM
inefficiency because of energy deposits below 14 de- €N€rgy which induces a 1% efficiency loss. In addi-
grees superimposed to leptonic single-W events. This 10N évents already identified as WW evefti} are
effect has been measured using random trigger event €i€cted. o

recorded under the same conditions as physics events | N€ last step of the selection is based on a neural
and an inefficiency of 2% has been computed as in network trained with the following variables.

Ref.[5].

The lepton transverse—momentum-‘}]i distribu-
tions for the three lepton types with the contribu-
tions of signal and various background simulations are
shown inFig. 2 Leptonic efficiencies are estimated
for each CM energies. Their luminosity-weighted av-
erages are given iMable 2 for the three leptonic
channels. The breakdown of the numbers of events se-

4.1.2. Hadronic selection

The topology of hadronic single-W events is char-
acterized by two jets in the detector acceptance. Events
are accepted if they contain at least seven tracks carry-
ing more than 10% of the CM energy and if the miss-
ing momentum polar angle satisfies0SOmisgd < 0.9.

e Event variables: thrust, sphericity, visible energy
Eyis, Visible massM,js, missing transverse mo-
mentump™sS, acollinearity and acoplanarity (de-
fined as the acollinearity, but using azimuthal an-
gles only).

e Tau variables: in the presence of a one- or three-
prong jet (reconstructed with th®ADE [13] al-
gorithm with yeyt = 0.001) with an energyEcnh
carried by charged patrticles larger than 2.5% of

Table 2 the CM energy, its total energy arftt, are also
Lepton selection efficiencies and cross-channel contaminations for inputs to the neural network computation.
Wev, averaged over all CM energies
Event classification Events are selected by cutting on the neural network
ev wv TV output. The cut value is chosen to maximize the prod-
W — ev 69.4 0.0 11 uct of the efficiency and the purif$].
Efficiency (%) W— pv 0.0 726 10 Fig. 3displays the reconstructed W transverse mo-
W— v 74 52 285 mentum pYV) distribution of the selected events with

The statistical precision is 0.2% for the diagonal terms and less than the contributions from signal and various background
0.1% for the non-diagonal ones. simulations. The hadronic efficiency is computed for
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Fig. 2. Distributions of the lepton transverse momentmﬁ)(for the three single-W leptonic channels: (a) W ev, (b) W — uv, and
(c) W — v, in the data (points with error bars) and in the simulatiogr(al: empty histogram, background: shaded histograms) for all
CM energies.

each CM energy. Its luminosity-weighted average is beam-related background, luminosity determination,
(381 £+ 0.1)%. The breakdown of the numbers of hadronization and lepton identification are evaluated
events selected and the signal and background eventsas for the W-pair cross-section measurenjbhtThe
expected are listed ifable 3for each CM energy. The  generator-dependent efficiency uncertainty is men-
semileptonic WW— ¢'grv and ZZ events contribute  tioned in Section3. Other sources are listed in the
54% and 41% of the background, respectively. In the following paragraphs.

data, 205 events are selected.

4.2. Single-W cross-section results WW contamination
An uncertainty of 0.5% is assigned to the WW
The systematic uncertainties related to detector cross sectiof5] and is propagated to the background
simulation, background contamination (except WW), contamination rate.
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Table 3
Numbers of selected events in the single-W leptonic and hadrbaitnels and expected background contaminations for each CM energy
Leptonic Hadronic
Energy Selected Expected Expected Selected Expected Expected
(GeV) events signal background events signal background
183 7 47+0.1 33+0.1 11 49+0.1 55+0.1
189 25 157+ 0.1 99+0.3 40 183+0.2 2624+0.2
192 6 27+0.1 16+0.1 6 25+0.1 32401
196 13 82+0.1 48+0.1 22 89+01 112+0.1
200 14 94+0.1 524+0.2 38 118+0.1 150+0.1
202 4 48+ 0.1 27+0.1 16 62+0.1 80+0.1
205 15 97+0.1 494+0.2 23 127+0.1 158+0.2
207 18 164+0.1 86+0.3 49 218+0.2 263+0.3
Total 102 717+0.3 408+0.5 205 871+0.3 1112+ 04

The quoted errors are due to the finite statistics of the simulation.

! * Data Table 4 . . . .
% 60 _ 4 1 Wev signal ﬁlr:jgle—w crctj)lss tseu?tlorrl1 systlemattlc ulzlc((:e'{;amty contributions for
L adronic and leptonic channels, at eac energy
-.S— 50 _ | = :::g ;V;v Relative uncertainty in %
: [ [ Other Bkg Source Leptonic Hadronic
3 40 [ Generator-depalent efficiency D 30
== Simulated statistics Q 20
c Detector simulation a 21
L 30 Background contamination A 11
Beam-related background 0 11
20 Luminosity determination a 11
Hadronization - D
10 Trigger simulation (04 -
Lepton identification <0.1 -
0 Total 41 47

0 20 40 60 80 100 120
pr (GeV/c) R
Trigger simulation

Fig. 3. Distribution of the reconstructed W transverse momentum The trigger efficiency for the leptonic channels was
(p-\lN) for the single-W hadronic channel, in the data (points with  monitored with dilepton events. A conservative un-
error bars) and iq the simulation (signal: empty histogram, back- certainty of 0.5% is assigned to the trigger efficiency
ground: shaded histograms) for all CM energies. . .
computed with simulated events.
All systematic uncertainties are treated as corre-
lated between CM energies, with the exception of the
Simulated statistics uncertainty related to the finite statistics of the simula-
The finite simulated statistics yield a 2% uncer- tion. A summary of their relative contribution is given
tainty at each CM energy. For the leptonic channel, in Table 4
this uncertainty is dominated by the limited num- The leptonic cross section is computed from the
ber of generated Zee events. The uncertainty on total number of selected events, corrected for the ef-
the hadronic channel is caused by the WW sam- ficiency sum in the three channels. (This procedure
ple size. The signal contributions for the leptonic is based on the assumption of lepton universality.)
and hadronic channels are 0.7% and 1.1%, respec-The leptonic and hadronic cross section measured
tively. values are given inTable 5for each CM energy.
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Lable 5 d leptonicofep) and hadronic dag) single-W = Theary uncertainty

easured leptonicofep) and hadronic ¢had) single-W cross sec- 1 o |
tions for each CM energy g 1 BREAE pradiofion
Energy (GeV)  ojep £ statEsyst (pb)  ohaq= statE syst (pb) ©
183 0114-0.08+0.01 030+0.18+0.01 i
189 Q14+0.05+0.01 02240.10+0.01
192 0254-0.14+0.01 035+0.314+0.01
196 Q1740.07+0.01 041+0.1840.01 0.51 1
200 01740.07+£0.01 070+£0.1940.02
202 Q05+0.08+£0.01 048+40.24+0.02
205 0214-0.08+0.01 022+0.1540.02 A
207 Q012+0.05+0.01 04240.13+0.02

0 . . . Y .
180 190 200 210

Table6 ' ' Vs (GeV)
Measured single-W cross section and expected uncertainty for each
CM energy Fig. 4. Measured single-W cross section as a function of the CM en-
Energy (GeV) o =+ stat+ syst (pb) Ry = stat+ syst ergy. The uncertainty on the theoretical cross section is represented
183 040L0.19L 0.02 09740464004 :Jhy tgengjl(:ied banci. A§ ar;]exan;pltte},1 the (Ie_)épl_ected cross section from
189 036+0.12-0.02 0.78+0.25+0.04 € generator is shown by the solid fine.
192 Q60+0.32+0.02 1214+0.654+-0.04
196 058+0.184+0.02 110+0.354-0.04 .
500 A87+0.17+0.02 15540.3140.04 de_cay within the detectc&cceptance..EventS are re-
202 Q53+0.25+0.02 092+ 0.43+0.04 quired to have exactly three tracks with a momentum
205 Q4340.18+0.03 0.71+0.30+0.04 greater than 1 Gext and reconstructed with at least
207 0544-0.14+0.03 0.86+0.23+0.04

one VDET hit. The total electric charge must equal

In the second column, the ratio between the measured cross section1. At least two of the three tracks are required to be

and that predicted b@RCAF (Ry) is given.

The sum (the total We cross section) is compared

to the GRCAF generator prediction ifmable 6 and

Fig. 4.

identified as electron or muon, and their flavours and
electric charges must be consistent with thig ~e*

final state. If only two tracks are identified, the flavour
of the third is inferred from the first two. The mo-
mentum of the reconstructed electron (positron) is
corrected for possible bremsstrahlung emission as in

The average ratio of the measured cross section 10 e 114], The selection requirements include all the
that predicted by=RCAF is:

Rw = 0.96+ 0.11(stad + 0.04(sys).

cuts listed in the signal definition and two additional
angular cuts:

As a cross-check, the same ratio was computed with o Qecosd,+,- < —0.8 where Q is the charge of
Koral W and amounts to .00 + 0.12(stad =+

0.04(sys).

5. Single-Z production

5.1. Event selection

5.1.1. Dimuon events

the observed electron (positron) angd ,- the po-
lar angle of the dimuon system;

e Qe CO¥miss > 0.8 wherednissis the polar angle of
the missing momentum to the three tracks.

The dimuon invariant mass distribution is shown in
Fig. 5 for data and simulation. The signal selection
efficiency is(36 £ 2)% and the number of expected
signal events is estimated as.4@& 0.5. The dom-

A single-Z dimuon event is characterized by a soft inant background contribution comes from the four-
isolated electron at largangle, large missing mo-  fermion events not included in the signal definition
mentum along the beam direction and a-Zu* ™ (1.8+£0.3), utu~ (0.4+£0.1), and, with a lower rate,
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Fig. 6. Invariant mass distribution of the hadronic system after the
hadronic single-Z selection, inehdata (points with error bars) and
the simulation (signal: empty histogram, background: shaded his-
tograms) for all CM energies.

Fig. 5. Dimuon invariant mass distribution after the muonic single-Z

selection, in the data (points with error bars) and the simulation (sig-
nal: empty histogram, background: shaded histogram), for all CM
energies.

WW andz "t~ events. The total number of expected Table7

background events is@+ 0.3. A total of 16 events is Number of selected events for hadronic single-Z selection and ex-
found in the data pected background contamination for each CM energy

Energy Selected Expected Expected

5.1.2. Hadronic events (GeV) events signal background
The Zee events with a hadronic Z decay are charac- 183 5 64+03 16+01
terized by an isolated electron and a large energy-flow- 122 2;’ 23?2 i (1)'(2) g'gi g"ll
object multiplicity. Events are preselected by requiring ;¢ 15 100+ 05 22402
at least five tracks. The electron candidate is chosen 2o 14 109+ 05 25402
as the particle with the largest isolation angle among 202 10 5040.3 12401
all the identified electrons, where the isolation angle 205 11 126+05 22+£02
¢e is defined as the angle with respect to the closest 207 28 19%8:£09 49+05
track with a momentum greater than 1 GeV The Total 111 80+ 1.6 224407

electron (positron) candidate must fulfill the kinematic  The quoted errors are due to the finite statistics of the simulation.
requirements of the signal definition and its isolation
angle must satisfy ca@s < 0.8. The invariant mass of
the rest of the event must be greater than 50 GV  ments except the invariant mass cut and is compared
and the cosine of the angle of its momentum with re- with the simulated signal and background events. The
spect to the electron (positron) beam direction must hadronic efficiency is computed for each CM energy.
be greater than 0.85. The missing momentum is re- Its luminosity-weighted average (23.24+0.4)%. The
quired to be at least 20 G¢¥ and the missing energy  breakdown of the numbers of events selected and the
has to exceed 50% of the beam energy. The remainingsignal and background events expected are listed in
energy-flow objects are clustered into two jets with the Table 7 The g events represent about half of the
DURHAMalgorithm[15]. The dijet opening angle must  background; the rest is split between ZZ (40%) and
be greater than 60 WW events (10%). A total of 111 events is selected
The hadronic invariant mass distribution for data with an estimated background contribution of 22
is shown inFig. 6 after all the selection require- 0.7 events.
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Table 8 Table 9
Single-Z hadronic cross section systematic uncertainties, at each Measured single-Z cross section and expected uncertainty for each
CM energy CM energy
Source Relative uncertainty in % Energy (GeV) o =+ stat+ syst (pb) R + stat+ syst
Generator-depelent efficiency D 183 027+0.20+0.03 052+0.40+0.06
Simulated statistics 4 189 Q42+0.12+0.03 078+0.224+0.06
Detector simulation Q 192 061+0.294+0.03 1114+0.524+0.05
Background contamination A 196 Q072+0.184+0.03 127+0.314+0.05
Luminosity determination ;) 200 059+0.174+0.03 102+0.294+0.05
Hadronization ® 202 089+0.24+0.03 150+0.41+0.05
Lepton identification D 205 042+0.174+0.03 069+0.28+0.05
Isolation cut 10 207 Q70+0.13+0.03 1154+0.22+0.05
Total 55 In the second column, the ratio between the measured cross section

5.2. Cross-section measurement

5.2.1. Dimuon cross section

The measured cross section of the Zee process with
Z — utu~, is averaged over all CM energies and
amounts to

oy =554 16(stah £ 3(sysh fb

to be compared to the prediction of ti®HACT gen-
erator(44 + 2) fb [16]. The systematic uncertainty is
dominated by the statistical uncertainty of the esti-
mated efficiency and corresponds+@ fb. The sys-
tematic uncertainty due to the background contamina-
tion estimate ist1 fb. The luminosity determination
and the lepton identification yield negligible uncer-
tainties « 1 fb).

5.2.2. Hadronic cross section

The systematic uncertainties related to detector
simulation, luminosity determination and hadroniza-
tion are estimated as in Rgb]. The other sources
are detailed below and a summary is givedable 8

and that predicted b@RCAF (Rz) is given.

g 1

= Theory uncerainty
@ 1 — GRGA4F prediction .
N

©

200 210
Vs (GeV)

0 T
180 190

Fig. 7. Measured single-Z cross section as a function of the CM en-
ergy. The uncertainty on the theoretical cross section is represented
by the shaded band. As an example, the expected cross section from
the GRC4F generator is shown by the solid line.

tions of two different generator®&YTHI A and Ko-
r al W Other backgrounds are treated as in Section

They are treated as correlated between energies except

for simulated statistics.

Simulated statistics

The finite simulated statistics affect the estimate of
the signal efficiency and the background rate. The re-
lated uncertainties are typically 24 fb for the signal and
10 fb for the background at each CM energy.

Background contamination
The uncertainty on the non-WW-like four-fermion
background rate is estimated by comparing the predic-

Lepton identification and isolation cut

According to the studies of Ref5], a 1% uncer-
tainty is assigned to the lepton identification efficiency.
A comparison of thepe distributions in the data and
the simulation of WW semileptonic events yields a 1%
uncertainty on the corresponding efficiency for single-
Z events.

The cross-section measured values for the hadronic
single-Z process are shown Trable 9andFig. 7 for
each CM energy, together with a comparison to the
theoretical expectations fro@RCAF.
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