Z. Phys. C 75, 581-592 (1997) ZElTSCHR":T
FUR PHYSIK C

© Springer-Verlag 1997

A study of the reactione’e™ — p*u~~isg at LEP
and search for new physics at annihilation energies near 80 GeV

DELPHI Collaboration

P.Abreit!, W.Adant®, T.Adye®, 1.Ajinenka*!, G.D.Aleksee¥, R.Alemany?, P.P.Allporf?, S.Almehed*, U.Amald?®,
S.Amatd®, P.Anderssoff, A.Andreazz8, P.Antilogu$, W-D.Apet”, B.Asmarf3, J-E.Augusti®, A.Augustinug®,
P.Baillor®, P.Bambad¥, F.Barad!, M.Barbi*®, G.Barbiellin*®, D.Y.Bardin'®, G.Barke?, A.Baroncellf®, O.Barring?,
M.J.Bated®, M.Battaglid®, M.Baubillier’®, J.Baudo®’, K-H.Becks$!, M.Begallf, P.Beillieré, Yu.Belokopytov-®?,
K.Belous!, A.C.Benvenufi, M.Berggref®, D.Bertin?®, D.Bertrand, M.Besanco#f, F.Bianchf*, M.Bigi**,
M.S.Bilenky'¢, P.Billoir?®, M-A.Bizouard®, D.Blocht®, M.Blume®, M.Bonesin?’, W.Boniventd’, P.S.L.BootR?,
A.W.Borgland, G.Borisov®4!, C.Bosid®, O.Botnef’, E.Boudinov’, B.Bouquet®, C.Bourdario®’, T.J.V.Bowcock?,
l.Bozovic'?, M.Bozzd?, P.Branchini®, K.D.Brand®, T.Brenké&!, R.A.Brennet’, C.Bricmarf, R.C.A.Browr?,
P.Bruckmar®, J-M.Brunef, L.Bugge?, T.Burart?, T.Burgsmuellet!, P.Buschmant, S.Cabrer®¥, M.Caccid’,
M.Calvi?’, A.J.Camacho Roz&% T.Campores$; V.Canalé’, M.Canep&’, F.Cag, F.Carend L.Carrolf?, C.Casé?,
M.V.Castillo Gimene?, A.CattaP, F.R.Cavall8, V.Chabaufl, Ph.Charpenti€r L.Chaussar®?, P.Checchi#,
G.A.Chelkov®, M.Cherf, R.Chiericf4, P.Chliapniko$!, P.Chochul4 V.ChorowicZ®, J.Chudob®, V.Cindrdg*,
P.Colling, R.Contri3, E.Cortind®, G.Cosmé®, F.Cossutf®, J-H.Cowelf?, H.B.Crawley, D.Crennefi®, G.Crosett®,
J.Cuevas Maest?d, S.Czellat®, J.Dahmi?, B.Dalmagné®’, M.Dan¥®, G.Damgaartf, P.D.Daunce$f, M.Davenpor,
W.Da Silv&®, A.Deghoraii, G.Della Ricc&®, P.Delpierré®, N.Demarid*, A.De Angeli€, W.De Boet’, S.De Brabandefe
C.De Clercd, C.De La Vaissier&, B.De Lottd®, A.De Min®®, L.De Paulé®, H.Dijkstre?, L.Di Ciaccio*’, A.Di Diodato®’,
A.Djannat?, J.Dolbea, K.Dorob&?, M.Dracos®, J.Dreeg!, K.-A.Drees$?, M.Dris®!, J-D.Durand®®, D.Edsalt, R.Ehret’,
G.Eigert, T.Ekelof*’, G.Ekspon&®, M.Elsing®, J-P.EngéP, B.Erzert?, M.Espirito Santé', E.Falk*, G.Fanourakis,
D.Fassoulioti®, M.Feindf, A.Fenyuk!, P.Ferrad’, A.Ferref®, S.Fichet®, T.A.Filippas'?, A.Firestoné, P.-A.Fischel?,
H.Foetl?, E.Fokitis’!, F.Fontanelfi®, F.Formenfl, B.FraneR®, A.G.Frodeseh R.Fruhwirtf®, F.Fulda-Quenzé?,
J.Fustef®, A.Gallon??, D.Gamb4*, M.Gandelmaff, C.Garci4®, J.Garcid’, C.Gaspat, U.Gasparin®, Ph.Gavillef,
E.N.Gazist, D.Geld? J-P.Gerbéf, L.Gerdyukov?, R.Gokiel?°, B.Golol?, P.Goncalved, G.Gopat®, L.Gorrt,
M.GorskP%, Yu.GouZ*%2, V.Graccd?, E.Grazian®®, C.GreeR?, A.Grefratt!, P.Gris8, G.Grosdidiel?, K.Grzelak?,
S.Gumenyuf!, M.Gunthef’, J.Guy®, F.Hahf, S.HahR', Z.Hajduk®, A.Hallgrerf’, K.Hamachet!, F.J.Harrig?,
V.Hedberg*, J.J.Hernandé?, P.Herquet, H.Her®, T.L.Hessing*, J.-M.Heuset, E.Higorf®, H.J.Hilke’, S-O.Holmgref¥,
P.J.Hol?*, D.Holthuizerd®, S.Hoorelbek& M.Houldert?, J.Hrubeé®, K.Huef, K.Hultqvist*®, J.N.Jacksott, R.Jacobssdh,
P.Jalochd, R.JaniK, Ch.Jarlskoéf, G.Jarlskod’, P.Jarry®, B.Jean-Mari&, E.K.Johanssdd, L.Jonssoff, P.Jonssoit,
C.Joran, P.Juillot®, M.Kaiset’, F.Kapust&d®, K.Karafasoulid!, M.Karlssorf®, S.Katsanevas, E.C.Katsoufi&',
R.Keranef, Yu.Khokhlov*!, B.A.Khomenkd®, N.N.Khovanski®, B.King??, N.J.Kjae#®, O.Klapp?, H.Klein®, P.Kluit*°,
D.Knoblauch’, P.Kokkiniad!, M.Koratzino$, K.Korcyl'8, V.Kostioukhiné!, C.Kourkoumeli§, O.Kouznetsot?16,
M.Krammef®, C.KreuteP, I.Kronkvist*, Z.Krumsteirt®, W.Krupinski'8, P.Kubine¢, W.Kucewicz®, K.Kurvinent®,
C.Lacastd, |.Laktinelt®, J.W.Lams4, L.Lancerf®, D.W.Lané, P.Langefeld", J-P.Laugie®®, R.Lauhakanga$, G.Ledef®,
F.Ledroit*, V.Lefeburé, C.K.Leganr, A.Leisos?!, R.Leitnef?, J.Lemonné G.LenzeR!, V.Lepeltiet?, T.Lesiak?,
J.Libby**, D.Liko®, A.Lipniacke?, I.Lippi®°, B.Loerstad®, J.G.LokeR* J.M.LopeZ® D.Loukas!, P.LutZ8, L.Lyons*,
G.Maehlunt’, J.R.Mahof, A.Maio?!, T.G.M.Malmgrert3, V.Malyche®, F.Mandf®, J.Marcd®, R.Marcd®, B.Marecha®,
M.Margoni®, J-C.Marir?, C.Mariott?, A.Markou'?, C.Martinez-Riverd®, F.Martinez-Vidat®, S.Marti i Garcig?, J.Masik®,
F.Matorrag®, C.MatteuzA’, G.Matthiaé’, M.Mazzucaté®, M.Mc Cubbirf?, R.Mc Kay*, R.Mc Nulty?, J.Medbd’,
C.Meron?’, S.Meyet’, W.T.Meyet, M.Michelottc®®, E.Migliore*, L.Mirabito?>, W.A.Mitaroff*, U.Mjoernmark?,
T.Moa*3, R.Moellef®, K.Moenig’, M.R.Mongé?, P.Morettint3, H.Muellet’, K.Muenicl?, M.Mulders®, L.M.Mundim?,
W.J.Murray®, B.Muryn'418 G.Myatf* T.Myklebus®?, F.Naraght*, F.L.Navarri&, S.Nava®®, K.Nawrock®, P.Negrf’,
S.Nemece®, W.Neumanf!, N.Neumeiste®, R.Nicolaidod, B.S.Nielse?, M.Nieuwenhuize?f, V.Nikolaenkd®,
M.Nikolenko!®16, P.Nisg3, A.Nomerotski®>, A.Normand*, W.Oberschulte-Beckmahf) V.Obraztso%!, A.G.Olshevski®,
A.Onofre?!, R.Orava®, G.Orazl®, K.Osterberd?, A.Ouraod®, P.Paganiif, M.Paganorft?’, R.Pairt3, H.Palkd®,
Th.D.Papadopouldd, K.Papageorgiol, L.Papé, C.Parke¥, F.Parodi®, A.Passef®, M.Pegoraré®, L.Peraltd?,
H.Perneggé?, M.Pernickd®, A.Perrottd, C.Petridod®, A.Petrolint3, H.T.Phillips’®®, G.Piana®, F.Pierré®, M.Piment&,
T.Podobnik?, O.Podobrifl, M.E.Pof, G.PoloK8, P.Poropdf, V.Pozdniako¥®, P.Priviterd’, N.Pukhaev, A.Pullia?’,
D.Radojici¢?, S.Ragaz#/, H.Rahmant!, P.N.Ratoff’, A.L.Read?, M.Realé', P.RebecchP, N.G.Redaelf’, M.Reglef?,
D.Reid?, R.Reinhardt, P.B.Rentof, L.K.Resvanig, F.Richard®, J.Richardsoft, J.Ridky*?, G.Rinaud6*, O.Rohné?,
A.Romerd*, P.Ronches®, L.Roo%?, E.l.Rosenbery P.Roudeat?, T.Rovell?, V.Ruhimann-Kleidet¥, A.Ruiz*,
K.Rybicki'®, H.Saarikkd®, Y.Sacquif®, A.Sadovsky®, O.Saht*, G.Sajot?, J.Salt®, M.Sannind®, H.Schneidéer,



582

U.Schwickerath’, M.A.E.Schyn8!, G.Sciolld4, F.Scurf®, P.Seagef, Y.Sedyki® A.M.Sega?*, A.SeitZ’, R.Sekulif®,
L.Serbellont’, R.C.Shellar, P.Siegrist38, R.Silvestré®, F.Simonetté®, A.N.Sisakiad®, B.Sitar, T.B.Skaalf?,
G.Smadj&, N.Smirnov!, O.Smirnov&*, G.R.Smitl% O.Solovianof*, R.SosnowskP, D.Souza-Sant8s T.Spassot?,
E.Spiriti*°, P.Sponhol?, S.Squarcit, D.Stampfet, C.Stanescli, S.Stani¢?, S.Stapne¥, |.Stavitsk?®, K.Stevensotf,
A.Stoccht®, J.Straus®®, R.Strud®, B.Stugd, M.SzczekowskP, M.Szeptyck&, T.Tabarel#’, J.P.Tavernét, O.Tchikilev,
F.Tegenfeldt, F.Terranov&, J.Thoma¥, A.Tilquin®®, J.Timmerman®, L.G.Tkatchev®, T.Todorov°, S.Todorové’,
D.Z.Toef?, A.Tomaradzg B.Tomée?!, A.Tonazzd’, L.Tortora®, G.Transtromé?, D.Treille®, G.Tristran§, A.Trombini®,
C.Troncor’, A.Tsirol?, M-L.Turluer®®, 1.A.Tyapkint®, M.Tyndef®, S.Tzamarias, B.Ueberschaét, O.Ullaland,
V.Uvarov!, G.Valent?, E.Vallazz4®, C.Vander Veld& G.W.Van Apeldoor?’, P.Van Dar®, W.K.Van Doninck,

J.Van EIdik° A.Van Lysebettefy N.Vassilopoulo¥, G.Vegn?’, L.Ventura®, W.Venus®, F.Verbeuré, M.Verlato®,
L.S.Vertogrado¥?, D.Vilanova®, P.Vincent®, L.Vitale*®, E.VlasoW!, A.S.Vodopyano'f, V.Vrba'?, H.Wahlerr?, C.Walck?,
P.Weilhammet, C.Weiset’, A.M.Wetherel?, D.Wicke®?, J.H.Wicken$, M.Wielerd’?, G.R.Wilkinsor, W.S.C.Williams*,
M.Winter!?, M.Witek'®, T.WlodeK?, J.Yit, K.Yip34, O.Yushchenkd, F.Zaci®, A.Zaitsev!, A.Zalewskd, P.Zalewski®,
D.Zavrtanik?, E.Zevgolatako$, N.I.Zimin!®, G.C.Zucchellt®, G.Zumerl&®

1 Department of Physics and Astronomy, lowa State University, Ames IA 50011-3160, USA

2 Physics Department, Univ. Instelling Antwerpen, Universiteitsplein 1, B-2610 Wilrijk, Belgium

and IIHE, ULB-VUB, Pleinlaan 2, B-1050 Brussels, Belgium

and Faculé des Sciences, Univ. de I'Etat Mons, Av. Maistriau 19, B-7000 Mons, Belgium

3 Physics Laboratory, University of Athens, Solonos Str. 104, GR-10680 Athens, Greece

4 Department of Physics, University of Bergen, @daten 55, N-5007 Bergen, Norway

5 Dipartimento di Fisica, Universitdi Bologna and INFN, Via Irnerio 46, 1-40126 Bologna, Italy

6 Centro Brasileiro de Pesquisassias, rua Xavier Sigaud 150, RJ-22290 Rio de Janeiro, Brazil

and Depto. de Bica, Pont. Univ. Cdtlica, C.P. 38071 RJ-22453 Rio de Janeiro, Brazil

and Inst. de sica, Univ. Estadual do Rio de Janeiro, ru@oS-rancisco Xavier 524, Rio de Janeiro, Brazil

7 Comenius University, Faculty of Mathematics and Physics, Mlynska Dolina, SK-84215 Bratislava, Slovakia

8 College de France, Lab. de Physique Corpusculaire, IN2P3-CNRS, F-75231 Paris Cedex 05, France

9 CERN, CH-1211 Geneva 23, Switzerland

10 centre de Recherche Neédlire, IN2P3 - CNRS/ULP - BP20, F-67037 Strasbourg Cedex, France

11 |nstitute of Nuclear Physics, N.C.S.R. Demokritos, P.O. Box 60228, GR-15310 Athens, Greece

12 FzU, Inst. of Physics of the C.A.S. High Energy Physics Division, Na Slovance 2, 180 40, Praha 8, Czech Republic
13 Dipartimento di Fisica, Universitdi Genova and INFN, Via Dodecaneso 33, |-16146 Genova, ltaly

14 Institut des Sciences Nuires, IN2P3-CNRS, Universitde Grenoble 1, F-38026 Grenoble Cedex, France

15 Helsinki Institute of Physics, HIP, P.O. Box 9, FIN-00014 Helsinki, Finland

16 Joint Institute for Nuclear Research, Dubna, Head Post Office, P.O. Box 79, 101 000 Moscow, Russian Federation
17 Institut fir Experimentelle Kernphysik, Univerait Karlsruhe, Postfach 6980, D-76128 Karlsruhe, Germany

18 Institute of Nuclear Physics and University of Mining and Metalurgy, Ul. Kawiory 26a, PL-30055 Krakow, Poland
19 Universi€ de Paris-Sud, Lab. de I'Aétérateur Lirgaire, IN2P3-CNRS, &. 200, F-91405 Orsay Cedex, France

20 school of Physics and Chemistry, University of Lancaster, Lancaster LA1 4YB, UK

2L LIP, IST, FCUL - Av. Elias Garcia, 149, P-1000 Lisboa Codex, Portugal

22 pepartment of Physics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK

23 LPNHE, IN2P3-CNRS, Universis Paris VI et VII, Tour 33 (RdC), 4 place Jussieu, F-75252 Paris Cedex 05, France
24 Department of Physics, University of Lundpl8egatan 14, S-22363 Lund, Sweden

25 Universié Claude Bernard de Lyon, IPNL, IN2P3-CNRS, F-69622 Villeurbanne Cedex, France

26 Univ. d’Aix - Marseille Il - CPP, IN2P3-CNRS, F-13288 Marseille Cedex 09, France

27 Dipartimento di Fisica, Universitdi Milano and INFN, Via Celoria 16, 1-20133 Milan, Italy

28 Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen 0, Denmark

29 NC, Nuclear Centre of MFF, Charles University, Areal MFF, V Holesovickach 2, 180 00, Praha 8, Czech Republic
30 NIKHEF, Postbus 41882, NL-1009 DB Amsterdam, The Netherlands

31 National Technical University, Physics Department, Zografou Campus, GR-15773 Athens, Greece

32 physics Department, University of Oslo, Blindern, N-1000 Oslo 3, Norway

33 Dpto. Fisica, Univ. Oviedo, Avda. Calvo Sotelo, S/N-33007 Oviedo, Spain, (CICYT-AEN96-1681)

34 Department of Physics, University of Oxford, Keble Road, Oxford OX1 3RH, UK

35 Dipartimento di Fisica, Universitdi Padova and INFN, Via Marzolo 8, 1-35131 Padua, Italy

36 Rutherford Appleton Laboratory, Chilton, Didcot OX11 OQX, UK

37 Dipartimento di Fisica, Universitdi Roma Il and INFN, Tor Vergata, 1-00173 Rome, Italy

38 CEA, DAPNIA/Service de Physique des Particules, CE-Saclay, F-91191 Gif-sur-Yvette Cedex, France

39 |stituto Superiore di Sariit Ist. Naz. di Fisica Nucl. (INFN), Viale Regina Elena 299, 1-00161 Rome, ltaly

40 |nstituto de Fisica de Cantabria (CSIC-UC), Avda. los Castros, S/N-39006 Santander, Spain, (CICYT-AEN96-1681)
41 Inst. for High Energy Physics, Serpukov P.O. Box 35, Protvino, (Moscow Region), Russian Federation

42 ], Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia and Department of Astroparticle Physics, School of Environmental Sciences,
Kostanjeviska 16a, Nova Gorica, SI-5000 Slovenia,

and Department of Physics, University of Ljubljana, SI-1000 Ljubljana, Slovenia

43 Fysikum, Stockholm University, Box 6730, S-113 85 Stockholm, Sweden

44 Dipartimento di Fisica Sperimentale, Univessili Torino and INFN, Via P. Giuria 1, 1-10125 Turin, ltaly

45 Dipartimento di Fisica, Universitdi Trieste and INFN, Via A. Valerio 2, 1-34127 Trieste, Italy

and Istituto di Fisica, Universitdi Udine, 1-33100 Udine, Italy

46 Univ. Federal do Rio de Janeiro, C.P. 68528 Cidade Univ., llha do ZuiR-21945-970 Rio de Janeiro, Brazil

47 Department of Radiation Sciences, University of Uppsala, P.O. Box 535, S-751 21 Uppsala, Sweden

[

iy

g



583

48 |FIC, Valencia-CSIC, and D.F.A.M.N., U. de Valencia, Avda. Dr. Moliner 50, E-46100 Burjassot (Valencia), Spain
49 |nstitut fur HochenergiephysilQsterr. Akad. d. Wissensch., Nikolsdorfergasse 18, A-1050 Vienna, Austria

Inst. Nuclear Studies and University of Warsaw, Ul. Hoza 69, PL-00681 Warsaw, Poland

1 Fachbereich Physik, University of Wuppertal, Postfach 100 127, D-42097 Wuppertal, Germany

On leave of absence from IHEP Serpukhov

a g
o

Received: 7 May 1997



583

Abstract. A study of the channet™e™ — p*u visr, and the helicity cross-sections is presented in Sect. 6. Finally,
where~iggr is an initial state radiation photon, is presented Sect. 7 summarises.

using data collected by the DELPHI experiment from 1991

to 1994. The total cross-section at effective annihilation en-

ergies (/s’) below the Z° peak is obtained by using the 2 Theoretical background

events with relatively hard initial state radiative photon(s)

(B, > 1 GeV). The differential cross-section as a func- 2.1 Total cross-section

tion of the muon polar production angle is also determined

in order to extract the forward-backward asymmetries forElectromagnetic radiative corrections to the interactitut

the reactiore*e™ — p*p~ at energies/s’ between 20 and — ff substantially distort the Born-level cross-section at
87 GeV. The ratio of the helicity cross-sectioggijgfzg, energies around th&° pole [5, 6]. _ o
where the two subscripts stand for the helicities of the in-  Most of the effects can be understood to arise from initial
Coming e~ and Outgoingu— respective|y, is extracted from State radiation (|SR), after which the effective annihilation
the differential cross-sections in order to test the Standar@nergyv's’ of thee*e™ system is less than the total centre-
Model and to look for new physics near 80 GeV. No devi- 0f-mass energy/s. Because the Born cross-section varies

ations from the Standard Model were found. rapidly across the&Z® pole, the resulting changes in the cross-
section are large. Consequently they need to be understood

very precisely in order to study the underlying electroweak

physics.
The cross-section for the reactiefie~ — p*u~ has
1 Introduction contributions from directZ® and photon terms and from

v — Z° interference. Radiative corrections can be divided
In this paper, experimental results from studies of events colinto the following components:
lected at LEP1 in the channele™ — 1" 1~ yisr, With sk — emission of real photons from the initial and/or final state
being an initial state radiation photon, are used to probe the  fermions,
cross-sections and forward-backward asymmetries in the en— corrections to thez® and v propagators, consisting of
ergy region between LEP1 and TRISTAN and down to PE-  |50p diagrams involving any particles which couple to
TRA energies. Similar measurements have been performed these bosons,
prewously_[l]. In thls paper an analysis in terms of helicity _ yertex corrections, involving virtual photons as well as
cross-sections [2] is also performed, and is shown to be par-  gny other particles which couple to the initial or final
ticularly useful in a search for new physics near the effective  fermions,
annihilation energy/s’ = 80 GeV. — box diagrams, involving the exchange of two bosons

The investigation of theee™ — p*u~ cross-section (v, Z29).

at energies below th&® peak is attractive because no ex- . _
periments have ever taken data at energies between 61 aftj e present level of precision, the box diagrams can be

88 GeV. In addition, an indication of a deviation of the cross-Neglected. To a very good approximation, the effect of the
section from the predictions of the Standard Model (SM) atVertex and propagator corrections can be absorbed into a re-
58 GeV has been reported from TRISTAN [3]. Measurabledefinition of the Born-level parameters that retains the struc-
deviations in thee*e~ — ff cross-section in this energy tUre of the Born-level formulae (Improved or Effective Born
range can arise in several models beyond the SM, for infAPProximation; see e.g. [6]). _
stance those which introduce an additio#algauge boson. Pure QED initial state corrections can be described by a
In a previous paper [4] an analysis was presented 0ffad_la_tor functlonHi(s_,s), giving the _probablllty density of
radiative muon events using the data collected by DELPHIEMItting a photon with a given fraction of the beam energy

up to 1992. In this paper a new analysis is presented basdiem the initial state, such that the observed cross-section

on the data collected between 1991 and 1994, and on af' €€~ — f.f(n7) can be written:

improved event selection procedure. — 5 -

The paper is organised as follows. Section 2 summarises’i,(s) = / Hi(s, s') olf(s') ds' (1)
the theoretical background to the analysis. Section 3 de- %
scribes briefly the DELPHI detector and presents the dat@vhere sb = 4m2, the invariant mass\/, - of the fermion
samples used. Section 4 discusses the event selection prBéir produced Is given by the effective annihilation energy
cedures. Section 5 presents the calculation of the total Im* ) FErm )
proved Born cross-sections. The analysis of the differentialV's’s andoyj(s) is the Improved Born cross-section. Thus

cross-sections in terms of the forward-backward asymmetrghe observed cross-section involves a convolutiom@(s’)
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with the radiator functionH;(s, s’). A similar formula can  has a minimum just below 80 GeV. Therefore, this ratio is
be written for the case where selection criteria are appliedrery sensitive to new physics near this energy.
to the final state fermions or to the photons produced.
In addition, there is a small contribution to the cross-
section from the interference between initial and final state3 The DELPHI detector and data samples
radiation [7]. This interference is very small in the energy
region covered by this analysis/s’ < 87 GeV andE,, > The DELPHI detector and its performance are described in
1 GeV, and can be neglected at the present level of precisiorgietail in [9]. In this analysis, the tracking was performed
For the case where a pure ISR sample is selected, they the Vertex Detector (VD), the Inner Detector (ID), the
number of eventsV;, in a given interval §},s,) can be  Outer Detector (OD), the Time Projection Chamber (TPC),

written as and the Forward Chambers (FCA,FCB). In the rejection of
s _ events with final state radiation (FSR), the barrel and forward
Ny, = / Hi(s, s") a{é(s’) ds’' 2) electromagnetic calorimeters were used (HPC and FEMC).
8] The identification of muons was based on the muon cham-

bers (MUB and MUF), the hadron calorimeter (HCAL), and

where'/ is the integrated luminosity. Thus, from the known the electromagnetic calorimeters. In what follows, the barrel

QED radiator functionH;(s,s’) (see [8] and references . ,

therein) and the measured integrated luminos$ity the Im- region was defined as 43< 0 < .1370’ and the e“dC‘%PS
N i , asf < 43 andf > 137, whered is the polar angle with

proved Born cross-sectiom; 5 (s) for energiesy/s’ below respect to the electron beam axis.

the nominal LEP energy/s can be determined by measur-  The data used for the calculation of the forward-backward

ing the v/s' spectrum from the invariant mass distribution asymmetries and the helicity cross-section ratios were col-

of the final state fermion pairs. lected during the years 1991 to 1994, and correspond to an
integrated luminosity of around 115 ph For the calcula-

_ N . tion of the total cross-sections, only the data taken during

2.2 New physics near the zeroes of #ie™ — p*p the years 1992-1994 were used, corresponding to an inte-
cross-section grated luminosity of around 100 pb. About 80% of the

events were collected at tH&° peak energy, while the oth-
ers were produced during a scan at different energies below
and above theZ® peak.

For simulation studies of the signal, dimuon events were
oc=o0r+orr+0RL+0LR (3) generated using the DYMU3 program [10]. The events were
generated with up to two initial state photons and at most
one final state photon. For the cross-section studies, where
a normalisation to the simulated sample is needed, a total of
about 613,000 events were generated, spread over the beam
energies at which data were taken in the period 1992 to
.~ 1994. For the evaluation of the efficiency and purity of the
orr +orr around 80 GeV allows a search for new physics gp sample (see Sect.4.3), about 240,000 radiative muon

in an environment of minimal background. T S ;
. ; events with invariant mass\/, 88 GeV/c? were
As shown in [2], due to their angular dependence of the o p < /

f 1+ cos)2 whered is th Juct | le of generated at the same beam energies.
orm E cos )%, W Ereg 1S the production polar angle o For the study of the background from the chanefel~
the p~ relative to thee~ beam direction, the two helicity

. — 7*7~, about 270,000 events were generated with the KO-
components of the cross-sectiaer,, +orr ando gy, +o R,

! fi»  RALZ program [11]. For the study of the background com-
can be extracted from the data by a polynomial prOJec'uoning from v processes, about 236,000c~ — e*e~

Attree level, theete™ — pu* ™ cross-section can be written,
apart from radiative corrections and possible new physics
as

wherei(j) in o;; stands for the helicity of the incoming”
(outgoingy. ) [2]. Within the Standard Modek .1, andorr
have nearby zeroes such that;, +ozrr almost vanishes near
/s = 80 GeV. This is not the case forrr, + o1 g, Which
vanishes at/s > my. A study of the cross-section sum

of the differential cross-section as a functionéof and 10,000:*¢~ — e¢*e~7*r— events were generated using
(M do P deosd 4  the FERMISV program [12],
o+ = /_CM dcosd T cos 4) All the generated events were passed through the full
on g DELPHI simulation [9] and the same data reconstruction
bl :/ 7 . F_.dcosh 7 (5) program as the real data.
_c,, dcost

where the filtersF. are polynomials of the formd(1 +
Bcosh), and Cy; = cosb,,.,. represents the acceptance

limits in the analysis. . . . .
At tree level in the framework of the Standard Model, The selection of dimuon events with ISR was performed in

two steps. First a sample of dimuon events with or without
oY =orLL *ORR (6) photon production was selected following the procedure de-
o" =oLr+oRL ) tailed in Sect. 4.1. From this sample, events with ISR were
extracted using the procedure described in Sect. 4.2.
For the calculation of the cross-sections, the same selec-
o _ 0LL Y ORR (8) tion procedure was applied to the 613,000 simulated dimuon
ORL Y OLR events (see Sect. 3).

4 Selection of dimuon events with ISR

and the ratio

o
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4.1 Selection oé*e~ — u*u~(n~) events measurements thg~ polar angle region was extended to
11° <6,- < 169. For the extraction of the helicity cross-
To select a sample of dimuon events allowing for possiblesections, efficiency corrections had to be made, and the polar
photon emission, the procedure explained in [13] was fol-angle acceptance was dependent on the effective erérgy
lowed, with looser cuts to admit a larger fraction of radiative gsee Sect. 6.3).
events and consequently with a more elaborate rejection of  After this selection of dimuon events, data runs were
777 events. rejected if the parts of the DELPHI detector used in this
The events had to contain two charged particles of moanalysis were not fully operational. The total number of
mentum greater than 10 Gey/both of which were iden-  dimuons available for the asymmetry analysis (data taking
tified as muons either by the muon chambers (MUB andperiod 1991-1994) amounted to 128,876. These were spread
MUF), or by the hadron calorimeter (HCAL), or by the elec- gver 7 energy points, but about 92% were produced at the
tromagnetic calorimeters (HPC and FEMC). Both particles 70 peak. The total number of dimuons selected for the cross-
had to come from the interaction region, which was definedsection analysis (data taking period 1992-1994) was 107,619
as|z| less than 4.5 cm ang less than 1.5 cm, whereis  spread over 3 energy points, about 91% of them being pro-
along thee™ beam direction and? is the radius normal to  duced at thez® peak.
it. The variableP.oq = /P2 + 3/ Ebeam, Where Eyeqy, IS The tau background was estimated with the simulated
the beam energy ang, andp, are the momenta of the two 7*7~ events to be 0.26%. The background from two-photon
muons, had to exceed 0.3. Events with more than 5 chargedvents was also estimated with simulated events, and found
particle tracks were rejected. to be less than 0.1% for the channr€ke™ — efeptu~.
Because these cuts were looser than those used in theor the channek*e™ — e*e™ 777, no simulated events
standard dimuon selection, the background from~ events  were found to satisfy the dimuon selection criteria.
was higher. To reduce this background, the following three  The cosmic ray background was estimated from the data,
criteria were introduced. Firstly, if the acollinearity angle by relaxing the definition of the interaction region [13] and
between the two muons was larger thefh) the event was counting the number of additional events accepted in the
rejected if the energy deposited in the HCAL was larger thandata sample. It was found to amount to 0.57%.
a cutoff value dependent on the polar angle (see [13]). Sec- From the 613,000 simulated*;~ events, 508,058 re-
ondly, if the event had more than 2 charged particle tracksmained after the dimuon selection in the polar angle region
either the acollinearity angle between the two muons had t@0® < 4,- < 160°. These events were used for the normal-
be less than Lor both muons had to have at least one assoisation in the cross-section calculation (see Sect. 5).
ciated hit in the muon chambers. Thirdly, in the procedure
to separate ISR from Final State Radiation (FSR) events, a

variable AE,, was introduced, which was defined as 4.2 Selection oé*e™ — p*p~~isr events
—_ ! 1
AE, =FE, - EJ (©) To extract the events with ISR from the dimuon sample
where described in Sect. 4.1, the following variables were used.
E =Vs—Ep—E,- (10)  — pmiss = |y Nen pi | the missing transverse momentum
and of the event with respect to the beam axis.
NG .40 — Qqcol, the acollinearity angle between the two muons.

"= [Sin @ . ul . Vs . (11) — (ueops the acoplanarity angle defined as the angle be-

7 |sin@s +0,-)| +sinf,- +sing,,- tween the two planes respectively formed by each of the
In these formulaeg,- and ¢,- are the polar angles, and ~ MUoNs and the electron beam axis.
E,- and E,- the energies of the muons. The variatt - Eemt' t;ef to?' neutral electromagnetic energy of the
represents the energy taken by the ISR photons if no FSR €Vent, defined as
photons are produced. The varial#l¢ is an approximation Erew = plot _ Efm — Er (12)

to the ISR photon energy if the muon masses are neglected
and if one assumes that a single ISR photon is emitted along Where EL" is the total energy deposited in the elec-
the beam direction and that no FSR photons are produced. tromagnetic calorimeters anl”, (E* ) is the energy
The variableAE, was also effective in rejecting tau events, deposited by thet* (7).
as can be seen in Fig. 1a, which shows the distribution of — AE.,, defined in equations (9) to (11). Figure 1b shows
this variable for simulated dimuon and 7~ events, after the distribution of AE, for simulated ISR and FSR
application of all of the above cuts except the tau rejection events after applying all the selections mentioned in
criteria. Events withAE,, > 25 GeV were rejected as tau Sect. 4.1 except thé\I/, cut. The events were labelled
candidates. as ISR or FSR on the basis of the generator information.
Because the selection efficiencies could not be estimated Figure 1b shows that the ISR events are concentrated in
reliably at low polar angles, the cross-sections were deter- the region|AE,| < 15 GeV, while the FSR events are
mined with samples of events with the- polar angle in spread over the whold\ £, domain.
the region 20 < 0, < 160°. For the measurement of - «,,, the isolation angle. For a given reconstructed pho-
the forward-backward asymmetries however, the likelihood ton, this was taken to be the smallest of the following
fit method is not affected by the selection efficiencies if  angles: the two angles between the muon tracks and the
these are forward-backward symmetric. Therefore, for these flightline of the photon, and the two angles between the
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Table 1. Requirements for the selection of ISR events. The details are given For the effective annihilation energys, or equivalently

in the text : : ; ;
the "1~ invariant mass\/,,,,, the following expression was
Vs [GeV] <35 3565 65-80 80-84 > 84 used:
loose selections
ptss [GeVic] - <5 <4 <4 <3 Vs = M, = \/3 —2E"\/s . (13)
Qaeol [°] >15 >15 >15 >1 >1 v
@acop [°] <75 <75 <5 <4 <4 The justification for this procedure is explained in [4]. Fig-
Eneu [GeV] - <2 <2 <2 <2

ure 2 shows the relation between the true effective annihila-

AE,| [GeV <25 <132 <6 <6 <5 . L .
|AEy| [GeV] tion energy and approximation (13) for simulated ISR events.

tight selections

s [GeVid] B <25 <1 <1 <1 The mean difference between the true and reconstructed val-
Ageor [°] >3 >3 >3 >2 >2 ues was found to be around 1% at 87 GeV and about 7% at
Qacop [°] <5 <5 <4 <3 <3 energies below 60 GeV. The analysis was restricted to the
Eént [Gev] - <l <1 <1 <1 Vs’ region between 20 and 87 GeV.

[AEy| [GeV] <2 <44 <3 <3 <25 In the data sample, 325 ISR events were selected for the

cross-section calculation, and 399 for the differential cross-

L - I section and asymmetry calculation.
direction opposite to the muons and the flightline of the ; .
photon. The photons were assumed to be produced at the _From_ the 508,058 simulated dimuons selected as de-
vertex. They were reconstructed following the methodscnbed |n.Sect.4.1, 1.868 ISR events were selected for the
described in [9]. Only photons with a reconstructed en-Cross-section calculations.
ergy larger than 1 GeV were considered.

To ensure a high purity of the selected sample for all ef-4.3 Efficiency of the selection procedure and purity of the
fective annihilation energies, the selection criteria were takedSR sample
to be different in each/s’ interval. The selection criteria are
summarised in Table 1. The efficiency of the selection procedure and the contami-

Two sets of selections were used, called tight or loosenation by FSR events were studied with the sample of simu-
depending on whether or not a photon was detected in théated radiative muon events generated by DYMU3 [10] with
electromagnetic calorimeters close to one of the muons. ThigueV's’ lower than 88 GeV. The events were flagged as ISR
tight selections were applied in the barrel region when aor FSR on the basis of the generator information. If both ini-
photon was found with isolation angte,, < 36°, and in  tial and final state photons were produced, the events were
the endcaps when either a) a photon was found with isolatiotabelled ISR if the generated final state photon energy was
anglea,, < 20°, or b) o, < 6., whered.,, is the polar below 1 GeV and FSR otherwise. The effective annihilation
angle of the photon with respect to the electron beam axisenergyy's’ was calculated using formula (13). The resulting
In all other cases, the loose selections were applied. efficiency and purity are displayed as a function\d§’ in
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Fig. 3. The purity of the sample is near 90% over the wholethe numbers of ISR events in a givafs’ interval in the
energy interval. The selection efficiency is about 80% at lowdata and in the simulated sample respectively, selected as
energies and decreases to around 50% at 87 GeV. explained in Sect.4.2. The quantitiég);”"™ and N0

The cosmic ray background was checked using the samrepresent the number of dimuon events selected as explained
ple of ISR events selected for the cross-section calculationin Sect. 4.1 in the real and simulated data samples. In each
No additional events were found when the cuts on the in-/s’ interval, the normalisation of the ISR sample to the full
teraction region definition were relaxed to allow impact pa-dimuon sample was calculated separately for the on-peak
rameters of charged particle tracks to the production vertexand off-peak data, after which the results were averaged.
of up to 3 cm in the plane transverse to the beam and Ufrhe numberN,,,(v/s’) was corrected for the two-photon
to 9 cm parallel to the beam, which should have quadruplethackground, and the numb@f”,2"™ was corrected for the
this background. ~ background arising from cosmic ray and tau events. The

The background frone’e™ — 777~ events was esti- other backgrounds were too small to justify a correction. It
mated from the sample of 270,000 simulated-~ events  was verified that the selection efficiency for ISR events was
(see Sect. 3). No events were found to satisfy the ISR seleghe same for the observed data and the simulation.

tion criteria. . Ty
. The theoretical Improved Born cross-sectiofi3! (v/s)

Th kground from two-photon pr Wi ti- ) B !
e background fro O-pholon processes was €s was obtained from the DYMUS3 program. The parame-

mated from simulated events. It was found to be 1.6% for . ; ; > 5

the channele*e~ — e*e—u*u—, while no events in the ters used in this caIcuIatpn werkl; = 9125 QeV/c,

channele*e~ — e*e~ 77~ satisfied the ISR criteria. Iz = 2562 GeV/c?, and sift fy = 0.2296, which were
the default values used by DELPHI for the generation of
whu~ events. It was shown previously [4] that the calcula-

5 Estimation of the total Improved Born cross-sections tions made by this program and those made by the ZFITTER

_ ~ program [8] agreed to within 1%.
The data taken in the years 1992-1994 were used to estimate

the Improved Born cross-section$’; (v/s’). The polar angle

of then™ was required to be in the range28 0,,- < 160°. )
A total of 325 events was selected. The ratio of the averagetF0 an energy of 87 Gelt”. The same.tablle shows' the calcu
ated SM Improved Born cross-section in the differqn’

of the observed to the Standard Model Improved Born cross.—nter als as well as the experimental cross-section obtained
sections inside a giver/s’ interval is given by interv W Xperl : !

from formula (14). Only statistical errors were taken into
< o®(Vs') > _ Nps(Vs')- NIorm account. The main source of systematic errors was the mod-
< 0}9]24(\/3/) S Naim(V/s') - Nnorm (14) elling of the muon mo_mgnta i_n the simulation. To reduce

these effects to a negligible size, the muon momenta were
where Vs’ is the mean effective annihilation energy in the smeared in the simulation to match the resolution observed
interval. The quantitiesV,,s(v/s’) and N (v/'s') represent  in the data.

Table 2 shows the number of ISR events selected in the
data and in the simulated samples as a function/sf, up
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Table 2. Numbers of ISR events found in the data and simulated samplgs @nd N ;) for differenty/s’ intervals,

and the ratios of the average measured to SM Improved Born cross-sections<T¥eh > is the mean measured
effective annihilation energy in the interval, angA! is the mean Improved Born cross-section within each energy
interval expected in the Standard Model, obtained from the DYMU3 program. Fiagggl with its erroré(a;’]b;) is

the resulting measured cross-section

Vs' [GeV] 24-38  38-45 4552 5259 59-66 66-73 73-80 80-84  84-87
Nope 6 12 12 10 11 21 38 55 160
Nyim 25 79 70 86 94 105 222 338 849

<o%hs>/<oSM > 120 084 111 070 054 102 092 092 114
+£0.56 +0.26 +£0.36 +0.23 +0.19 +0.25 =+0.16 +0.12 +0.07

< Vs' > [GeV] 33.8 42.4 47.4 55.8 62.5 70.2 77.6 82.6 85.8
oM [pb] 85. 55. 44, 33. 27. 25. 30. 51. 106.
a9 [ph] 102. 46. 49. 23. 15, 25. 28. 47. 121.
8(c9%s) [pb] +48 +14  +16. +8. +5. +6. +5. +6. +8.

Figure 4 shows the ratios between the observed and thérame for differenty/s’ intervals. A total of 399 events were
oretical Improved Born cross-sections as a function of theselected. The distribution of these events as a function of
effective annihilation energy, and the resulting experimental/s’ is shown in Table 3.
cross-sections. It also shows the cross-sections for the reac- For events which are not produced in th&e~ c.m.
tion e*e™ — p*p~ obtained near the® peak [13, 15] and frame, the angle between the and thee~ beam direc-
those obtained at PEP, PETRA, and TRISTAN [16, 3]. Thetion in the ,~ u* rest frame is given by [14]:
published values were corrected to obtain Improved Born i
values. The cross-section measured with the VENUS detec: .« _ SiN3(0us — 6,.-) (15)
tor at 58 GeV has a value of ZW 4+ 0.66 pb [3], which Si”%(ew +6,-)
has to be compared with the Standard Model prediction of
30.72 pb. The resolution of Fig.4 is not sufficient to show Whered,- andd,,- are the polar angles of the" and then~
this deviation. with respect to the~ beam axis in the laboratory frame.

The raw distributions of co&" in the differenty/s’ inter-
vals are shown in Fig.5. They were corrected for selection

6 Asymmetries and helicity cross-sections inefficiencies in the following way. It was assumed that,
within the limits of the present statistics, forward-backward
6.1 Polar angle distributions asymmetries in detection efficiency could be neglected. In-

deed, such asymmetries distort the forward-backward asym-
The data taken in the years 1991-1994 were used to obtaimetry by at most 0.001 [15]. Therefore, in eagfs’ inter-
the distributions of the muon polar angle in théu~ rest  val of the data, the correction factor was obtained from the
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Table 3. Nr, Ng: observed number of ISR events in the forward and backward hemlspbﬁﬁi’#tmg

the asymmetry with statistical error calculated with the counting methliﬂBunc the asymmetry with
statistical error calculated with a maximum likelihood fit, without correction for FSR contamination;

Af;]gcorr the asymmetry with statistical error calculated with a maximum likelihood fit, after correction

for FSR contamination, with systematic err&irAFB)sys &k /" the helicity component ratio defined
in Sect. 2.2, with its statistical errofisys: the systematic error on the helicity component ratio.

Vs’ [GeV] 20-50 50-65 65-80 80-84 84-87
Np 20 10 12 17 55
Np 19 19 59 53 135
<Vs' > [GeV] 43.0 59.0 74.7 82.4 85.8

Aco“"ti"g [%] 34+£158 —-326+176 —695+85 —-540+£101 —442+65
A},Bunc [%] 3.3+158 —-450+177 —-630+74 —-605+89 —-416+64
AFBcorr [%] 32+167 —-489+192 -703+82 —-668+98 —-462+7.1

6(AFB)9;2[/0] +0.4 +0.6 +0.7 +0.6 +0.3
i /et 1.20+ 0.46 0.24+ 0.15 0.05+ 0.07 0.10+ 0.06 0.23+ 0.06
bsys 0.05 0.01 0.01 0.01 0.01

folded distribution in| cosf*|, which was fitted to a function average amounted to about 10%. In each interval, a distri-

of the form bution of the form
dN, 3
y 1+cog* 16
d| cosf*| 8 ¢ {d+cost) (16)
in the region of cos?*| where the fit gave the smallest value dNrsr = [2(1 +cos %) + A%, cosf*] a7

of x2/N,. The C value obtained from this fit was used to @C0S0*

calculate correction factors in theosf*| bins outside the fit

region, namelyF'(| cos§*|) = 3C(1+cog6*)/N,(|cosd*|),

where N,. is the raw number of events. In the unfolded was subtracted, Whene , was taken to be the asymmetry at

cosf* distribution, the raw bin contents for positive and neg- the Z° peak, from WhICh this background dominantly arises.

ative cog)* were corrected with the same correction factorsThe constants”’ were obtained from the integral of (17),

F(] cosf*|). The resulting corrected c@s distributions are  which is equal to the expected number of FSR events in a

also shown in Fig.5 for the five/s’ intervals considered.  given v/s interval as predicted by the simulated radiative
In each/s’ interval, the co§* distribution was then muon sample. The contamination by tau events, cosmics or

corrected for the background coming from FSR, which ontwo-photon events was too small to justify a correction.
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6.2 Forward-backward asymmetries and are displayed in Fig.6 together with the SM predic-

tion for the Improved Born asymmetry. Figure 6 also shows
In eachv/s’ interval, the asymmetrydrp was obtained the asymmetries measured by DELPHI near f#fe peak
by performing a maximum likelihood fit of the uncorrected (see [13, 15]), after correction to Improved Born values.

cosf* distribution to an expression of the form The SM Improved Born asymmetry was calculated with
AN 8 the DYMU3 program with the parameters mentioned in
J cosh = C"[(1 +cog %) + 3AFB cosf*] . (18) Sect.5. The only source of systematic error on the asym-

metry, §(Arg)!%, which was considered was that resulting

. . . . sys? . .
~ Formula (18) does not include radiative corrections.from the error on the purity. The values of this error are
Since the asymmetries determined in this analysis are Imshown in Table 3.

proved Born asymmetries, only the electro-weak corrections
should be considered. Compared to the experimental preci-
sion they are small, and modify the asymmetry by at most6.3 Extraction of the helicity cross-sections and test of the
0.02 in the energy region between 40 and 88 GeV. Standard Model.

The asymmetry was also calculated, after correcting for
the selection inefficiency as described in Sect. 6.1, by countFrom the co#* distributions corrected for selection efficien-
ing the number of events with positive and negative@&gs cies and for the FSR background, the cross-sectidhand

since " (see Sect. 2.2) and their ratio were determined as follows.
Nr — Ng In each bin of the co&* distribution the corrected content
Arp = Np+ Ny (19)  was multiplied by a weight factor
with FL = A(1+ Bcosf¥) (21)
1
Np = / d coso* where
o dcosf* 2 3+(02
0 A= 2 =" 2" (22)
dN
Np = / _dcost” | (20) Cu(+Chy) 20
1 dcosf andC) = cosf’, ... These weighted contents were summed

Table 3 shows the asymmetries obtained with the two methfor all cos§* bins between—0.8 and +08 for /s’ below
ods as a function of/s’ up to 87 GeV. 65 GeV, and between0.9 and +09 for the othery/s’ val-

The raw asymmetries obtained with the fit were cor-ues. TheC), limits were chosen to match the binning in each
rected for the contamination by FSR events in a similary/s’ interval. The values of} and 5" and their statistical
way as the polar angle distributions were corrected (seerrors were derived from the weighted sums. For the system-
Sect. 6.1). These corrected values are also shown in Table atic error, the error on the purity of the sample was taken
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into account. The numbers obtained are given as a functiofrom the box diagrams which are very small (see [2]). There
of /s’ in Table 3 and are shown in Fig. 7, together with is no indication of any deviation from the Standard Model.
the prediction of the Standard Model. The theoretical pre-
dictions include all electroweak radiative corrections, apart
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7 Summary

(20N

Using the data collected by DELPHI until 1994, a sam-
ple of around 400 dimuon events with initial state radiation

was selected. The differential and total cross-sections and ™
forward-backward asymmetries were determined at energies;.

between 20 and 87 GeV. No deviation from the Standard

Model was observed. 8.

The polar angle distributions were used to determine the
ratio ZLL:"RR, where the two subscripts represent the he-
 ORL*OLR' ) ) ) 9
licities of the incominge™ and outgoingu~ respectively.

The aim was to test the Standard Model near the minimum

of this ratio, around 80 GeV, where the sensitivity to new

physics is greatest. No evidence for new physics was seent?:
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