
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/129896

 

 

 

Please be advised that this information was generated on 2017-12-05 and may be subject to

change.

http://hdl.handle.net/2066/129896


Volume 241, number 3 PHYSICS LETTERS B 17 May 1990 

S T U D Y  OF T H E  LEPTONIC DECAYS OF T H E  Z ° B O S O N  

D E L P H I  Col labora t ion  

P. A A R N I O  a, p. A B R E U  b, W. A D A M  c, F. A D A M I  d, p. A D R I A N O S  e, T. A D Y E  f, 
G.D.  A L E K S E E V  g, J.V. A L L A B Y  h, p. A L L E N  i, S. A L M E H E D  J, S.J. ALVSVAAG k, U. A M A L D I  n, 
E. A N A S S O N T Z I S  e, p. A N T I L O G U S  ~, W.D.  A P E L  m, B. ASMAN n, F. ASTESAN o, 
C. ASTOR F E R R E R E S  P, J.E. A U G U S T I N  ~, A. A U G U S T I N U S  h, p. B A IL L O N  h, F. BARAO b, 
G. B A R B I E L L I N I  q, D.Yu.  B A R D I N  g, S. B A R L A G  ~, J. B A R L O W  f, A. B A R O N C E L L I  r, 
M. B A R R A N C O - L U Q U E  n, G. B A R R E I R A  b, O. B A R R I N G  J, W. B A R T L  c, M.J. BATES s 
B.V. B A T Y U N I A  g, M. B A U B I L L I E R  o, K.H.  B E C K S  t, C.J. B E E S T O N  s, W. B E L L  h, 
I. B E L O K O P Y T O V  u, p. B E L T R A N  v, D. B E N E D I C  w, J.M. B E N L L O C H  i, M. B E R G G R E N  n, 
D. B E R T R A N D  x, S. BIAGI  Y, F. B I A N C H I  L, J .H.  BIBBY s, p. B I L L O I R  o, N. B I N G E F O R S  '~, 
J. B J A R N E  .i, D. B L O C H  w, P.N. B O G O L U B O V  g, D. B O L L I N I  e., T. B O L O G N E S E  d, 
M. B O N A P A R T  ~', P.S.L. B O O T H  Y, M. BORAT A V  o, p. B O R G E A U D  d, H. B O R N E R  s, C. BOSIO r, 
O. B O T N E R  '~, B. B O U Q U E T  ~, M. B O Z Z O  ~, S. B R A I B A N T  h, p. B R A N C H I N I  r, C. B R A N D  u, 
K.D.  B R A N D  t, R.C.A. B R O W N  h, N. B R U M M E R  v, J.M. B R U N E T  ~, L. B U G G E  r, T. B U R A N  ;, 
H. B U R M E I S T E R  a, C. B U T T A R  s, J .A.M.A. B U Y T A E R T  x, G. CABRAS q, M. CACCIA '1, 
S. C A I R A N T I  h, M. CALVI n, A.J. C A M A C H O  ROZAS P, J.E. C A M P A G N E  n, A. C A M P I O N  Y, 
T. C A M P O R E S I  u, V. C A N A L E  r, F. CAO x, L. C A R R O L L  Y, C. CASO ~, E. CASTELLI  q, 
V. C A S T I L L O  G I M E N E Z  i, A. CATTAI  h, F.R. CAVALLO ta, L. C E R R I T O  r, G. C H A D W I C K  h, 
P. C H A R P E N T I E R  h, p. C H E C C H I A  0, G.A. C H E L K O V  g, L. C H E V A L I E R  d, C. C H I C C O L I  e., 
P.V. C H L I A P N I K O V  u, V. C H O R O W I C Z  o, R. C IR IO  z, M.P. C L A R A  z, J.L. C O N T R E R A S  i, 
R. C O N T R I  ~, F. C O U C H O T  e, H.B. C R A W L E Y  ", D. C R E N N E L L  f, M. CRESTI  0, G. C R O S E T T I  ~, 
N. C R O S L A N D  s, M. C R O Z O N  ~, J. CUEVAS M A E S T R O  P, L.S. C U R W E N  Y, S. C Z E L L A R  g, 
E. D A H L - J E N S E N  x, B. D ' A L M A G N E  ~, M. D A M h, G. D A M G A A R D  z, G. D A R B O  ~, E. DAUBIE  x, 
M. D A V E N P O R T  u, A. DE A N G E L I S  q, M. DE BEER d, H. DE B O E C K  ", C. DE C L E R C Q  ", 
N. DE G R O O T  "t, C. DE  LA VAISSIERE o, D. D E L I K A R I S  h, p. D E L P I E R R E  ~, L. DI CIACCIO ~, 
A.N. D I D D E N S  ~', H. D I J K S T R A  h, N. D I M I T R I O U  ", F. D J A M A  w, j. D O L B E A U  ~, K. D O R O B A  ~, 
R. D O W N S  f, M. D R A C O S  w, j .  D R E E S  t, M. DRIS  ~', S. D U  ~, W. D U L I N S K I  ~, R. D Z H E L Y A D I N  u, 
D.N.  E D W A R D S  Y, L.O. E E K  '~, P.A.M. E E R O L A  a, T. E K E L O F  ~', G. E K S P O N G  ,1, M. ELLILA a, 
J.P. E N G E L  w, V. FALALEEV ", A. F E N Y U K  u, M. F E R N A N D E Z  A L O N S O  P, A. F E R R E R  i, 
S. F E R R O N I  6, T.A. F ILIPPAS ~,, A. F I R E S T O N E  ", M. F L I N N  ~, H. F O E T H  h, E. F O K I T I S  g, 
P. F O L E G A T I  n, F. F O N T A N E L L I  ~, H. F O R S B A C H  t, D. F R A I S S A R D  h, B. F R A N E K  f, 
K.E. F R A N S S O N  '~, P. F R E N K I E L  ~, D.C. FRIES m, A.G. F R O D E S E N  k, R. F R U H W I R T H  c, 
F. F U L D A - Q U E N Z E R  ~, J. F U S T E R  n, J .M. G A G O  b, M. G A I L L A R D  ~, G. G A L E A Z Z I  0, 
D. G A M B A  z, C. GASPAR b, U. G A S P A R I N I  0, p. G A V I L L E T  h, S. G A W N E  Y, E.N. GAZIS  g, 
J.F. G E N A T  o, K.W. G L I T Z A  t, R. G O K I E L I  o, V.M. G O L O V A T Y U K  g, P. G O M E S  b, 
J.J. G O M E Z  Y C A D E N A S  i, A. G O O B A R  n, G. G O P A L  t', M. G O R B I C S  ", B. G O R E T  h, 
M. G O R S K I  ~, G. G O U J O N  ,a, V. G R A C C O  ~, A. G R A N T  t,, E. G R A Z I A N I  r, J.P. G R I L L E T  h, 
I.A. G R I T S A E N K O  ~, M.H.  G R O S  ~, M. G R O S  d, G. G R O S D I D I E R  ~, B. G R O S S E T E T E  o 
B. G R U N G  k, L. G U G L I E L M I  ~, S. G U M E N Y U K  ~, J. G U Y  f, F. H A H N  t, M. H A H N  m, 
S. H A I D E R  h, j .  H A I S S I N S K I  ~, Z. H A J D U K  '~, A. H A K A N S S O N  J, A. H A L L G R E N  ", 
K. H A M A C H E R  t, G. H A M E L  DE M O N C H E N A U L T  d, F. H A R R I S  ~, B. H E C K  h, I. H E R B S T  t, 
J.J. H E R N A N D E Z  i, p. H E R Q U E T  ", H. H E R R  h, E. H I G O N  i H.J.  H I L K E  h, H. H O F M A N N  h, 

0370-2693/90/$ 03.50 © Elsevier Science Publishers B.V. ( North-Holland ) 425 



Volume 241, number 3 PHYSICS LETTERS B 17 May 1990 

T. H O F M O K L  ", S.O. H O L M G R E N  n, J.E. HOOPER ~, R. HORISBERGER h, M. H O U L D E N  Y, 
A. HRISOHO ~, J. HRUBEC c, K. H U I T U  a P.O. H U L T H  ", K. HULTQVIST ", D. HUSSON w, 
B.D. HYAMS h, D. IMBAULT o p. IOANNOU e P.S. IVERSEN k J.N. JACKSON Y, J.J. JAEGER ~, 
P. JALOCHA '~, G. JARLSKOG J, P. JARRY ,t, B. JEAN-MARIE ~, J. JOENSUU a, 
E.K. JOHANSSON i,, H. JOHANSSON o~, S. JOHANSSON J, M. JONKER h p. JUILLOT w 
R.B. KADYROV g, V.G. KADYSHEVSKIY g, G. KALKANIS e, G. KALMUS f, G. KANTARDJIAN h, 
S. KATSANEVAS e, E.C. KATSOUFIS ~', R. KERANEN a, N.N. KHOVANSKI g, B. KING Y, 
B. KISIELEWSKI '~, H. KLEIN h, W. KLEMPT h, A. KLOVNING k, p. KLUIT x B. KOENE ¥, 
P. KOKKINIAS v, I. KONTAXIS e, M. KOPF m M. KORATZINOS h, K. KORCYL '~, 
A.V. KORYTOV g, B. KORZEN h, p. KOSTARAKIS v, C. K O U R K O U M E L I S  ¢, 
T. KREUZBERGER c j. KROLIKOWSKI  ~', J. KRSTIC s, U. KRUENER-MARQUIS t 
W. KUCEWICZ n G. K U H N  h, K. KURVINEN a, M.I. LAAKSO ~, C. LAMBROPOULOS ", 
L. LANCERI q, D. LANGERVELD v, V. LAPIN u, j .p.  LAUGIER d, R. LAUHAKANGAS a, 
P. LAURIKAINEN a, B. LAVIGNE ~, J.C. LE G R A N D  h, H. LEBBOLO o, G. LEDER c 
J. L E M O N N E  x, G. L E N Z E N  t, V. LEPELTIER ~, A. LETESSIER-SELVON o J.A. LIDBURY f, 
E. LIEB ~, E. LILLESTOL h, E. L I L L E T H U N  k I. LIPPI o R. LLOSA i, B. LOERSTAD J, 
M. LOKAJICEK g, J.G. LOKEN s, M.A. LOPEZ AGUERA P, P. LORENZ t, D. LOUKAS w, 
R. LUCOCK f, B. LUND-JENSEN '~, P. LUTZ ~, L. LYONS s, G. MAEHLUM h O. MAELAND k 
J. MAILLARD ~, A. MALTEZOS v, S. MALTEZOS ~, F. MANDL c, j. MARCO P, J.C. MARIN h, 
A. MARKOU v, j. MAS ~, L. MATHIS 5, C. MATTEUZZ1,1, G. MATTHIAE r L. MATTSSON '~, 
M. MAZZUCATO o M. MC CUBBIN Y, R. MC KAY ", E. MENICHETTI  z, C. MERONI ,1, 
W.T. MEYER ", J. MICHALOWSKI '~, W.A. MITAROFF c G.V. MITSELMAKHER g, 
U. M J O E R N M A R K  J, T. MOA '1, R. MOELLER ~, K. MOENIG t, M.R. MONGE 8 p. MORETTINI  6 
H. MUELLER m, H. MULLER h M. MUR o, B. MURYN '~, G. MYATT s, F.L. NAVARRIA ~, 
P. NEGRI '1, B.S. NIELSEN ~', M. NIGRO o V. NIKOLAENKO ~, M. NONNI ~, J.M. NOPPE ~, 
M. N O R D B E R G  a S. NOUNOS ~, V. OBRAZTSOV ~, T. ODEGAARD r. R. ORAVA ~, 
A. OURAOU d, j. PAGOT ~, R. PAIN o K. PAKONSKI '~, H. PALKA '~, S. PALMA LOPES °, 
T. PAPADOPOULOU g, L. PAPE h, p. PASINI ~', M. PASSENEAU o A. PASSERI r, J.B. PATTISON h, 
M. PEGORARO o, V. PEREVOZCHIKOV u j. PEREZ h, M. PERNICKA ", G. PETRUCCI h, 
T. PETTERSEN k, M. PIMENTA b O. P INGO T x, C. PINORI o A. PINSENT ~, C. POIRET x, 
M.E. POL b, G. POLOK '~, P. POROPAT q, V.N. POZDNYAKOV g, P. PRIVITERA ~, A. PULLIA ,1, 
J. PYYHTIA a, p. QUERU h, S. QUINTON f, A.A. RADEMAKERS v, D. RADOJICIC s, 
S. RAGAZZI ~, R. RAGAZZON q, W.H. RANGE Y, J.C. RAOUL a, p. RATOFF ~, A.L. READ ¢, 
N.G. REDAELLI ,1, M. REGLER ~, D. REID Y, M.V. REIS b p. RENTON s, L.K. RESVANIS ~, 
F. RICHARD ~, J. RIDKY g, G. RINAUDO ~, I. RODITI  h, A.M. ROMAYA ~, A. ROMERO ~, 
P. RONCHESE o, R. R O N G V E D  k, E. ROSENBERG ", F. ROSSEL o E. ROSSO h p. ROUDEAU ~, 
T. ROVELLI e., V. R U H L M A N N  a, A. RUIZ I', K. RYBICKI '~, H. SAARIKKO a, D. SACCO ~, 
Y. SACQUIN d, C.W. SALGADO i, j. SALT i, E. SANCHEZ i, E. SANCHIS i, M. SANNINO 6, 
M. SCHAEFFER w, H. SCHNEIDER m F. SCURI q, A. SEBASTIA i, Y.V. SEDYKH g, A.M. SEGAR ~, 
R. SEKULIN f, M. SESSA q, G. SETTE 6, R. SEUFERT m, R.C. SHELLARD h, p. SIEGRIST ,t, 
S. SIMONETTI  6, F. S IMONETTO o, T.B. SKAALI ~, J. SKEENS ", G. SKJEVLING ;, G. SMADJA ,t, 
N.E. SMIRNOV ", G.R. SMITH r, R. SOSNOWSKI ~', K. SPANG ~, P. SPENTZOURIS ~, E. SPIRITI r, 
S. SQUARCIA 6, H. STAECK t C. STANESCU r, G. STAVROPOULOS v, F. STICHELBAUT x, 
A. STOCCHI ,1, j. STRAUSS ~, R. STRUB ", E. SUNDELL a, M. SZCZEKOWSKI ~, 
M. SZEPTYCKA ", P. SZYMANSKI ~', G. TH EODOSIOU v, A. TILQUIN ~, J. TIMMERMANS v, 
V.G. TIMOFEEV g, L.G. TKACHEV g, D.Z. TOET v, S. TOPP-JORGENSEN ~, A.K. T O P P H O L  k, 
L. TORTORA ~, D. TREILLE h, U. TREVISAN 6 G. TRISTRAM ~, C. T RONCON ,1 
T.K. T R U O N G  ~, E.N. TSYGANOV g, M. TURALA '~, R. T U R C H E T T A  w M.L. T U R L U E R  d 

426 



Volume 241, number 3 PHYSICS LETTERS B 17 May 1990 

T. T U U V A  a, I. T Y A P K I N  g, M. T Y N D E L  f, F. U D O  v, S. U E B E R S C H A E R  t, O. U L L A L A N D  h, 
V.A. U V A R O V  u, G. V A L E N T I  ~, G.W.  VAN A P E L D O O R N  v, P. VAN D A M  v, 
W.K.  VAN D O N I N C K  x, B. VAN E I J K  h, N. VAN E I J N D H O V E N  h, C. V A N D E R  V E L D E  x, 
J.P. V A N U X E M  h, j .  V A R E L A  b, p. VAZ b, G. V E G N I  n, M.E. V E I T C H  s, E. VELA i, j. V E L A S C O  i, 
L. V E N T U R A  o, W. V E N U S  r, D. V I L A N O V A  d, L. V I S E U  M E L O  b, N.K.  V I S H N E V S K I J  ", 
E.V. VLASOV u, A.S. V O D O P I A N O V  g, M. V O L L M E R  t, G.  V O U L G A R I S  ~, M. V O U T I L A I N E N  a, 
H. W A H L E N  t, C. W A L C K  n, F. W A L D N E R  q, M. W A Y N E  ~, P. W E I L H A M M E R  h, j .  W E R N E R  ~, 
A.M. W E T H E R E L L  h, J .H.  W I C K E N S  x, W.S.C. W I L L I A M S  s, M. W I N T E R  w, G. W O R M S E R  2, 
K. W O S C H N A G G  '~, N. Y A M D A G N I  n, J .M. Y E L T O N  s, A. Z A I T S E V  u, A. Z A L E W S K A  ~, 
P. Z A L E W S K I  ", E. Z E V G O L A T A K O S  v, G. Z H A N G  ~, N.I .  Z I M I N  g, A.I. Z I N C H E N K O  g, M. Z I T O  ~, 
R. Z I T O U N  o, R. Z U K A N O V 1 C H  F U N C H A L  ~, G. Z U M E R L E  o 
" Department of High Energy Physics, University ofHelsinki, Siltavuorenpenger 20 C, SF-O0170 Helsinki 17, Finland 
b LIP, Av. Elias Garcia 14- le. P-IO00 Lisbon Codex, Portugal 

Institut Fur Hochenergiephysik, Osterreichische Akademie der Wissenschaften, Nikolsdorfergasse 18, A- 1050 Vienna, Austria 
o DPhPE, CEN-Saclay, F-91191 GifSur-Yvette Cedex, France 

Physics Laboratory, University of Athens, Solonos Street 104, GR-I 0680 Athens, Greece 
r Rutheff'ordAppleton Laboratoo,, Chilton, Didcot OXI 10QX, UK 

Joint lnstituteJor Nuclear Research, Dubna, Head Post Office, P.O. Box 79, SU-I01 000 Moscow, USSR 
h CERN, CH-1211 Geneva 23, Switzerland 

lnstituto de Fisica Corpuscular (IF1C), Centro Mixto Universidad de Valencia-CS1C, 
Avda. Dr. Moliner 50, E-46100 Burjassot (Valencia), Spain 

J Department of Physics, University ofLund, SOlvegatan 14, S-223 63 Lund, Sweden 
k Department of Physics, University of Bergen, All~gaten 55, N-5007 Bergen, Norway 

Laboratoire de l'AccOl~'rateur Lin~aire, UniversitO de Paris-Sud, B&iment 200, 1:'-91405 Orsay, France 
m lnstitut~r Experimentelle Kernphysik, Universitiit Karlsruhe, Postfach 6980, D-7500 Karlsruhe 1, FRG 

Institute of Physics, University of Stockhohn, ~bnadisvdgen 9, S-113 46 Stockhohn, Sweden 
o LPNHE, Universit~s Paris VI et VII, Tour 33 (RdC), 4 place Jussieu, F- 75230 Paris Cedex 05, l'¥ance 
P Facultad de Ciencias, Universidad de Santander, av. de los Castros, E-39005 Santander, Spain 
q Dipartimento di Fisica, Universita di Trieste and INFN, Via A. Valerio 2, L34127 Trieste, Italy 

and lstituto di Fisica, Universitft di Udine, Via Larga 36, L33100 Udine, Italy 
r lstituto Superiore di Sanit& lstituto Nazionale di Fisica Nucleare (INFN), Viale Regina Elena 299, 1-00161 Rome, Italy 

and Dipartimento di Fisica, Universit~ di Roma H and INFN, Tor Vergata, 1-00173 Rome, Italy 
Nuclear Physics Laboratory, University of Oxford, Keble Road, Oxford OXI 3RH, UK 

t Fachbereich Physik, University ofWuppertal, Pos(fach 100 127, D-5600 Wuppertal 1, FRG 
Institute for High Energy Physics, Serpukhov, P.O. Box 35, SU-14 2 284 Protvino (Moscow Region), USSR 
Greek Atomic Energy Commission, Nuclear Research ('entre Demokritos, P.O. Box 60228, GR- 15310 Aghia Paraskevi, Greece 
Division des Hautes Energies, CRN-Groupe DELPHI, B.P. 20 CRO, F-67037 Strasbourg Cedex, France 
Physics Department, Universitaire Instelling Antwerpen, Universiteitsplein 1, B-2610 PVilrijk, Belgium 
and lillE, ULB- VUB, Pleinlaan 2, B- 1050 Brussels, Belgium 
and Service de Physique des Particules Elbmentaires, Facultb des Sciences, UniversitO de I'Etat Mons, Av. Maistriau 19, B- 7000 
Mons, Belgium 

Y Department of Physics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK 
Dipartimento di Fisica Sperimentale, Universitd di Torino and lNFN, Via P. Giuria 1, 1-10125 Turin, ltaly 
Department of Radiation Sciences, University of Uppsala, P.O. Box 535, S-751 21 Uppsala, Sweden 

I~ Dipartimento di Fisica, Universitd di Bologna and INFN, Via lrnerio 46, 1-40126 Bologna, Italy 
N1KHEF-H, Postbus 41882, NL- 1009 DB Amsterdam, The Netherlands 
Dipartimento di Fisica, Universitgt di Genova and 1NFN, Sezione di Genova, Via Dodecaneso 33, I-16146 Genoa, Italy 
Laboratoire de Physique Corpusculaire, Collkge de France, 11 place M. Berthelot, F- 75231 Paris Cedex 5, France 
Physics Department, University of Oslo, Blindern, N-IO00 Oslo 3, Norway 

n Dipartimento di Fisica, Universitdl di Milano and INFN, Via Celoria 16, 1-20133 Milan, Italy 
o Dipartimento di Fisica, Universit~ di Padova and INFN, Via Marzolo 8, L35131 Padua, Italy 

Ames Laboratory and Department of Physics, Iowa State University, Ames IA 5001 I, USA 
Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen O, Denmark 

u Institute for Nuclear Studies, and University of Warsaw, Ul. Ho±a 69, PL-O0681 Warsaw, Poland 
Physics Department, National Technieal UniversiO,, Zografou Campus, GR-15 773 Athens, Greece 
High Energy Physics Laboratory, Institute of Nuch,ar Physics, Ul. Kawiory 26 a, PL-30055 Cracow 30, Poland 

427 



Volume 241,number 3 

Received 14March 1990 

PHYSICS LETTERS B 17May 1990 

Measurements are presented of the cross section ratios R~=aQ(e+e - -,~+~- )/ah(e+e---,hadrons) for I~=e, g and ~ using data 
taken from a scan around the Z °. The results are Re = ( 5.09 _+ 0.32 ± 0.18 )%, R u = (4.96 ± 0.35 ± 0.17 )% and R,= (4.72 _+ 0.38 ± 
0.29 )% where, for the ratio Re, the t-channel contribution has been subtracted. These results are consistent with the hypothesis of 
lepton universality and test this hypothesis at the energy scale s~ 8300 GeV z. The absolute cross sections cr~(e+e-~+~ - ) have 
also been measured. From the cross sections the leptonic partial widths F~ = ( 83.2 ± 3.0 ± 2.4 ) MeV, (leT',) ~/2 = ( 84.6 + 3.0 ± 2.4 ) 
MeV and (FeF~)Wz= ( 82.6 ± 3.3 + 3.2 ) MeV have been extracted. Assuming lepton universality the ratio F~/Fh = (4.89 ± 0.20 ± 
0.12 )X 10 -2 was obtained, together with F~ = (83.6 ± 1.8 ± 2.2 ) MeV. The number of light neutrino species is determined to be 
N~ = 3.12 ± 0.24 ± 0.25. AI the data are consistent with the predictions of the standard model. 

1. Introduction 

In this pape r  we present  the  results  o f  a s tudy  o f  the 

lep tonic  decays  Z ° - ~ + ~  - ( ~ = e ,  p., ~), using da ta  

taken  with  the D E L P H I  de tec to r  at the L E P  col l ider  

at C E R N  at ten centre  o f  mass energies be tween  88.28 

and  95.04 GeV.  

T h e  cross sec t ion  for  the  s -channel  p r o d u c t i o n  o f  a 

f e r m i o n  pa i r  f f  near  the  Z ° pole  can be wr i t ten  as a 

m o d i f i e d  Born  a p p r o x i m a t i o n  [ 1 ] 

ar =a(  e + e - ~ f f )  

s 1 2zrFeFr 
= M~ ( s - M ~ ) 2 + s 2 F 2 7 / M ~  [ l + 6 ( s ) ]  , 

where  M z  and  Fz  are the  mass  and  to ta l  wid th  o f  the 

Z ° boson,  *re is the par t ia l  w id th  for the  decay 

Z ° - , e + e  - ,  Fr  is the  par t ia l  wid th  for the  decay 

Z°--,ff,  s is the square  o f  the  cent re  o f  mass  energy 

and  6(s)  accounts  for the effects  o f  r ad ia t ive  correc-  

t ions.  The  above  fo rmu la  refers to the  s -channel  ex- 

change o f  the  Z ° only. In add i t i on  there  is an s-chan-  

nel pho ton  t e rm as well as an in te r fe rence  t e rm 

be tween  the two ampl i tudes .  F u r t h e r m o r e ,  for  the 

channel  e+e  - ~ e + e  - there are t -channel  te rms  for the 

exchange o f  both  the 3' and Z °. These  addi t iona l  terms,  

toge ther  wi th  the effects  o f  h igher  o rde r  t e rms  which  

s ignif icant ly  d is tor t  the cross sect ion l ine shape,  are 
fully taken  into  accoun t  as d iscussed below. Resul ts  

are p resen ted  on the cross sect ion ra t ios  

a ( e + e - - ~ + ~  - ) 

a (e + e -  --, hadrons  ) ' 

and  on the b e h a v i o u r  o f  the cross sect ion a~ as a func-  

t ion  o f  x/~. 

2. Apparatus and data collection 

Detai l s  o f  the D E L P H I  de tec to r  can be found  in 

re±. [ 2 ]. The  analysis  was res t r ic ted to the barrel  re- 

gion cover ing  the angular  range 50 ° < 0 <  130 °, where 

0 is the polar  angle wi th  respect  to the inc ident  e -  

d i rec t ion  ( the  z-axis) .  The  ma in  c o m p o n e n t s  o f  

D E L P H I  used were  as follows: 

- The  inner  de tec to r  ( I D ) ,  the t i m e  pro jec t ion  cham-  

ber  ( T P C )  and the ou te r  de tec to r  ( O D )  for charged 

t rack recons t ruc t ion .  

- The  high dens i ty  p ro jec t ion  c h a m b e r  ( H P C )  to 

d is t inguish  e lec t rons  f rom m i n i m u m  ionis ing 

particles.  

- The  barre l  m u o n  chambers  ( M U B )  for m u o n  

ident i f ica t ion .  

- The  t ime-of- f l ight  counters  ( T O F )  for tr iggering. 

- The  had ron  ca lo r ime te r  ( H A C )  to cross-check the 

m u o n  ident i f ica t ion .  

- The  small  angle tagger ( S A T )  to d e t e r m i n e  the 

luminosi ty .  

For  lep tonic  events ,  the  t r igger  was an O R  of  the  fol- 

lowing sub-triggers:  

- Co inc idences  o f  back- to-back T O F  sectors.  

- Co inc idences  be tween  ID and  O D  requ i r ing  back- 

to -back  tracks. 
- The  H P C  sc in t i l la tor  system set to a th reshold  o f  

~ 2 GeV.  
T h e  measu red  tr igger eff iciencies,  wi th  the  statis- 

t ical  and  sys temat ic  errors  inc luded,  were  97 + 2% for 
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the ~a+~t - and x+~-  channels and > 99.7% for the 
e+e - channel.  These efficiencies were de te rmined  
using the final event  samples  extracted as descr ibed 
below. 

The luminosi ty determinat ion using the SAT [2,3] 
was es t imated to have a systematic error  of  _+ 2.4%. 

The raw data,  part  o f  which ( ~  30%) was taken 
with a magnet ic  field of  0.7 T and the remainder  with 
the nominal  field of  1.2 T, were processed by the 
DELPHI  analysis package, D E L A N A  [4] .  Events 
with eight or less charged part icles coming from the 
interact ion region were init ial ly selected as leptonic 
candidates .  The interact ion region was defined by 
16zl < 3.0 cm and 8r < 1.5 cm, where 5z and 5r are the 
distances of  closest approach to the nominal  interac- 
t ion point  in the longi tudinal  and radial  direct ions 
respectively. 

The addi t ional  selection cri teria for the various 
lepton channels are descr ibed in the following sec- 
tions. For  each channel,  the data  sample is restr icted 
to those exper imental  runs where the required detec- 
tor  components  were fully functional.  Consequently,  
the numbers  of  events in each channel are not di- 
rectly comparable .  The selection cri teria descr ibed 
below were cross-checked by scanning a sample of  
events on graphical  devices. 

In order  to de te rmine  the cross section rat ios R~, 
the number  o f  hadronic  Z ° decays at each energy was 
also de te rmined  as descr ibed in ref. [3] .  The statis- 
tical errors on the numbers  of  hadronic  events were 
small in compar ison  with those for the leptonic 
channels. 

To evaluate the acceptance of  the appara tus  for a 
given channel and to compute  the size of  some of  the 
potent ial  backgrounds,  a detai led s imulat ion pro- 
gram DELSIM [5] was used. The event generators 
BABAMC [6],  DYMU3 [7] and K O R A L Z  [8] were 
used for the final states e+e - ,  B+p. - and z+~ - respec- 
tively. The s imulated da ta  were analysed in an iden- 
tical manner  to the real data. 

3 .  Z ° ~ e + e  - c h a n n e l  

The selection of  e+e - - - , e+e  - events was made  by 
requiring: 
- At least one energy cluster in the HPC with E >  25 
GeV ( E >  15 GeV for the B = 0 . 7  T da ta ) .  

- At least one HPC energy cluster with E >  10 GeV in 
the hemisphere  opposi te  the most energetic one. 
- These clusters to be compat ib le  with extrapolated 
charged tracks reconstructed in the TPC a n d / o r  ID. 
- The acol l ineari ty  angle to be less than 10 °. 
- The most energetic cluster to be within the angular 
region 50 ° < 0 <  130 °. 
- A fiducial  region cut, appl ied  to the most  energetic 
cluster, to avoid the border  regions of  the HPC 
modules.  

This gave a total of  263 events. This number  of  
events was corrected by the following factors: 
- 0.94 + 0.02 for the zT background,  es t imated by us- 
ing D E L S I M / K O R A L Z  and also from a sample of  
real zz events (section 5). Con tamina t ion  from had- 
ronic and yy events was negligible. 
- 1.03_+0.01 for the acoll ineari ty cut. This correc- 
tion, evaluated by simulat ion,  changes slightly with 
the beam energy. 
- 1.02 _+ 0.01 for losses due to cuts on energy deposi-  
t ion and track reconstruction,  de te rmined  by 
simulat ion.  
- 1.27 for geometric  losses due to the fiducial region 
cut. 

For  each energy the uncorrected numbers  of  events 
within the selected angular region and the corre- 
sponding cross sections are given in table 1. 

The cross section ratio Re, corresponding to the s- 
channel alone, has been de te rmined  by correcting for 

Table 1 

The  n u m b e r  o f  selected events  and  cross sect ions for the e+e  - 

final state. The cross sections are for the angular interval 
50 ° <0< 130 ° and the errors are statistical only. No t-channel 
subtraction has been made to the cross sections. The correspond- 
ing integrated luminosity is 510 nb- '. The overall systematic er- 
ror on these points is _+ 4.1%. 

F \ /s  Number of ~(e+e- ) 
[GeV] e+e events [nb] 

88.28 15 0.36__+0.10 
89.28 16 0.44_+0.11 
90.28 37 0.83_+0.15 
91.04 47 0.92_+0.13 
91.28 43 0.84_+0.13 
91.54 66 0.87_+0.11 
92.29 13 0.53__+0.15 
93.28 12 0.32__+0.09 
94.28 10 0.37__+0.11 
95.04 4 0.37__+0.18 
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Fig. 1. Cross sect ions  for ( a )  e + e - - e + e  - ,  ( b )  e + e - - , l a + ~ t  - and 
( c )  e + e - - - , ' t +x  - as a funct ion  o f  the centre o f  mass  energy xfs  

around the Z ° pole. The  curves  are fits to the data and are de- 
scribed in the text. All the cross sect ions  are for the angular re- 
g ion 50 ° < 0 <  130 °. N o  t-channel  subtract ion has been m a d e  for 
the cross sect ion for e + e - - , e + e  - .  

the t-channel exchange contribution using the ana- 
lytic expression given in ref. [ 9 ]. The average correc- 
tion factor was 0.85. The average cross section ratio, 
extrapolated to the full (4n)  angular range, was de- 
termined to be 

Re = (5.09 +_ 0.32 + 0.18)% , 

where the first error is the statistical error and the 
second is the est imated systematic error. The system- 
atic error comes  from both the uncertainties in the 
correction factors and from the uncertainty in the de- 
termination of  the number of  hadronic Z ° decays. 

The partial width Fe was extracted by fitting the 
cross section distribution with the same expression 
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[9]. The contr ibut ion of hard photon final states not 
included in this expression was evaluated by Monte 
Carlo methods [6]. The mass and the total width of 
the Z ° were fixed to the values found by DELPHI [ 3 ] 
from a fit of the hadronic line shape, namely 
Mz = 91.171 GeV and F z =  2.511 GeV. The fit, shown 
in fig. l a, gave a value of 

Fe = 83.2-+ 3.0 + 2.4 MeV.  

Due to the small statistics at some energy points 
the fit was made using a maximum likelihood method 
and Poisson statistics. The systematic error includes 

the uncertainties in the values of Mz ( _+ 0.030 GeV 
statistical error and _+ 0.030 GeV due to the beam en- 
ergy uncer ta inty)  and Fz ( _+ 0.065 GeV statistical er- 
ror) given above. 

In order to estimate the size of the theoretical un- 
certainties in extracting Fe, a fit was also made to the 
cross section data corrected for the t-channel contri- 
bution. This fit was performed in the same way as 
that for the lag and zx channels using the method of 
Bardin et al. and the program ZCUTCOS [ 10]. The 
value found for F~ is about 3 MeV higher than that 
quoted above. 

4 .  Z ° ~ + g  - c h a n n e l  

An initial selection of e+e - ~ p_+p.- candidates was 
made by requiring two charged tracks with: 
- The m o m e n t u m  of each track greater than 15 GeV/  
c ( 10 GeV/c  for the B = 0 . 7  T data) .  
- At least one track in the angular range 
50 ° < 0< 130 °. 
- The acollinearity angle less than 10 °. 

Cosmic rays, identified as being out of t ime with 
respect to the beam cross over by t iming measure- 
ments  using the OD or TOF, were removed. 

Two methods were used for muon  identification: 
(a) The association of at least one hit in the MUB 

with the extrapolated charged track. 
(b)  The association of a non-showering track in the 

HPC (less than 20 hits) with the extrapolated charged 

track. 
For each of the two methods, the identification ef- 

ficiency for a single muon  was established from the 
data using event samples where both tracks had been 
identified as muons  using the other method. This el- 

ficiency, after a small correction for the zx back- 
ground determined from simulation for each method, 
was found to be 95+ 2%  for method (a) (consistent 
with the MUB dead space) and 98+  1% for method 

(b) .  
The g+p.- events were selected by requiring each 

track to be identified by either method (a) or method 
(b) .  This gave a total sample of 195 events with an 

overall identification efficiency of 99.8+0.2%. A 
sample of these events was checked for consistency 
with two m i n i m u m  ionising particles traversing the 

HAC. 
The number  of events was corrected by the follow- 

ing factors: 
- 0.96 + 0.01 for the ~+z- background, estimated us- 
ing DELSIM/KORALZ.  This was cross-checked us- 
ing the HAC data. The e+e - background was 

negligible. 
- 1.07 _+ 0.02 for the loss of tracks in the dead space 

of the TPC. 
- 1.03 _+ 0.02 for the trigger efficiency. 
- 1.03_+0.01 for the acollinearity and momen tum 

cuts. 
For each energy, the uncorrected numbers of events 

within the selected angular region and the corre- 
sponding cross sections are given in table 2. Taking 
into account the systematic errors discussed above, 
the cross section ratio corresponding to the full an- 

gular range was determined to be 

Table 2 
The number of selected events and cross sections for the la+la - 
final state. The cross sections are for the angular interval 
50 ° <0< 130 ° and the errors are statistical only. The corre- 
sponding integrated luminosity is 390 nb- '. The overall system- 
atic error on these points is _+4.1%. 

X/S Number of a(g+ p- - ) 
[GeV] g+g- events [nb] 

88.28 5 0.13+0.06 
89.28 7 0.24+0.09 
90.28 14 0.35+0.09 
91.04 30 0.72+0.13 
91.28 33 0.80+0.14 
91.54 70 0.90__+0.11 
92.29 13 0.50_+0.14 
93.28 17 0.39__+0.09 
94.28 3 0.37_+0.21 
95.04 3 0.25_+0.15 
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R~ = (4 .96_+0 .35+0 .17 )%.  

A fit, shown in fig. lb,  to the It+it - cross section, 
using the method  of  Bardin et al. and the program 
ZCUTCOS [10] with values for Mz and Fz  given 
above, gave the result 

( FeFo ) I /2= 84.6 + 3.0 _+ 2.4 M e V .  

The systematic  error  includes the uncertaint ies  in 
the values of  Mz and Fz  given above. 

5 .  Z ° - ~ + z  - c h a n n e l  

The analysis of  the e+e - - - , z + x -  channel was re- 
str icted to events where one of  the taus decayed into 
a single isolated charged part icle and the other de- 
cayed into n charged particles where n var ied from 1 
to 5 (referred to below as topology l - n ) .  The re- 
qui rement  of  an isolated track was imposed  to min- 
imise the background from qCl events. 

The selection of  candidates for these topologies was 
made requiring: 
- The total  visible energy was greater than 8 GeV. 
- Only tracks with m o m e n t u m  greater than 1 G e V / c  
were considered.  
- The isolated charged track was ident i f ied by requir- 
ing the angle to the nearest  t rack to be greater than 
150 ° . 

- The polar  angles of  the isolated track and at least 
one track in the opposi te  hemisphere  to be in the an- 
gular range 50 ° < 0 <  130 °. 

For  topology 1-1, expected to be the most abun- 
dant ,  events were selected if: 
- The total  charge was zero. 
- The electromagnet ic  energy was less than 30 GeV 
on each side to reduce the background from e+e - 
events. 
- Either the total  e lectromagnet ic  energy deposi t ion  
was greater than 3 GeV or there were no hits associ- 
ated in the MUB with the extrapola ted t r ack ( s )  on 
at least one side. These selection cri teria reduce the 
g + g -  background.  

After  this selection the background from e+e - and 
It+la- events was es t imated to be ~30%.  This was 
reduced by two orders  of  magni tude  using the follow- 
ing topological  proper t ies  of  x+z-  events: 
- The acoplanar i ty  angle> 1 ° or the acoll ineari ty 
angle > 3 ° 

- The sum of  the absolute values of  momen ta  of  the 
tracks was less than 60 GeV/c .  

For  topologies l - n ,  where n >  2, no further selec- 
t ion was required after the polar  angle and isolat ion 
cuts had been made as described earlier. From Monte 
Carlo studies the contamina t ion  in these topologies 
from hadronic  events was es t imated to be about 6%. 
The losses of  x+x - events due to y conversion and 
secondary interact ions producing topologies with 
n > 5 were es t imated to be also about  6%. As a result 
no addi t ional  correct ions were made for these ef- 
fects, but  a systematic uncertainty of  6% in the selec- 
t ion procedure  has been included for this topology. 

Events of  topology 1-2 can arise from pat tern rec- 
ognit ion failure causing the loss of  a track in 1-3 to- 
pology events or from the inclusion of  a spurious track 
to events of  the 1-1 topology. The ident i f icat ion pro- 
cedure adopted  was as that  for the 1-1 topology. 

These selection procedures gave a total of  158 
events, of  which 84 were in the 1-1 topology, 28 in 
the 1-2 and 46 in the 1-n (n > 2). For  all topologies 
the yy background was calculated to be negligible. 

The efficiency of  the selection procedures has been 
de te rmined  to be 64.5_+ 3.6% in the selected polar  
angular region using D E L S I M / K O R A L Z .  The divi-  
sion of  the s imulated events between the various to- 
pologies agreed, within the statistics, with the data. 
The systematic error  has been de te rmined  by varying 
the different  cuts and studying the stabili ty of  the 
results. 

For each energy, the uncorrected numbers of  events 
within the selected angular region and the corre- 
sponding cross sections are given in table 3. Taking 
into account the systematic errors discussed above, 
the cross section ratio corresponding to the full an- 
gular range was de te rmined  to be 

Re = (4.72 _+ 0.38 _+ 0.29 )%.  

A fit, shown in fig. lc, to the z + z -  cross section, 
using the method  of  Bardin et al. and the program 
Z CU T CO S [10] with values for Mz and Fz given 
above, gave the result 

(FcF¢)~/2=82.6 +_3.3 _+ 3.2 M e V .  

The systematic error includes the uncertaint ies in 
the values of  Mz and Fz given above. 
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Table 3 

The number of selected events and cross sections for the x + x  - 

final state. The cross sections are for the angular interval 
5 0 ° < 0 <  130 ° and the errors are statistical only. The corre- 
sponding integrated luminosity is 457 nb-~. The overall system- 
atic error on these points is +_ 6.5%. 

Number of a ( x + x  - ) 

[GeV] x+x- events [nb] 

88.28 7 0.27__+0.10 
89.28 5 0.36+__0.16 
90.28 12 0.41 +_0.12 
91.04 34 0.85+_0.15 
91.28 34 0.62 +_ 0.11 
91.54 47 0.93__+0.14 
92.29 12 0.47_+0.14 
93.28 3 0.12+_0.07 
94.28 2 0.25_+0.18 
95.04 2 0.18+_0.13 

6. Discussion and summary 

The results for the cross section ratios Re, R, and 
Re are in agreement with each other. The partial 
widths for the three leptonic channels are also in good 
agreement. Thus these results are in agreement with 
the hypothesis of lepton universality and test it at 
values of s~  8300 GeV 2. 

The results of  the cross section ratios for the three 
leptonic channels have been combined by taking a 
weighted average to give a value 

R~= (4 .96±0.20+0.12)%.  

From this value the ratio of the partial widths F~/Fh 
has been obtained by subtracting the estimated s- 
channel photon contributions. The result is 

F~/Fh = (4.89±0.20±0.12)  × 10 -2 . 

The leptonic widths from the three channels have also 
been combined, giving 

F~ = (83.6 ± 1.8±2.2) MeV. 

These results are also compatible with the values 
expected from the standard model. Taking the QCD 
coupling constant to be as = 0.12 and the mass of the 
Higgs scalar to be 100 GeV/c 2, the predicted stan- 
dard model values are F~= 83.4 MeV for a top quark 
mass of mr=90 GeV/c 2 and F~=84.6 for mr=220 

GeV/c 2. The predicted value of F~/Fh = 4.81% with 
a variation of less than 0.01% for top quark masses 
in the range 90 ~< mt ~< 220 GeV/c 2. 

The results of the above measurements can also be 
used to estimate the number of light neutrino species. 
Assuming lepton universality the total width of the 
Z ° can be written as Fz = Fh + 3F~ + Fi,v, where Fh and 
Finv are the hadronic and invisible widths respec- 
tively. This can be rearranged as 

rinv 1 /'h 3,  
G - B~ G 

where B~=F~/Fz is the leptonic branching ratio. It 
can be seen from the expression for the cross section 
that the leptonic cross section at the Z ° pole is pro- 
portional to B~. The lap. final state is used to estimate 
Fi,v/F~ as this channel is free from uncertainties oft- 
channel subtraction and has smaller errors than the 
~ channel. From the p.g cross section data and the 
measured value of R, this gives 

Finv 
- -  =6 .22±0.47±0.50  . 
G 

The small statistical error is a consequence of the 
strong (anti)correlation between R~ and B~ as stressed 
by Feldman [ 11 ]. 

Assuming only the standard model for the ratio Fv/ 
F~= 1.993±0.001 one obtains for the number of v 
families 

Nv = 3.12 ± 0.24±0.25.  

The main source of systematic error is the uncer- 
tainty on the luminosity. 

In conclusion, these results are in agreement with 
the predictions of the standard model. The results are 
also in agreement with the results of other experi- 
ments at LEP and at SLC [ 12 ]. 
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