Eur. Phys. J. C 16, 229-252 (2000)
Digital Object Identifier (DOI) 10.1007/s100520000402 THE EUROPEAN
PHYSICAL JOURNAL C

Societa Italiana di Fisica
© Springer-Verlag 2000

A study of the Lorentz structure in tau decays
The DELPHI Collaboration

P.Abreu??, W.Adam®?, T.Adye3®, P.Adzic'?, Z.Albrecht'®, T.Alderweireld?, G.D.Alekseev'”, R.Alemany®!,
T.Allmendinger'®, P.P.Allport?3, S.Almehed?®, U.Amaldi®?°, N.Amapane*”, S.Amato?’, E.G.Anassontzis>,
P.Andersson®, A.Andreazza®, S.Andringa??, P.Antilogus?®, W-D.Apel®, Y.Arnoud?, B.Asman?®®, J-E.Augustin2%,
A.Augustinus®, P.Baillon®, P.Bambade?’, F.Barao??, G.Barbiellini*®, R.Barbier?®, D.Y.Bardin'”, G.Barker'®,

A Baroncelli*®, M.Battaglia', M.Baubillier?*, K-H.Becks®?, M.Begalli®, A.Behrmann®*, P.Beilliere®, Yu.Belokopytov?,
K.Belous**, N.C.Benekos?3, A.C.Benvenuti®, C.Berat'®, M.Berggren®*, D.Bertrand?, M.Besancon*!, M.Bigi*’,
M.S.Bilenky'”, M-A.Bizouard?®, D.Bloch!®, H.M.Blom??, M.Bonesini?’, M.Boonekamp*!', P.S.L.Booth?3,

AW .Borgland?, G.Borisov2?, C.Bosio*?, O.Botner®®, E.Boudinov®2, B.Bouquet??, C.Bourdarios?°, T.J.V.Bowcock?3,
L.Boyko'”, I.Bozovic'?, M.Bozzo, M.Bracko?®, P.Branchini‘®, R.A.Brenner®®, P.Bruckman®, J-M.Brunet®,
L.Bugge®*, T.Buran®*, B.Buschbeck®?, P.Buschmann®®, S.Cabrera®', M.Caccia?®, M.Calvi??, T.Camporesi®,
V.Canale®®, F.Carena®, L.Carroll??, C.Caso'*, M.V.Castillo Gimenez®!, A.Cattai’, F.R.Cavallo®, V.Chabaud?,
M.Chapkin®*, Ph.Charpentier?, P.Checchia3”, G.A.Chelkov!?, R.Chierici*”, M.Chizhov'”, P.Chliapnikov®44,
P.Chochula’, V.Chorowicz?®, J.Chudoba®!, K.Cieslik!?, P.Collins?, R.Contri'4, E.Cortina®!, G.Cosme??, F.Cossutti?,
H.B.Crawley!, D.Crennell?®, S.Crepe!®, G.Crosetti'4, J.Cuevas Maestro®®, S.Czellar'®, M.Davenport?, W.Da, Silva?4,
G.Della Ricca®®, P.Delpierre?”, N.Demaria®, A.De Angelis*®, W.De Boer'®, C.De Clercq?, B.De Lotto*®, A.De Min®’,
L.De Paula®®, H.Dijkstra®, L.Di Ciaccio®3?, J.Dolbeau®, K.Doroba®3, M.Dracos'?, J.Drees®*, M.Dris??, A.Duperrin?®,
J-D.Durand?, G.Eigen®*, T.Ekelof?’, G.Ekspong*%, M.Ellert®, M.Elsing®, J-P.Engel'®?, M.Espirito Santo?,
G.Fanourakis'?, D.Fassouliotis'?, J.Fayot?*, M.Feindt'®, A.Fenyuk**, A.Ferrer®!, E.Ferrer-Ribas?’, F.Ferro'4,
S.Fichet?*, A.Firestone', U.Flagmeyer®*, H.Foeth?, E.Fokitis®®, F.Fontanelli'*, B.Franek3®, A.G.Frodesen?,
R.Fruhwirth®?, F.Fulda-Quenzer?’, J.Fuster®!, A.Galloni®*, D.Gamba*”, S.Gamblin?’, M.Gandelman*?,
C.Garcia®!, C.Gaspar?, M.Gaspar®®, U.Gasparini®*’, Ph.Gavillet?, E.N.Gazis®*?, D.Gele'?, N.Ghodbane?S,

1.Gil®!, F.Glege®*, R.Gokieli??2, B.Golob?%, G.Gomez-Ceballos*?, P.Goncalves??, I.Gonzalez Caballero*?,
G.Gopal®®, L.Gorn', Yu.Gouz**, V.Gracco', J.Grahl', E.Graziani*®, P.Gris*!, G.Grosdidier??, K.Grzelak®?,
J.Guy?®, C.Haag!'®, F.Hahn®, S.Hahn®*, S.Haider?, A.Hallgren®®, K.Hamacher®*, J.Hansen®*, F.J Harris?¢,
V.Hedberg”?%, S.Heising'®, J.J.Hernandez®', P.Herquet?, H.Herr?, T.L.Hessing®®, J.-M.Heuser®*, E.Higon®?,
S-O.HolmgrenS, P.J.Holt3¢, S.Hoorelbeke?, M.Houlden??, J.Hrubec®?, M.Huber'®, K.Huet?, G.J.Hughes??,
K.Hultqvist?*6, J.N.Jackson?3, R.Jacobsson®, P.Jalocha!?, R.Janik”, Ch.Jarlskog?®, G.Jarlskog?®, P.Jarry*!,
B.Jean-Marie?°, D.Jeans®®, E.K.Johansson*®, P.Jonsson?%, C.Joram?, P.Juillot'?, L.Jungermann'®, F.Kapusta?4,
K.Karafasoulis'?, S.Katsanevas?, E.C.Katsoufis®®, R.Keranen'®, G.Kernel*®, B.P.Kersevan*®, B.A.Khomenko'”,
N.N.Khovanski'?, A .Kiiskinen'®, B.King??, A Kinvig??, N.J.Kjaer?, O Klapp®*, H.Klein?, P.Kluit3?, P.Kokkinias'2,
V.Kostioukhine**, C.Kourkoumelis?®, O.Kouznetsov*', M.Krammer®?, E.Kriznic*®, J.Krstic'?, Z.Krumstein!”,
P.Kubinec”, J. Kurowska®?, K.Kurvinen'®, J.W.Lamsa'!, D.W.Lane!, V.Lapin**, J-P.Laugier*!, R.Lauhakangas'®,
G.Leder®?, F.Ledroit'®, V.Lefebure?, L.Leinonen®%, A.Leisos'?, R.Leitner®!, J.Lemonne?, G.Lenzen®*, V.Lepeltier??,
T.Lesiak'®, M.Lethuillier*!, J.Libby3®, W.Liebig®*, D.Liko?, A.Lipniacka®®, I.Lippi®”, B.Loerstad®®, J.G.Loken>5,
J.H.Lopes*®, J.M.Lopez*?, R.Lopez-Fernandez'®, D.Loukas'?, P.Lutz*', L.Lyons3¢, J.MacNaughton®?, J.R.Mahon®,
A.Maio?2, A.Malek®, T.G.M.Malmgren?6, S.Maltezos®?, V.Malychev!”, F.Mandl°?, J.Marco*?, R.Marco*?,
B.Marechal?®, M.Margoni®?, J-C.Marin®, C.Mariotti®, A.Markou'?, C.Martinez-Rivero?°, F.Martinez-Vidal®,
S.Marti i Garcia?, J.Masik!'3, N.Mastroyiannopoulos'?, F.Matorras*?, C.Matteuzzi??, G.Matthiae®?, F.Mazzucato>’,
M.Mazzucato®”, M.Mc Cubbin??, R.Mc Kay', R.Mc Nulty?3, G.Mc Pherson?3, C.Meroni?®, W.T.Meyer!, E.Migliore®,
L.Mirabito?s, W.A .Mitaroff°?, U.Mjoernmark?®, T.Moa*®, M.Moch!'®, R.Moeller3®, K.Moenig®!!, M.R.Monge'4,
D.Moraes*?, X.Moreau?*, P.Morettini'4, G.Morton®®, U.Mueller®*, K.Muenich®*, M.Mulders3?, C.Mulet-Marquis'®,
R.Muresan?®, W.J . Murray®?, B.Muryn'?, G.Myatt36, T.Myklebust3*, F.Naraghi'®, M.Nassiakou'?, F.L.Navarria®,
S.Navas®!, K.Nawrocki®, P.Negri??, N.Neufeld?, R.Nicolaidou*!, B.S.Nielsen®’, P.Niezurawski®?, M.Nikolenko!'%17,
V.Nomokonov!'®, A .Nygren?®, V.Obraztsov**, A.G.Olshevski'”, A.Onofre??, R.Orava'®, G.Orazi'?, K.Osterberg!®,
A.Ouraou®', M.Paganoni®”, S.Paiano®, R.Pain?*, R.Paiva??, J.Palacios®¢, H.Palka!?, Th.D.Papadopoulou®33,
K.Papageorgiou'?, L.Pape?, C.Parkes?, F.Parodi'4, U.Parzefall?3, A Passeri??, O.Passon®*, T.Pavel®®, M.Pegoraro®7,
L.Peralta??, M.Pernicka®?, A.Perrotta®, C.Petridou®, A.Petrolini'4, H.T .Phillips®®, F.Pierre*!, M.Pimenta??,
E.Piotto?®, T.Podobnik*®, M.E.Pol®, G.Polok'?, P.Poropat*®, V.Pozdniakov'?, P.Privitera3’, N.Pukhaeva!”,
A.Pullia?®, D.Radojicic®®, S.Ragazzi??, H.Rahmani®?, J.Rames'?, P.N.Ratoff>!, A.L.Read®*, P.Rebecchi’,



230 The DELPHI Collaboration: A study of the Lorentz structure in tau decays

N.G.Redaelli??, M.Regler®?, J.Rehn'®, D.Reid®?, R.Reinhardt®*, P.B.Renton3%, L.K.Resvanis?®, F.Richard?’,
J.Ridky'3, G.Rinaudo?”, I.Ripp-Baudot'®, O.Rohne*, A.Romero?”, P.Ronchese?’, E.I.Rosenberg', P.Rosinsky”’,
P.Roudeau?®’, T.Rovelli®, Ch.Royon*', V.Ruhlmann-Kleider*!, A.Ruiz*?, H.Saarikko'®, Y.Sacquin*!, A.Sadovsky!”,
G.Sajot!'®, J.Salt®!, D.Sampsonidis'?, M.Sannino'*, Ph.Schwemling?*, B.Schwering®*, U.Schwickerath!®,
F.Scuri®, P.Seager?!, Y.Sedykh!”, A.M.Segar3%, N.Seibert'®, R.Sekulin®®, R.C.Shellard®, M.Siebel®*, L.Simard?*!,
F.Simonetto®”, A.N.Sisakian'7, G.Smadja?%, O.Smirnova?®, G.R.Smith38, A.Sopczak'®, R.Sosnowski®?, T.Spassov??,
E.Spiriti*®, S.Squarcia'4, C.Stanescu®®, S.Stanic*®, M.Stanitzki'®, K.Stevenson®®, A.Stocchi?®, J.Strauss®2, R.Strub!?,
B.Stugu®*, M.Szczekowski®®, M.Szeptycka®3, T.Tabarelli??, A.Taffard?3, O.Tchikilev**, F.Tegenfeldt®, F.Terranova??,
J.Thomas3%, J.Timmermans®?, N.Tinti®, L.G.Tkatchev!”, M.Tobin??, S.Todorova®, A.Tomaradze?, B.Tome?2,
A.Tonazzo?, L.Tortora?®, P.Tortosa®!, G.Transtromer?®, D.Treille?, G.Tristram®, M.Trochimczuk®?, C.Troncon?®,
M-L.Turluer*!, I.A. Tyapkin'?, P.Tyapkin?®, S.Tzamarias'?, O.Ullaland®, V.Uvarov**, G.Valenti®®, E.Vallazza*®,
C.Vander Velde?, P.Van Dam??, W.Van den Boeck?, W.K.Van Doninck?, J.Van Eldik®32, A.Van Lysebetten?,
N.van Remortel?, I.Van Vulpen3?, G.Vegni?®, L.Ventura®’, W.Venus®®?, F.Verbeure?, P.Verdier?6, M.Verlato®7,
L.S.Vertogradov'”, V.Verzi?®, D.Vilanova®!', L.Vitale*®, E.Vlasov**, A.S.Vodopyanov'?, G.Voulgaris®, V.Vrba!3,
H.Wahlen®*, C.Walck?®, A.J.Washbrook??, C.Weiser?, D.Wicke®*, J.H.Wickens?, G.R.Wilkinson®®, M.Winter'°,
M.Witek'?, G.Wolf?, J.Yi!, O.Yushchenko**, A.Zaitsev?*, A.Zalewska!?, P.Zalewski®®, D.Zavrtanik*®,
E.Zevgolatakos'?, N.I.Zimin'"2%, A.Zintchenko!'”, Ph.Zoller'?, G.C.Zucchelli*6, G.Zumerle®”

! Department of Physics and Astronomy, Iowa State University, Ames IA 50011-3160, USA

2 Physics Department, University Instelling Antwerpen, Universiteitsplein 1, 2610 Antwerpen, Belgium

and ITHE, ULB-VUB, Pleinlaan 2, 1050 Brussels, Belgium

and Faculté des Sciences, University de I’'Etat Mons, Av. Maistriau 19, 7000 Mons, Belgium

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

Department of Physics, University of Bergen, Allégaten 55, 5007 Bergen, Norway

Dipartimento di Fisica, Universita di Bologna and INFN, Via Irnerio 46, 40126 Bologna, Italy

Centro Brasileiro de Pesquisas Fisicas, rua Xavier Sigaud 150, 22290 Rio de Janeiro, Brazil

and Depto. de Fisica, Pont. University Catdlica, C.P. 38071 22453 Rio de Janeiro, Brazil

and Inst. de Fisica, University Estadual do Rio de Janeiro, rua Sao Francisco Xavier 524, Rio de Janeiro, Brazil
Comenius University, Faculty of Mathematics and Physics, Mlynska Dolina, 84215 Bratislava, Slovakia

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

9 CERN, 1211 Geneva 23, Switzerland

10 Institut de Recherches Subatomiques, IN2P3 - CNRS/ULP - BP20, 67037 Strasbourg Cedex, France

1 Now at DESY-Zeuthen, Platanenallee 6, 15735 Zeuthen, Germany

12 Tnstitute of Nuclear Physics, N.C.S.R. Demokritos, P.O. Box 60228, 15310 Athens, Greece

13 FZU, Inst. of Phys. of the C.A.S. High Energy Physics Division, Na Slovance 2, 180 40, Praha 8, Czech Republic
14 Dipartimento di Fisica, Universita di Genova and INFN, Via Dodecaneso 33, 16146 Genova, Italy

15 Tnstitut des Sciences Nucléaires, IN2P3-CNRS, Université de Grenoble 1, 38026 Grenoble Cedex, France

16 Helsinki Institute of Physics, HIP, P.O. Box 9, 00014 Helsinki, Finland

17 Joint Institute for Nuclear Research, Dubna, Head Post Office, P.O. Box 79, 101 000 Moscow, Russian Federation
18 Tnstitut fiir Experimentelle Kernphysik, Universitiat Karlsruhe, Postfach 6980, 76128 Karlsruhe, Germany

19 Tnstitute of Nuclear Physics and University of Mining and Metalurgy, Ul. Kawiory 26a, 30055 Krakow, Poland
20 Université de Paris-Sud, Lab. de I’Accélérateur Linéaire, IN2P3-CNRS, Bat. 200, 91405 Orsay Cedex, France

21 School of Physics and Chemistry, University of Lancaster, Lancaster LA1 4YB, UK

22 1IP, IST, FCUL - Av. Elias Garcia, 14-1°, 1000 Lisboa Codex, Portugal

23 Department of Physics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK

24 LPNHE, IN2P3-CNRS, University Paris VI et VII, Tour 33 (RdAC), 4 place Jussieu, 75252 Paris Cedex 05, France
25 Department of Physics, University of Lund, Sélvegatan 14, 223 63 Lund, Sweden

26 Université Claude Bernard de Lyon, IPNL, IN2P3-CNRS, 69622 Villeurbanne Cedex, France

2T University d’Aix - Marseille IT - CPP, IN2P3-CNRS, 13288 Marseille Cedex 09, France

28 Dipartimento di Fisica, Universita di Milano and INFN-MILANO, Via Celoria 16, 20133 Milan, Italy

2 Dipartimento di Fisica, University di Milano-Bicocca and INFN-MILANO, Piazza delle Scienze 2, 20126 Milan, Ttaly
30 Niels Bohr Institute, Blegdamsvej 17, 2100 Copenhagen @, Denmark

31 TPNP of MFF, Charles University, Areal MFF, V Holesovickach 2, 180 00, Praha 8, Czech Republic

32 NIKHEF, Postbus 41882, 1009 DB Amsterdam, The Netherlands

33 National Technical University, Physics Department, Zografou Campus, 15773 Athens, Greece

34 Physics Department, University of Oslo, Blindern, 1000 Oslo 3, Norway

35 Dpto. Fisica, University Oviedo, Avda. Calvo Sotelo s/n, 33007 Oviedo, Spain

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

37 Dipartimento di Fisica, Universita di Padova and INFN, Via Marzolo 8, 35131 Padua, Italy

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

39 Dipartimento di Fisica, Universita di Roma IT and INFN, Tor Vergata, 00173 Rome, Italy

40 Dipartimento di Fisica, Universitd di Roma IIT and INFN, Via della Vasca Navale 84, 00146 Rome, Italy

[ I



The DELPHI Collaboration: A study of the Lorentz structure in tau decays 231

41 DAPNIA /Service de Physique des Particules, CEA-Saclay, 91191 Gif-sur-Yvette Cedex, France
42 Tnstituto de Fisica de Cantabria (CSIC-UC), Avda. los Castros s/n, 39006 Santander, Spain

43
44
45

Dipartimento di Fisica, Universita degli Studi di Roma La Sapienza, Piazzale Aldo Moro 2, 00185 Rome, Italy
Inst. for High Energy Physics, Serpukov P.O. Box 35, Protvino, (Moscow Region), Russian Federation
J. Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia and Laboratory for Astroparticle Physics,

Nova Gorica Polytechnic, Kostanjeviska 16a, 5000 Nova Gorica, Slovenia,
and Department of Physics, University of Ljubljana, 1000 Ljubljana, Slovenia
46 Fysikum, Stockholm University, Box 6730, 113 85 Stockholm, Sweden

47

Dipartimento di Fisica Sperimentale, Universita di Torino and INFN, Via P. Giuria 1, 10125 Turin, Italy

48 Dipartimento di Fisica, Universitd di Trieste and INFN, Via A. Valerio 2, 34127 Trieste, Italy
and Istituto di Fisica, Universita di Udine, 33100 Udine, Italy
49 University Federal do Rio de Janeiro, C.P. 68528 Cidade University, Ilha do Fund&o 21945-970 Rio de Janeiro, Brazil

50

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

1 TFIC, Valencia-CSIC, and D.F.A.M.N., U. de Valencia, Avda. Dr. Moliner 50, 46100 Burjassot (Valencia), Spain
52 Tnstitut fiir Hochenergiephysik, Osterr. Akad. d. Wissensch., Nikolsdorfergasse 18, 1050 Vienna, Austria

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

54 Fachbereich Physik, University of Wuppertal, Postfach 100 127, 42097 Wuppertal, Germany

Received: 14 February 2000 / Revised version: 7 March 2000 /
Published online: 8 May 2000 — (© Springer-Verlag 2000

Abstract. This paper describes a measurement of the Michel parameters, 7, p, £, £, and the average v,
helicity, h,., in 7 lepton decays together with the first measurement of the tensor coupling in the weak
charged current. The 7777 pairs were produced at the LEP eTe™ collider at CERN from 1992 through
1995 in the DELPHI detector. Assuming lepton universality in the decays of the 7 the measured values of
the parameters were: n = —0.005 £ 0.036 £ 0.037, p = 0.775 £ 0.023 £ 0.020, £ = 0.929 4+ 0.070 % 0.030,
€6 =0.779+£0.070£0.028, h,, = —0.997+£0.027+£0.011. The strength of the tensor coupling was measured
to be k¥ = —0.029 £ 0.036 & 0.018. The first error is statistical and the second error is systematic in all
cases. The results are consistent with the V' — A structure of the weak charged current in decays of the 7

lepton.

1 Introduction

The Michel parameters [1], n, p, &, and &0, are a set
of experimentally accessible parameters which are bilin-
ear combinations of ten complex coupling constants de-
scribing the couplings in the charged current decay of
charged leptons. The Standard Model makes a specific
prediction about the exact nature of the structure of the
weak charged current. 7 leptons provide a unique envi-
ronment in which to verify this prediction. Not only is the
large mass of the 7 lepton (and thus an extensive range
of decay channels) strong motivation to search for devia-
tions from the Standard Model but the 7 also offers the
possibility to test the hypothesis of lepton universality.

The Michel parameters in 7 decays have been exten-
sively studied by many experiments both at eTe™ colliders
running at the Z pole and at low energy machines [2,3]
This paper describes an analysis of 7 decays using both
the purely leptonic and the semi-leptonic (hadronic) decay
modes, the latter being selected without any attempt to
identify the specific decay channel. By grouping together
all the semi-leptonic decays one can obtain a high effi-
ciency and purity at the expense of a loss of sensitivity
to the relevant parameters. This sensitivity is recuperated
by splitting the semi-leptonic decay candidates into bins
of invariant mass of the hadronic decay products, each bin
being separately dominated by a different 7 decay mode.
Results are presented both with and without the assump-
tion of lepton universality.

The measurement of the Michel parameters in the pure-
ly leptonic decay modes of the 7 allows limits to be placed
on new physics. The large number of Michel parameters,
however, reduces the experimental sensitivity in placing
these limits. Moreover, the Michel parameterisation does
not cover the full variety of possible interactions; in partic-
ular it does not include terms with derivatives. However, a
complementary test of a special type of new interaction is
presented. In addition to testing new couplings with lep-
tonic currents that conserve fermion chiralities, the pos-
sibility of an anomalous coupling of a leptonic charged
tensor current is explored.

2 The Michel parameters and v, helicity

The most general, lepton-number conserving, derivative
free, local, Lorentz invariant four-lepton interaction ma-
trix element, M, describing the leptonic decay 7 — l7;v,
(I = e or p), can be written as follows [4-6]:

4G _
M= ﬁ Z Qg@l,;

N=S,V,T
i,j=L,R

v | (le)n> <(5u7)m | I'n |uTj>’

(1)

which is characterised by spinors of definite chirality. G
is a coupling constant, and the I'y represent the various
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Fig. 1. Polynomial functions in
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forms of the weak charged current allowed by Lorentz in-
variance. The n and m in Eqn. 1 are the chiralities of the
neutrinos which are uniquely determined by a given N, &
and j. In the case of vector and axial-vector interactions
the chirality of the neutrino is equal to the chirality of
its associated charged lepton, while it is the opposite in
the case of scalar, pseudoscalar and tensor interactions. In
all cases we refer to the helicities and chiralities of parti-
cles; those of antiparticles are implicitly taken to have the
opposite sign.

The g{}f parameters are complex coupling constants.
There are 12 of these but, excluding the possibility of the
existence of a vector boson carrying a chiral charge, two
of the constants, g7; and gkp, are identically zero. As
the couplings can be complex, with an arbitrary phase,
there are 19 independent parameters. The Standard Model
V—A structure for the weak charged current predicts that
gY; = 1 with all other couplings being identically zero.
Neglecting phase space effects, the rate for the decay 7= —
[” v, can be written [7,8] as

G?*mb

o 54
F(T — 1 V—,—Vl) = WE, (2)

with the definition

A E4(|91§R‘2+|ng|2+|glgL|2+‘g§L|2)+48(|g%R|2 (3)
Hoke P H6(lgrr*+191 &> + lgrc* + 97 L *)= 16.

From the above normalisation condition the maximum
values that the coupling constants g{}l can take are 2, 1 and

1/v/3 for N = S,V and T respectively. The parameter G
has to be measured from the decay rate and absorbs any
deviation in the overall normalisation. The shapes of the
spectra and the ratios of branching ratios, as used in this
analysis, are insensitive to the overall normalisation and
hence to G.

The matrix element written in Eqn. 1 can be used to
form the decay distribution of the leptonic 7 decay as fol-
lows:

(4)

the laboratory frame for the 7 —
lD1v; decay channel at Born level.
The n polynomial is normalised to
My /m-.

= [ho(w1) + nhy (1) + php(21)] — PrEhe (1) + E0hes(21)]
(5)

where x; = Ej/Eq. is the normalised energy of the
daughter lepton and P, is the average 7 polarisation.
Frae is the maximum kinematically allowed energy of the
lepton, . In the rest frame of the 7, E g0 = mg;:n? . In the
laboratory frame F,,.. ~ FE, or the beam energy Epcqm.
The h’s at Born level are polynomials and are illustrated
in Fig. 1. The Michel parameters, n, p, £ and £9, are bi-
linear combinations of the complex coupling constants [1]
and take the following form in terms of the complex cou-
pling constants:

1 = 3Re (697 rgl 1 + 69k 9k1 + 9RRILT + IRLILR
+9LRrIRE + QELQ%I*Q) ;

p= %(4|9ZL|2 + 4‘9KR|2 + |9€L|2 + |91%R|2
+orr — 29k * + 978 — 291 8[%); (7)

£= _i(|9}33‘2 + ‘QERP - |QJS?,L|2 - |g§L|2> + 5('9{}2‘2
_|9£L|2)_(|92R|2 —3lglrl® +3lgkLl® — |9XL|2)
+4Re(9Rr IRt — 9LRILR);

6 = {5 (497> — 4lgkrl® + 197 L1 — l9Rrl

+lgho — 20kol? — 91 — 29L81%)-

(6)

(®)

(9)

With the Standard Model predictions for these coupling
constants the Michel parameters 7, p, & and £§ take on
the values 0, %, 1 and % respectively.

It is instructive to consider the physical significance of
some of these parameters. A single measurement of p does
not constrain the form of the interaction. For example, if
p were to be measured to be %, as is the case for the Stan-
dard Model prediction, then this would not rule out any
combination of the six couplings g7, 92 g, 921> I2Rs I0Rs
gy, with the other couplings being zero. Indeed a V + A
structure would have a value of p of %. In this case one
must examine the other parameters. For example, a V+A
structure would mean that the parameter £ would be equal
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Table 1. The couplings and Michel parameter values for various mixtures
of vector and axial-vector coupling at the two vertices in the decay 7 —

v, v,

Vertices Coupling Parameters
T—v, l—y Constants p ) &E n
V-A V-A  gY=1 3/4 3/4 0
v v gXL: ggL:ggR:gngl/Q 3/8  3/4 0 0
A A 9lL= —9rL=—9Lr=9rr=1/2 3/8 3/4 0 0
V+A  VH+A  ghr=1 3/4 3/4 -1 0
N V-A  glr=9lr=1/V2 3/8 3/16 2 0
A V-A gV =—gYr=1/V2 3/8 3/16 2 0
V+A  V-A  glp=1 0 0 3 0

to —1. The values of the Michel parameters for several ex-
amples of interaction types are given in Table 1.

The n parameter is of particular interest. It is sensitive
to the low energy part of the decay lepton spectrum. It is
practically impossible to measure 7 for 7 — ev, 7, decays
because of a heavily suppressive factor of ZZj in the hy,
polynomial. This suppressive factor is of the order of ~
1/17 for 7 — pv,v,, and hence all sensitivity to n is in this
channel. The h,, polynomial receives contributions from
the interference between vector and scalar and vector and
tensor interactions and is therefore particularly sensitive
to non V — A interactions. If n # 0 there would be two
or more different couplings with opposite chiralities for
the charged leptons and this would result in non-maximal
parity and charge conjugation violation. In this case, if
V—A is assumed to be dominant, then the second coupling
could be a Higgs type coupling with a right handed 7 and
muon [7].

The leptonic decay rates of the 7 lepton may be af-
fected by the exchange of these non-standard charged sca-
lar particles [9] and these effects can be conveniently ex-
pressed through the parameter n [10,11]. The generalised
leptonic decay rate of the 7 becomes

/()

2
my m T
+4m79 (ml2> 77} TRC (10)

T

2 5
Gl‘rmT

I'r —lv,p) = 1093

where Gy, is the coupling of the 7 to a lepton of type [,
and equals the Fermi coupling constant if lepton univer-
sality holds. The functions f and g and the quantity rf~
are described in [11]. The parameter r} is a factor due
to electroweak radiative corrections, which to a good ap-
proximation has the value 0.9960 for both leptonic decay
modes of the 7. The functions f and g are phase space fac-

tors. The factor f (%z) is equal to 1.0000 for electrons and

2
0.9726 for muons. However, the function 42 g( s ) equals
m, m?2

m2
0.0012, whereas the value of 472% g(—£) is relatively large,
equal to 0.2168. Hence, under the assumption of lepton

universality, a stringent limit on 1 in 7 — pv,v, decays
can be set on the basis of the branching ratio measure-
ments, since to a good approximation (see discussion in

Sect. 7),
m2 m m2
= 1(5) +45ea (8 e 0

The variable Pf is defined as the probability that a
right handed 7 will decay into a lepton of either handed-
ness [7]. This variable is related to the Michel parameters
& and &6 and to five of the complex coupling constants in
the following way:

Br(t — pv,v,)
Br(r — ev,7,)

P = %|9153'R|2 + %IQERF + |9KR|2 =+ |g},/R‘2 + 3|9£R‘2

= 1[1+ 1¢— 18¢4). (12)

Hence the quantity P} is a measure of the contributions
of five coupling constants involving right handed 7’s. One
can therefore see that measuring the parameters £ and £0
is of considerable interest in studying the structure of the
weak charged currents.

The Michel parameters are restricted by boundary con-
ditions. The leptonic decay rate of the 7 in Eqn. 4 has to
be positive definite. Certain combinations of the Michel
parameters lead to unphysical effects. It has been shown
[12-14] that the following constraints must be satisfied:

0<p<1, (13)

€1 <3, (14)

p—1£6] >0, (15)
9—9p+|765 — 3¢ > 0. (16)

These inequalities describe the interior and surface of a
tetrahedron in (p,£,£0) space. The first two conditions
arise from the fact that the different couplings in the defi-
nitions of the Michel parameters occur in quadrature. The
3rd constraint can be found directly if the 7 decay rate in
Eqn. 4 is forced to be positive definite for all values of x;.
The 4th constraint is derived from the equations of two
of the surfaces of the physically allowed tetrahedron. It
is interesting to note that the Standard Model values of
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the Michel parameters are consistently at the edge of the
allowed region (see Fig. 9). These relations are used in
Sect. 9 to place limits on the coupling constants using the
measured values of the Michel parameters.

The decay width of the semi-leptonic decays of the 7
can be written, assuming vector and axial-vector couplings
at the decay vertices as

1dIl’
——— = Ho(z) + P Hi(x)

I' dz
= Ho(x) — hy, P Hi(x) (17)

where x is a polarisation sensitive variable in each decay
channel. For the case of 7 — 7, this variable is cos 8*, the
decay angle of the 7 in the 7 rest frame, whilst for the two
cases of 7 — prv; and 7 — ajv, the variable used is the w
variable described in [15]. The polarisation parameter h,,_
is defined as

2Re(v,ak)

|UT‘2 + |aT|2’

where v, and a, are the vector and axial-vector couplings
of the 7 lepton to W bosons. In the limit of a massless v,
this is equivalent to the 7 neutrino helicity.

Assuming that the boson exchanged in producing the
7777 pair only involves vector and axial-vector type cou-
plings then the helicities of the 77 and 7~ are almost
100% anti-correlated. This fact is used to construct the
correlated spectra:

(18)

vr

+

1 P 147,

Fdl‘ldl‘gi 2
1-P,
+——5— (Ho(w1)+Hi(21)) (Ho(w2)+Hi(22))

2
(19)

(Ho(z1) — Hi(z1)) (Ho(z2) — Hi(z2))

in terms of the polarisation sensitive variable  (which is
decay channel dependent). For leptonic decays the Hy and
H; functions are the polynomials described previously in
Eqns. 4 and 17 and the polarisation sensitive variable is
the scaled energy z;.

It follows therefore that by performing two-dimensional
fits over this distribution one has full experimental access
to all of the Michel parameters together with the 7 neu-
trino helicity, h,_, and the 7 polarisation, P,, with the
caveat that only vector and axial-vector currents are as-
sumed to contribute in the semileptonic decays.

3 Anomalous tensor couplings

The Lagrangian for the decay of the 7 can be written in
the following way:

9 _ 1= kY 190
— I welmy =Ly B h.c.
L NG w {T’ya 5 v+ QmTaﬁ (Taag 5 Y +h.c
(20)

where W is the weak charged current of the decay prod-
ucts of the W boson and xV is a parameter which controls
the strength of the tensor coupling. The choice of such a
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kind of interaction to test for the existence of new physics
is inspired by experiments with semi-leptonic decays of pi-
ons [16] and kaons [17], which show a deviation from the
Standard Model which can be explained by the existence
of an anomalous interaction with a tensor leptonic current
[18]. Since the new interaction explicitly contains deriva-
tives, its effect on the distortion of the energy spectrum
of charged leptons in 7 decays can not be described in
terms of the known Michel parameters. Constraints will
be placed on the parameter ¥ from the analysis of both
leptonic and semi-leptonic 7 decays, fixing the Michel pa-
rameters to their Standard Model values. The inclusion of
the semi-leptonic channels significantly increases the sen-
sitivity to the new tensor coupling and imposes stricter
constraints.

For purely leptonic decays, the matrix element takes
the form

4G
M= 2011 90l v5) (@, 90 )

w
r

2m.

igaa(0. | 2usl ) ) (21)
where ¢ is the momentum of the W. The laboratory energy

spectrum of the charged decay product can be expressed

as
dr

az, @)+ Prgla),

where z; is again the normalised energy of the daughter
lepton as defined in Sect. 2.

The expressions for f(z;) and g(z;), accounting for the
new tensor interaction, were obtained in the rest frame of
a decaying lepton [19]. Neglecting the mass of the final
lepton and boosting along the 7 flight direction gives

fz) = 5— 927 + 423 + 26 (1 — 23),
g(z)) = 1—927 + 827 +26W (1 — 3z, + 223). (23)

(22)

These functions are shown in Fig. 2.

In the Born approximation the tensor interaction does
not contribute to the process 7 — 7v,.. Thus, among the
main 7 semi-leptonic decay modes, only the decay modes
T = pvr — (2m)v, and T — ayv, — (3m)v, yield infor-
mation about the new tensor interaction. The sensitivity
can be increased by performing the analysis using the two
angular variables 6* and i, where 6* is the angle between
the emitted final (pseudo) vector particle after a Lorentz
transformation into the 7 rest frame and the inverse of
the three-vector component of this Lorentz transforma-
tion. The angle 1 is related to the angle of the p or a;
decay products in the p or a; system and is sensitive to
the polarisation of the hadronic system. These two vari-
ables are discussed in [15].

The 7 decay to a particle of spin 1 and mass my and
a neutrino has two amplitudes, A; and Ar, represent-
ing longitudinal and transverse polarisation of the spin-1
particle respectively. From the expression for the decay
helicity amplitudes,

w

_ Ky
My <05, (1+79°) |Ya — Z2m.,—

4poap | Ur GZ(QM\), (24)
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where €, is the polarisation vector of the spin 1 particle
with momentum ¢ and helicity A, one obtains

Ar _ V2my,

Ar
where ar = 1+ /2 and ar, = 1+ (m3? /m?2)x¥ /2. There-
fore for 7 — (27) v and 7 — (37) v,

ar
m, ar’

(25)

d’N

I + _ -
d cos 0* dcos¢o<(1+PT)H +(1=Pr)H,

(26)

where

0*

. 2
HT = ho(3) (aLmT COS 1) COS % + army, sinnsin 7)

* * 2
+ h(¥) {(aLmT sinn cos % — army, cos 1 sin %)

2

+ a2m} sin® 92*} , (27)

2
. 9* . 0*
ho(3) (aLmT COs 1M sin 5~ — arMp, SN 1) CO8 7)
2
sinnsin & . 0
+ hi() |:<aLmT SIN 7SI - =+ a7 Mp COS 7) COS 7)

+ a%mj cos? 92*} , (28)

and

2 cos? v

ho () = {sin21/) I () = {zsin W

(1 + cos?4)/2

for T: — (27) vy .
7~ = (37) vy

Note that the angle 1 used here is unrelated to to the
Michel parameter of the same name. Neglecting terms of
O(m?2/E2), the relation between 7 and 0* is

m2 —m3 + (m2 + m3) cos 0*

cosn = (29)

m2 +m3 + (m2 —m3)cos 0

0.8 1 Standard Model case, k% = 0, and
X| the dashed line the case for ¥ =1

04 06

4 The DELPHI Detector

The DELPHI detector is described in detail elsewhere [20,
21]. The following is a summary of the subdetector units
particularly relevant for this analysis. All these covered
the full solid angle of the analysis except where specified.
In the DELPHI reference frame the z-axis is taken along
the direction of the e~ beam. The angle © is the polar
angle defined with respect to the z-axis, ¢ is the azimuthal
angle about this axis and r is the distance from this axis.
The reconstruction of a charged particle trajectory in the
barrel region of DELPHI resulted from a combination of
the measurements in:

— the Vertex Detector (VD), made of three layers of sil-
icon micro-strip modules, at radii of 6.3, 9.0 and 11.0
cm from the beam axis. The space point precision in r-
¢ was about 8 pum, while the two track resolution was
100 pm. For the 1994 and 1995 data the innermost and
outermost layers of the VD were equipped with double
sided silicon modules, giving two additional measure-
ments of the z coordinate.

— the Inner Detector (ID), with an inner radius of 12 cm
and an outer radius of 28 cm. A jet chamber measured
24 r-¢ coordinates and provided track reconstruction.
Its two track resolution in r-¢ was 1 mm and its spa-
tial precision 40 pum. It was surrounded by an outer
part which served mainly for triggering purposes. This
outer part was replaced for the 1995 data with a straw-
tube detector containing much less material.

— the Time Projection Chamber (TPC), extending from
30 cm to 122 cm in radius. This was the main detector
for the track reconstruction. It provided up to 16 space
points for pattern recognition and ionisation informa-
tion extracted from 192 wires. Every 60° in ¢ there was
a boundary region between read-out sectors about 1°
wide which had no instrumentation. At cos® = 0 there
was a cathode plane which caused a reduced tracking
efficiency in the polar angle range |cos@| < 0.035. The
TPC had a two track resolution of about 1.5 cm in r-¢
and in z. The measurement of the ionisation deposition
had a typical precision of £6%.



236

— the Outer Detector (OD) with 5 layers of drift cells
at a radius of 2 m from the beam axis, sandwiched
between the RICH and HPC sub-detectors described
below. Each layer provided a space point with 110 um
precision in r-¢ and about 5 cm precision in z.

These detectors were surrounded by a solenoidal magnet
with a 1.2 Tesla field parallel to the z-axis. In addition to
the detectors mentioned above, the identification of the 7
decay products relied on:

— the barrel electromagnetic calorimeter, a High density
Projection Chamber (HPC). This detector lay imme-
diately outside the tracking detectors and inside the
magnet coil. Eighteen radiation lengths deep for per-
pendicular incidence, its energy resolution was
AE/E = 0.31/E%* @ 0.027 where E is in units of
GeV. It had a high granularity and provided a sam-
pling of shower energies from nine layers in depth. It
allowed a determination of the starting point of an elec-
tromagnetic shower with an accuracy of 0.6 mrad in
polar angle and 3.1 mrad in azimuthal angle. The HPC
had a modularity of 15° in azimuthal angle. Between
modules there was a region with a width of about 1°
in azimuth where the energy resolution was degraded.
The HPC lay behind the OD and the Ring Imaging
CHerenkov detector (RICH), not used in this analysis,
which contained about 60% of a radiation length.

— the Hadron CALorimeter (HCAL), sensitive to hadro-
nic showers and minimum ionising particles. It was seg-
mented in 4 layers in depth, with a granularity of 3.75°
in polar angle and 2.96° in azimuthal angle. Lying out-
side the magnet solenoid, it had a depth of 110 cm of
iron.

— the barrel muon chambers consisting of two layers of
drift chambers, the first one situated after 90 cm of iron
and the second outside the hadron calorimeter. The
acceptance in polar angle of the outer layer was slightly
smaller than the other barrel detectors and covered the
range |cos@| < 0.602. The polar angle range 0.602 <
|cos®| was covered by the forward muon chambers in
certain azimuthal zones.

The DELPHI trigger was very efficient for 7 final states
due to the redundancy existing between its different com-
ponents. From the comparison of the response of indepen-
dent components, a trigger efficiency of (99.98 &+ 0.01)%
has been derived.

5 Particle identification
and energy calibration

The detector response was extensively studied using sim-
ulated data together with various test samples of real
data where the identity of the particles was unambigu-
ously known. Examples of such samples consisted of eTe™
—eTe™, and ete™ — ptu~ events together with the
radiative processes ete™ — ete ™y and ete™ — utpu .
Test samples using the redundancy of the detector were
also used. An example of such a sample is 7 — 7(nn?),
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(n > 0), selected by tagging the 7° decay in the HPC. This
sample was extensively used as a pure sample of charged
hadrons to test the response of the calorimetry and muon
chambers.

5.1 TPC ionisation measurement

The ionisation loss of a track as it travels through the
TPC gives good separation between electrons and charged
pions, particularly in the low momentum range. Because of
the importance of this variable it was required that there
were at least 28 anode wires used in the measurement.
This reduced the sample by a small amount primarily due
to particles being close to the boundary regions of the
TPC sectors where a narrow non-instrumented strip was
located. The dE/dx pull variable, [T/ Jd for a particular

particle hypothesis (j = e, u, 7, K) is defined as

dE/dmmeas - dE/dxezpt (-7)
o(dE/dx)

J _
dE/dz —

(30)

where dE/dz,,., . is the measured value, dE/dz,, .(j) is
the expected momentum dependent value for a hypothesis
j and o(dE/dzx) is the resolution of the measurement.

5.2 Electromagnetic calorimetry

The HPC is used for e, v and 7° identification. For charged
particles F, s is the energy deposited in the HPC. For elec-
trons this energy should be (within experimental errors)
equal to the measured value of the momentum. Muons,
being minimum ionising particles, deposit only a small
amount of energy in the calorimeter. Most charged hadrons
interact deep in the HPC or in the HCAL and thus look
like a minimum ionising particle in the early part or all of
the HPC, with an increased energy deposition in the later
layers if an interaction occurs in the HPC.

The ratio of the energy deposition in the HPC to the
reconstructed momentum has a peak at one for electrons
and a rising distribution towards zero for hadrons. The
pull variable, [[5 Jpo 18 defined as

Eass/p/ -1
HE/;D U(Eass/p’; Eass) (31)
where p’ is the momentum refit without the use of the
OD, described in Sect. 5.4 below, and o(Fqss/p; Eass) is
the expected resolution on FE,ss/p’ for an electron with
associated energy FE,ss. This variable gives particularly
good separation at high momenta.

5.3 Hadron calorimetry and muon identification
The HCAL was used in particular for separating pions

from muons. As muons travel through the HCAL they de-
posit a small amount of energy evenly through the 4 layers
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Fig. 3. The HCAL response to
muons (left plot) together with
the variable Epqy (right plot) for
a sample of hadrons and muons
in 1994 data (barrel region only).
The crosses are the data, the
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and travel on into the muon chambers whereas hadrons
deposit all their energy late in the HPC and/or in the
first layers of the HCAL so that they rarely penetrate
through to the muon chambers. Therefore muons can be
separated from hadrons by demanding energy associated
to the particle in the last layer of the HCAL together with
an associated hit in the muon chambers. To further dis-
tinguish muons from hadrons one can construct the vari-
able Epjqy, the average energy deposited in the HCAL per
HCAL layer defined as:

Encar

Ehlay = x sin® © (32)

Nlayers

where Egcayr is the total deposited energy in the HCAL;
Nigyers is the number of HCAL layers with an energy de-
posit and sin? © smoothes out the angular dependence of
the energy response of the HCAL (see Fig. 3). This vari-
able can be seen in Fig. 3. Note that the step behaviour
around polar angles of 50° and 130° is due to the reduction
in the number of layers hit in the HCAL where a muon
passes through a mixture of barrel geometry and end-cap
geometry.

5.4 Momentum determination and scale

A good knowledge of the momentum and energy of charged
particles is required for a Michel parameter analysis. This
is especially true for the leptonic channels. As already
mentioned the momentum is measured by tracking the
particles in a magnetic field as they traverse the detec-
tor. The precision on the component of momentum trans-
verse to the beam direction, p;, obtained with the DEL-
PHI tracking detectors was A(1/p;) = 0.0008(GeV /c)~1
for particles (except electrons) with the same momentum
as the beam. Calibration of the momentum is performed
with eTe™ — p*u~ events. For lower momenta the masses
of the KY and the J/v are reconstructed to give an ab-
solute momentum scale for particles other than electrons
estimated, to a precision of 0.2% over the full momentum
range.

solid histogram is the simulated

2 3 4 sum of hadrons and muons and
E GeV the hatched area is the simulated
hlay( ) muons

The determination of the momentum of electrons is
more complicated. In passing through the RICH from the
TPC to the OD, particles traverse about 60% of a radi-
ation length. A large fraction of electrons therefore lose
a substantial amount of energy through bremsstrahlung
before they reach the OD. Due to this the standard mo-
mentum measurement of electrons would always tend to
be biased to lower values. This effect is somewhat reduced
through only using the measured momentum without us-
ing the OD, p’. The result is that this “refit momentum”
shows a more Gaussian behaviour than the standard mo-
mentum fit. The best estimate for the momentum of the
electron, p.;, is constructed in such a way as to benefit
from the better resolution of the momentum measurement
at low momentum and the smaller bremsstrahlung bias
of the electromagnetic energy measurement. The recon-
structed momentum and the electromagnetic energy were
combined through a weighted average which took into ac-
count the downward biases of the two respective measure-
ments. The energy of the radiated photons was also added
to the electromagnetic energy measurement to reduce fur-
ther the effects of bremsstrahlung.

An algorithm was used which performed a weighted
average depending on the value of E,/p’. The further
this value was from unity, the more the weight of the es-
timator with the lower value was down scaled relative to
the other. The scaling factor was inversely proportional to
the square of the number of standard deviations by which
the value of E,ss/p" differed from unity.

Subsequent references to the momenta of electrons im-
ply the use of the best estimator p;. The momenta of other
particles are measured using the standard momentum fit,
p, of the particle as it traverses the detector.

6 The selection of the event sample

In order to determine the Michel parameters, a sample
of exclusively selected leptonic decays of the 7 together
with an inclusive sample of semi-leptonic decays have been
used. The data sample corresponds to the data taken by
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DELPHI during 1992 (22.9 pb~! at E., = 91.3 GeV),
1993 (15.7 pb=! at E., = 91.2 GeV, 9.4 pb~! at
Een = 89.2 GeV and 4.5 pb=! at E.,, = 93.2 GeV),
1994 (47.4 pb~L at Eep, = 91.2 GeV) and 1995 (14.3 pb~!
at E.n = 91.2 GeV, 9.2 pb~! at E,,, = 89.2 GeV and
9.3 pb=! at E.,, = 93.2 GeV).

In all analyses, samples of simulated events were used
which had been passed through a detailed simulation of
the detector response [21] and reconstructed with the same
program as the real data. The Monte Carlo event gen-
erators used were: KORALZ 4.0 [22] together with the
TAUOLA 2.5 [23] 7 decay package for ete™ — 777~
events; DYMU3 [25] for eTe™ — ptpu~ events; BABAMC
[26] for ete™ — eTe™ events; JETSET 7.3 [27] forete™ —
qq events; Berends-Daverveldt-Kleiss [28] for eTe~
—ete"ete ,ete™ wefe utp~andete™ — ete 777~
events; TWOGAM [29] for eTe™ — eTe™qq events.

The variables used in the initial preselection of the 7
sample together with the selection of the various decay
channels are described below.

6.1 The ete™ — 717~ sample

At LEP energies, a 777~ event appears as two highly
collimated low multiplicity jets in approximately oppo-
site directions. An event was separated into hemispheres
by a plane perpendicular to the event thrust axis, where
the thrust was calculated using all charged particles with
momentum greater than 0.6 GeV/c. To be included in
the sample, it was required that the highest momentum
charged particle in at least one of the two hemispheres lie
in the polar angle range | cos @] < 0.732.

Background from ete™ — ¢g events was reduced by
requiring a charged particle multiplicity less than six and
a minimum thrust value of 0.996. The ete™ — ¢g back-
ground is however negligible in the analysis of the Michel
parameters as one is looking for events with only one
charged particle in each hemisphere.

Cosmic rays and beam gas interactions were rejected
by requiring that the highest momentum charged particle
in each hemisphere have a point of closest approach to
the interaction region less than 4.5 cm in z and less than
1.5 cm in the r — ¢ plane. It was furthermore required that
these particles have a difference in z of their points of clos-
est approach at the interaction region of less than 3 cm.
The offset in z of tracks in opposite hemispheres of the
TPC was sensitive to the time of passage of a cosmic ray
event with respect to the interaction time of the beams.
The background left in the selected sample was computed
from the data by interpolating the distributions outside
the selected regions.

Two-photon events were removed by requiring a total
energy in the event, F,;, greater than 8 GeV and a total
transverse component of the vector sum of the charged
particle momenta in the event, p/*’** greater than 0.4
GeV/ec.

Contamination from ete™ — ete™ and eTe™ — putpu~
events was reduced by requiring that the event acollinear-

ity, Qacor = cosfl(—lgfl'lﬁl), be greater than 0.5°. The
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variables p; and ps are the momenta of the highest mo-
menta charged particles in hemisphere 1 and 2 respec-
tively.

Theete™ — eTe™ background is reduced in the second
instance with a cut on the radial energy F,,q (defined

as Eraq = VE12 + E22/Ebeam where E, and E, are the
energies deposited in the HPC in a 30° cone around the
highest momentum charged particle in each hemisphere
and Epeqm is the beam energy). Events are retained if
Frea < 1.

The ete™ — u™p~ background is reduced in the sec-
ond instance with a cut on the radial momentum p;qq
(defined as prqq = /P12 + p22/Pbeam Where p; and py are
the momenta of the highest momentum charged particles
in each hemisphere and ppeam is the beam momentum).
Cutting on this quantity is also effective in reducing the
ete™ — eTe™ background. Events are retained if p.qq < 1.

As a result of the above selection ~ 93000 eTe™ —
7F7~ candidates were selected from the 1992 to 1995 data
set. The efficiency of selection in the 47 solid angle was
~ 54%. The background arising from ete™ — eTe™ events
was estimated to be (1.07 4 0.32)%, from ete™ — uTpu~
events (0.30 £ 0.09)% and from four-fermion processes
(0.93 £ 0.28)%. The background from ete™ — eTeqq
was negligible. Since the efficiencies and backgrounds var-
ied slightly from year to year the data sets were treated
independently.

6.2 The 7 — ev v, channel

The 7 — ev.v; decay has the signature of an isolated
charged particle which produces an electromagnetic shower
in the calorimetry. The produced electrons are ultra-relati-
vistic and leave an ionisation deposition in the Time Pro-
jection Chamber corresponding to the plateau region above
the relativistic rise. Backgrounds from other 7 decays arise
principally from one-prong hadronic decays where either
the hadron interacts early in the electromagnetic calorime-
ter or an accompanying 7° decay is wrongly associated to
the charged particle track.

As an initial step in electron identification it was re-
quired that there be one charged particle in the hemi-
sphere with a momentum greater than 0.01ppeqm . To en-
sure optimal use of the HPC it was required that the track
lie in the polar angle range 0.035 < |cos @] < 0.707 and
that the track extrapolation to the HPC should lie out-
side any HPC azimuthal boundary region, as described in
Sect. 4.

The dE /dx measurement is crucial to the analysis and
so it was required that there were at least 28 anode wires
with ionisation information in the TPC. It was required
that the dE'/dx measurement be consistent with that of an
electron by requiring that the [, Jd variable be greater
than -2. This requirement was efficient, especially at low
momentum, in retaining signal and removing backgrounds
from muons and hadrons.

The selection continued with a logical “OR” of two cri-
teria, the first on the []" dE ) dz variable, which was particu-



The DELPHI Collaboration: A study of the Lorentz structure in tau decays

DELPHI

239

g a0 T 7 8700 [
g0 £ 600 [
g 300 S 500 |
& 250 - - :
w00 | + | 400

* 300

100 200 +
50 | Y 100

0 B 1 e [T O E

Fig. 4. The HedE/dz and HE/p
variables after application of all the
other selection cuts except the one
shown for 1994 data. The crosses

dE/dx

larly good at low momentum, and the second on the [] /p
variable, which was particularly good at high momentum.

A particle was taken to be an electron if it deposited
greater than 0.5 GeV in the HPC and the value of HE/p
was greater than -2 “OR” the measured value of [[" ;5 Jda
was greater than 3 and the momentum was greater than
0.01ppeam- The “OR” thus gives a high constant efficiency
over the whole momentum range. The HedE/dx and [/,
variables can be seen in Fig. 4.

The remaining background was reduced by requiring
that there be no hits in the muon chambers and no de-
posited energy beyond the first HCAL layer. Residual
background from 7 — 7w(n7®)r was reduced by cutting
on the energy of the most energetic neutral shower in the
HPC observed in an 18° cone around the track. Neutral
showers were not included in this requirement if they were
within 1° of the track and hence compatible with being
bremsstrahlung photons.

The identification criteria were studied on test sam-
ples of real data. The efficiency of the dE/dx and HPC
cuts were tested across the whole momentum range by ex-
ploiting the redundancy of the two. Since the simulation
showed that the two measurements were instrumentally
uncorrelated, the overall bin by bin efficiency was calcu-
lated from these two independent measurements.

Backgrounds arising from non-7 sources consisted of
ete™ —wete” and four-fermion eTe™ — ete eTe™
events. The eTe™ — eTe™ background was suppressed by
the standard 7 preselection cuts, i.e. prqq < 1 and E,qq <
1. Four-fermion events remaining after the E,;s and Ptmiss
cuts were further suppressed by demanding that if the
T — ev; U, candidate had a momentum less than 0.2E}.q,
and there was only one particle detected in the opposite
hemisphere with similarly a momentum below 0.2Epcqm,
then the 7 — ev, 7, candidate was retained if [} Jdz for
the particle in the opposite hemisphere was less than 3
and therefore inconsistent with being an electron.

Application of the above procedure on the 1992 to
1995 data resulted in a sample of ~ 21500 7 — ev v,
candidates. The efficiency of selection within the 47 an-

are the data, the solid histogram
is the sum of the signal and back-
ground and the shaded area is the
background from 7 /4 evV events

gular acceptance was 35%. The background arising from
T & eV, processes was estimated to be (3.89 + 1.17)%,
from ete™ — ete™ events (1.61 & 0.48)% and from eTe™
—eTe~eTe™ events (0.53 £+ 0.16)%.

6.3 The 7 — pv,v, channel

A muon candidate in the decay 7 — uv,v, appears as a
minimum ionising particle in the hadron calorimeter, pen-
etrating through to the muon chambers. Due to ionisation
loss, a minimum momentum of about 2 GeV/c is required
for a muon to pass through the hadron calorimeter and
into the muon chambers. It was therefore required that
there be one charged particle in the hemisphere with suf-
ficient energy to penetrate through the detector into the
muon chambers. The candidate had to have a momentum
greater than 0.05ppeq,, and lie within the polar angle in-
terval 0.035 < |cos O] < 0.732.

Positive muon identification required that the particle
deposited energy deep in the HCAL or had a hit in the
muon chambers. This was achieved specifically in the first
instance by insisting that the average energy per HCAL
layer Epiqy be less than 2 GeV. A logical “OR” of two
variables was also used in the selection. The track was re-
quired to either have a maximum deposited energy in any
HCAL layer of less than 3 GeV together with deposited
energy greater than 0.2 GeV in the last HCAL layer, or
have at least one hit in the muon chambers. This combina-
tion of cuts gave a reasonably constant efficiency over the
whole momentum range. The two selection variables, the
energy deposited in the last HCAL layer and the number
of hits in the muon chambers, can be seen in Fig. 5.

The background was suppressed further by requiring
that the sum of the energies of all the electromagnetic
neutral showers in an 18° cone around the track did not
exceed 2 GeV. This cut was effective in further suppressing
7 — 7(nm?) and ete™ — puT Ty events.

The identification criteria were studied on test samples
of real data. The efficiencies of the HCAL and muon cham-
ber cuts were tested across the whole momentum range by
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exploiting the redundancy of the two. After correcting the
simulated data for a discrepancy in the depth of the en-
ergy deposition by hadrons in the HCAL the data were
found to be well described.

Backgrounds arising from non-7 sources consisted
mainly of efe™ — ptu™, ete”™ wete uTp™, ete”
—ete 7777 and cosmic ray events. The ete™ — utpu~
background was suppressed by the standard preselection
cut, i.e. prog < 1. The remaining background was fur-
ther suppressed by demanding that the event was rejected
if there was an identified muon in each hemisphere with
momentum greater than 0.8 Fyeq,, and the total visible en-
ergy was greater than 70% of the centre-of-mass energy.
The event was also rejected if the momentum of the iden-
tified muon was greater than 0.8ppeqm and the momentum
of the leading track in the opposite hemisphere was greater
than 0.8ppeam-

The four-fermion events et e™ — eTe " put ™ and ete™
—ete~ 7777, although background processes, required no
further suppression.

Candidate 7 — uv,v; decays with muon momenta
below 2 GeV/c were selected with different criteria. At
these energies muons do not have sufficient energy to pen-
etrate through the HCAL to reach the muon chambers,
thus making the selection more difficult. Instead, at these
lower momenta, muon candidates were selected if the par-
ticle was seen in the last 3 layers of the HCAL. This pro-
cedure was tested using a sample of hadrons selected from
the data and simulation by tagging p decays through the
presence of a 7° in the HPC. In order to study the signal,
various variables were compared in the data and simulated
data to see if the simulation correctly modelled the per-
formance of DELPHI at these low energies. The response
of the HCAL to these hadrons and muons with momenta
below 2 GeV /c was well described by the simulation, after
the correction described above for the hadronic showers.

As a result of the above procedure ~ 26000 7 — u7,v,
candidates were selected from the 1992 to 1995 data. The
efficiency of selection within the 47 angular acceptance
was 45%, the background arising from 7 4 uv,v, pro-
cesses was estimated to be (1.88 4 0.56)%, from eTe™ —

Energy in last HCAL layer (GeV)

1 15 2 nal and background and the shaded

area is the background from 7 %
pv-vy, events

ptu~ events (0.52 £+ 0.16)%, from ete™ —ete putpu~
events (0.58 + 0.17)%, from ete” —ete 7T7"
events (0.48+0.14)% and from cosmic-rays (0.14+0.04)%.

6.4 The 7 — h(nn°)v, channel

The 7 — inclusive one-prong hadrons channel makes no
distinction between the primary semi-leptonic decays
namely 7 — wv., 7 — pr, and T — aqv,. Instead each
decay candidate is separated into bins of invariant mass,
constructed from the 4-momenta of the charged particles
and all reconstructed photons. The invariant mass bins
used were M;,, < 0.3 GeV/c? 0.3 GeV/c? < Mip, <
0.95 GeV/c? and My, > 0.95 GeV /c%.

The preselection of the 7’s for this channel is slightly
different to that for the leptonic channels due to the smal-
ler potential backgrounds arising from di-lepton events.
Therefore there is no p,.qq cut in the preselection and the
FE,,q cut is loosened to 1.1.

In order to identify hadrons one is forced to use almost
all the components of the detector. To be identified as a
hadron it was required that one particle was detected in a
given hemisphere in the angular range 0.035 < |cos O] <
0.732. In the case of more than one particle being de-
tected, the hemisphere was retained if the highest mo-
mentum particle was the only particle having associated
vertex detector hits. This ensured that one also retains a
high efficiency for one-prong 7 decays containing conver-
sions within the detector.

Further cuts were made depending on the invariant
mass of the decay products. Fig. 6 shows the invariant
mass distribution for all preselected 7’s, calculated assum-
ing that all charged particles were pions and all neutrals
were photons. Most background from leptons comes at low
invariant mass. Hence one should apply stricter criteria for
these events.

The background from electrons was suppressed with
the following two cuts. Firstly the measured dE/dz in the
TPC had to be consistent with being a pion, so H”dE/dw <
2. Because of the importance of the dE/dz measurement
to the selection it was also required that there were at least
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28 anode wires with an ionisation measurement. This cut
is particularly effective at low momentum.

The second cut required that either the particle de-
posited an energy beyond the first layer of the HCAL
or that the associated energy in the first four layers of
the HPC be less than 1 GeV for invariant masses below
0.3 GeV/c?, and 5 GeV otherwise. This cut is particularly
effective at high momentum. The combination of the two
cuts therefore leads to an even efficiency for the suppres-
sion of electrons across the whole momentum range.

Rejection of background from muons was only per-
formed for events with invariant masses less than
0.3 GeV/c?. Muon background in higher invariant mass
bins was found to be small enough to justify no further
suppression. The muon rejection was based on the average
energy per HCAL layer, Epjqy. It was required that either
Eniay was greater than 2 GeV or that there was no en-
ergy deposited in the HCAL. In addition to this criterion
it was also required that there were no hits in the muon
chambers and that the momentum of the leading charged
particle was greater than 0.05ppeqrm, in order that it had
sufficient energy to reach the muon chambers. For regions
not covered by the muon chambers it was required that
there was no deposition in the last two layers of the HCAL.
In this instance any tracks pointing to HCAL azimuthal
boundaries were rejected.

The identification criteria were studied with test sam-
ples of real data. The efficiencies of all the main selection
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Table 2. The efficiencies of selection in the angular and mo-
mentum acceptance for the two-dimensional analysis in the
1994 data set. The efficiencies were similar for the other years.
The errors are purely statistical

channel efficiency (%)
Z° = 11T = (evD) () 72.95+0.23
Z° = 1777 — (evD)(evD) 50.43 + 0.36
Z° = 1T — (D) (D) 82.77 £0.27
Z° = 1717 = (ev?) (h(nm®)v) 47.08 £0.15
Z° = 717 = () (h(nn®)v) 60.23 £ 0.15
Z° = 117 = (h(nr®)v) (h(nm®)v)  37.6240.13

cuts were tested using a sample of hadrons selected by
tagging 7%’s in the HPC. This test sample allowed for
an accurate calibration of all the main selection variables
across the whole range of cos#* and cos, the two vari-
ables used in the fits to the Michel parameters and the
anomalous tensor coupling.

Remaining background from eTe™ —ete™ and ete™ —
wTp~ events was suppressed by demanding that the par-
ticle in the opposite hemisphere to the identified hadron
had a measured momentum of less than 0.8ppeqrm - The
four-fermion events ete™ — ete 777~ required no fur-
ther suppression.

A total of ~ 56000 7 — h(n7%)v, candidates were se-
lected from the data. The efficiency of selection within the
47 angular acceptance was 37%, the background arising
from 7 /4 h(nm®)v, processes was estimated to be (2.43 &
0.73)% from ete™ — eTe™ events, (0.40 & 0.12)% from
ete™ — ptu~ events (0.10 + 0.03)% and from
ete™ — ete 777 events (0.23 £0.07)%.

6.5 The two-dimensional selection

As described in Sect. 2, in order to measure the Michel
parameters most efficiently it is necessary to use two-
dimensional spectra. It was required that the events sat-
isfied the preselection cuts and that there was one identi-
fied candidate 7 decay in each hemisphere. This therefore
produces 20 (15 two-dimensional and 5 one-dimensional)
distributions consisting of ey, ee, uu, ehl,* eh2, eh3, phl,
uh2, ph3, h1hl, h2h2, h3h3, h1h2, h1h3, h2h3, eX, pX,
h1X, h2X and h3X, where the two identified particles in
each correspond to the two hemispheres in the event. The
X in the event is an unidentified 7 decay with either one or
three charged particles. In this case only the hemisphere
with the identified track is used.

In most of these channels it is required that the 7 pres-
election cuts be satisfied in order that non-7 backgrounds
be suppressed. This is not true for the ey channel in which
no preselection cuts were necessary as the external back-

! where h1,h2 and h3 are hadrons in the invariant mass bins
Min, < 0.3 GeV/(:27 0.3 GeV/c2 < Miny < 0.95 Ge\//c2 and
Miny > 0.95 GreV/c2 respectively
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Table 3. The number of selected events (column 2) and backgrounds
(columns 3 and 4) for the selection described in the text. The back-
grounds are quoted for the 1994 data set only. They were similar for
the other years. A total of 60768 events were selected in the 1992-1995

sample
7777 decay mo. of candidate internal non-7+77
modes events background(%) background(%)

e-e 1405 6.01 +1.80 7.194+2.16
e-1 3495 4.43 +1.33 0.60 = 0.18
e-hl 1804 5.31£1.59 0.60 £0.18
e-h2 3324 3.924+1.18 0.11 +0.03
e-h3 1088 4.01+£1.20 0.21 +0.06
e-X 6377 2.96 £0.89 4.66 £ 1.40
H- 2116 2.61 £0.78 3.89 £1.17
u-hl 2160 3.88£1.16 0.30 = 0.09
u-h2 4454 2.134+0.64 0.54 £0.16
u-h3 1480 2.09 £0.63 0.80 £0.24
u-X 8632 1.58 £0.47 1.36 £0.41
h1l-h1l 571 4.89 +£1.47 0.20 = 0.06
h1-h2 2271 3.19£0.96 0.10 £0.03
h1-h3 730 3.124+0.94 0.154+0.05
h1l-X 5104 2.54 +0.76 1.87 £ 0.56
h2-h2 2295 1.69 + 0.51 0.12 £0.04
h2-h3 784 1.80 +0.54 0.01 £0.01
h2-X 9342 0.93 +£0.28 0.33 £0.10
h3-h3 278 1.93 £0.58 0.01 £0.01
h3-X 3058 0.94 +£0.28 0.16 £ 0.05

ground required no further suppression. To suppress re-
maining cosmic ray background in the pp and the pX
samples it was required, in one-versus-one charged particle
topologies, that at least one of the charged particle tracks
extrapolated to within 0.3 cm in the » — ¢ plane of the
interaction region. For the one-dimensional distributions,
eX, uX, h1X, h2X and h3X, the cuts to remove external
backgrounds follow those already outlined in the previous
sections describing the one-dimensional selections.

The number of events selected, the efficiency of selec-
tion within the fiducial volume and momentum acceptance
and the backgrounds can be seen in Tables 2 and 3.

7 The extraction of the Michel parameters

The values of the Michel parameters, p, 7, £ and &9 to-
gether with the tau polarisation, P,, and the tau neu-
trino helicity, h,_, are extracted from the data using a
binned maximum likelihood fit to all the combinations
of 7 = evev,, T — uv,v, and T = h(nw°)v,. In split-
ting the hadron sample into three invariant mass bins one
is left with 15 two-dimensional and five one-dimensional
distributions where only one 7 decay has been exclusively
identified in an event.

The likelihood function is defined as:

ﬁHH ”

where n{; is the number of observed events in selected
class ¢ in the bin denoted by the indices i, 7. The predicted
number of events in this bin is af; and is given by

Z7) e ”‘zj

(33)

bc,nonfr-r

a; = & Z Ty RSy RS + b7 + (34)

The detector resolution matrix R{,, gives the fraction of
reconstructed signal events with generated fit variable in
bin &’ which are reconstructed in bin k. Efj describes the

77~ selection efficiency as a function of the reconstructed
fit variables in the two 7 decay hemispheres. The R and
£ matrices were obtained from the full detector simula-
tion. The matrix 7 contains the two-dimensional distri-
bution corresponding to Eqn. 19 and the dependence on
the fitted parameters. The construction of T, taking into
account mass, radiation, and hadronic modelling effects, is
described below. The number of background 77 events per

bin is bj;", and was not varied as a function of the fitted

parameters. The non-77 background per bin, b:;"" """

)
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was normalised to the luminosity of the data. The sig-
nal and 7 background were then normalised keeping their
ratio constant so that the integrals of the predicted fit
distributions were the same as the total number of events
seen in the data.

This method accounted for correlations between the
7T and 77 in an event arising from geometric detector re-
construction effects, described by the detector simulation,
and physical effects such as longitudinal spin correlations,
electroweak and QED corrections, described by the KO-
RALZ program. Near the Z pole, photonic radiative ef-
fects are a strong function of the centre-of-mass energy.
In the derivation of the efficiency and resolution matrices,
777~ simulation samples have been used for the different
centre-of-mass energies with proportions corresponding to
the data sample.

The h;(z) polynomials describing the leptonic decay
spectrum shown in Fig. 1 do not take into account mass
effects or radiative corrections. These effects were intro-
duced by Monte Carlo methods using KORALZ and a
modified version [24] of the TAUOLA program to gener-
ate distributions corresponding to the h;(z) polynomials.
The TAUOLA program models leptonic 7 decays with
the matrix element containing exact O(a) QED correc-
tions. The modified version contained a generalisation of
the Born level part of the matrix element which permitted
the setting of non-Standard Model values for the Michel
parameters. The part of the matrix element describing the
QED corrections was calculated assuming V' — A couplings.
The part of the matrix element proportional to aggp is
small and it was assumed that for observed variations of
the Michel parameters the change in the spectra due to
changes in the radiative corrections could be neglected.

For semi-leptonic 7 decays, the distributions were ob-
tained from linear combinations of distributions generated
with h, = —1 and either positive or negative helicity
states of the decaying 7.

In the fit it was assumed that h,_ had the same value
for all the semi-leptonic decay modes.

In the fit assuming lepton universality the value of 7
can be constrained using the measured values of the lep-
tonic branching ratios in Eqn. 11. The branching ratio
results [30] were obtained from the DELPHI data in the
years 1991 through 1995. The value of n was constrained
with the addition of the following quantity to the log-
likelihood function

In Lconst — _1 (77 - 7737")2

2 (AnBr)Q ’
where 7, is the value obtained from the leptonic branch-
ing ratio measurement and Anp,. is the error on this mea-
surement.

It must however be noted that obtaining Eqn. 11 in-
volves an integration over the final state momenta, the im-
plications of which have to be accounted for when setting
a limit on 7 based on experimentally measured branching
fractions. Since n affects the shape of the muon momen-
tum spectrum as well as the total decay rate, it is nec-
essary to study the effect of the cutoff on the muon mo-
mentum identification which is at ¢ = p°/ppeam = 0.05.

(35)

243

As a function of the normalised laboratory muon momen-
tum & = p/ppeam the number of events observed between
momentum x and x + dx can be written as

dN = Ny [a(z) + Knb(z)] dz. (36)
By analogy with Eqn. 4, the polynomial a(z) = ho(x) +
3h(x)—Prhe(x)+3hes(x)] is the appropriate linear com-
bination of polynomials for Standard Model couplings at
LEP energies, while b(z) = h,(x). The constants Ny and
K can always be chosen such that the integrals of a(x)
and b(x) over the whole momentum range are normalised
to 1. If n is non-zero, the number of events observed would

be

The event generator used to compute the acceptance
corrections, KORALZ/TAUOLA, assumes that n equals
zero. In other words, the branching ratio is derived assum-
ing that the total number of 7 — uv,v, decays produced
can be estimated as

max

a(x)dx + Kn/

xc

max

xT

Nobs = NO

b(m)dm] . (37)

NE* = Ny X (38)

rmax

Jue

where the integral is obtained from simulation. Hence, in-
stead of correcting to obtain N§*t = Ny+ K7, the estimate
of the corrected number of events becomes

a(x)dx

max

I b(a:)dx] .

NE*t = Ny |1+ Kn (39)

maz

xc

The ratio between the integrals is readily calculated
numerically by generating the full distribution in the 7
rest frame and boosting the momentum to the lab frame.
It is found that the ratio between the integrals equals 0.96
when integrating from z¢ = 0.05. Ignoring effects due to
1 in 7 — eVev, decays, the relation

m2 m m2
=f <m’;> + 3.84m“g<mg)77ﬂ.(40)

T T

Br(r — pv,v,)
Br(r — ev;U,)

should be used to extract 77, from the DELPHI tau lep-
tonic branching ratios instead of Eqn. 11.

Using the techniques outlined above together with
background distributions obtained from the simulated
data a six parameter and a nine parameter fit were per-
formed, with and without the assumption of lepton uni-
versality respectively, over a sample of ~60000 7 pair can-
didates. The one-dimensional projected distributions for
each 7 decay class are shown in Figs. 7 and 8, together
with the fitted distributions obtained from the six param-
eter fit.

A number of cross-checks were performed to check the
stability of the result with respect to the selection cuts
and binning effects. Each of the 777~ preselection cuts
was varied by 10% of its value (in the case of the E,qq
and prqq by 5% corresponding more closely to their res-
olution); no variation in the results was observed beyond
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those expected from statistical fluctuations. A similar pro-
cess was performed for the main cut criteria in the selec-
tion of the different 7 decay modes classes. Again no vari-
ation was observed in the fit results beyond that expected
from statistical fluctuations. The binning used to define
the hadronic decay classes hl, h2 and h3 was varied; no
unexpected variation in the results was observed.

The systematic effects studied are decribed below and
summarised in Tables 4 and 5.

One source of systematic uncertainty arose from the
finite amount of simulated data available.

An uncertainty due to the 7 branching ratios was ob-
tained by varying the branching ratios by the uncertainties
on the world average values, repeating the fit and taking
the change in the result as an estimate of the systematic
uncertainty. Conservatively, the background from 7 decays
and the 777~ backgrounds were varied by 30% and the
change in the results of the fit taken as an estimate of the
systematic uncertainty.

The dependence of the selection efficiency on the fit
variables for the different 7 decay modes was studied us-
ing data test samples or by redundancy of the different
detector components as described in each of the relevant
sections. The resulting systematic uncertainties were esti-
mated by varying the selection efficiency in the simulation
as a linear function of the fit variable. The magnitude of
the variation was taken from the statistical uncertainty on
the gradient derived in a straight line fit to the ratio of the
measured efficiencies in data and simulation as a function
of the fit variable.

Systematic uncertainties were attributed for detector
calibration effects. The charged particle reconstruction
momentum scale was varied by its uncertainty, the anal-
ysis repeated, and the resultant variation in the results
taken as an uncertainty. This in particular affected the
muon channel parameters. The effects due to knowledge
of the momentum resolution were also taken into account
but were much smaller.

The electron momentum estimator p,; was calibrated
on data using both radiative and non-radiative Bhabha
events. Its scale was calibrated with a precision of 0.5%,
limited by the statistics of the data test samples. The sys-
tematic uncertainties on the various fit parameters were
estimated in the same way as for the momentum scale.
A smaller contribution arose from the knowledge of the
resolution on pe;.

The neutral electromagnetic energy scale was known
with a precision of 0.2%. The related uncertainties were
estimated in an analogous manner to those due to the mo-
mentum and p.; scales. This affected mostly the hadronic
decay modes with 7%’s in the final state.

The uncertainty in the energy scale in the HCAL had
a negligible effect, as did the uncertainty in the efficiency
of the muon chambers.

The systematic uncertainty contribution arising from
the HCAL response to hadronic showers was estimated
by varying within their statistical errors the corrections
to the shower penetration in the simulation taken from
the data test samples.
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The hadronic invariant mass scale uncertainty is domi-
nated by the neutral energy and charged particle momen-
tum scale. Any serious discrepancy between simulation
and data would be evident in the hadronic invariant mass
distribution such as that shown in Fig 6, where agree-
ment is good. Additional checks have been made on the
spatial resolution of the electromagnetic showers in the
HPC. These effects were found to be small compared with
those due to energy scale and resolution.

Imperfections in the modelling of the photon recon-
struction efficiency could lead to a poorly modelled cross-
talk between the different invariant mass classes in the
inclusive hadronic selection as well as affecting the recon-
struction of the #* and v angles used in the fit. From a
study [31] of various distributions related to reconstructed
photons, such as multiplicity and energy distributions, it
was estimated that the neutral photon reconstruction ef-
ficiency was known to better than 4% averaging over the
whole of the HPC taking into account dead space and
threshold effects. The systematic uncertainty attributed
to this was estimated by randomly rejecting 4% of photons
and the change in the results was included under the head-
ing calibration. Further cross-checks of the HPC recon-
struction in the inclusive hadronic sample included reclas-
sifying energy depositions associated to the charged par-
ticle track as neutral particles. This had a negligible effect
on the results, indicating that both the mis-association
of photon and 7° showers to the charged hadron and the
description of the hadronic interactions associated to the
hadron charged track and misidentified as electromagnetic
showers were well described by the simulation.

The uncertainties due to radiative corrections in hadro-
nic 7 decays and modelling of the a; have been estimated
to give a systematic uncertainty of 0.001 on P, for the
inclusive hadronic polarisation analysis in [31]. This has
been included as a systematic on P, and the systematic
uncertainty has been propagated through to the other fit
parameters.

Fig. 7 shows discrepancies between data and the fit-
ted distributions for the 7 — hlv, sample. Studies of the
quantities used to select the sample exhibited no obvious
effect which could account for this. A cross-check, per-
forming the fit excluding the data from the discrepant
regions (the ranges [-0.9,-0.7] and [0.8,1.0]) of the 7 —
hlv,, showed variations which were consistent with statis-
tical fluctuations. Conservatively, systematic uncertainties
were estimated for this effect by taking half of the varia-
tion in the fit results when forcing the fits to go through
the data points in the quoted ranges. These are included
as a contribution to the “calibration” uncertainty in Ta-
bles 4 and 5.

The six parameter fit assuming lepton universality (in-
cluding the constraint on 7 from the leptonic branching
ratios) gave the following results:

n = —0.005 3 0.036 = 0.037,

p = 0.775 £ 0.023 £ 0.020,

£ =0.929+0.070 £ 0.030,
&0 =0.779+0.070 £ 0.028,
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Fig. 7. The projections of the fit-
ted distributions for the six param-
eter fit for the two fully leptonic de-
cay channels and the semi-leptonic
candidates from the lowest invari-

1 075

-05 -0.25 0 0.25

T- hlv,

hy, = —0.997 £ 0.027 £ 0.011,
Pr = —0.130 £ 0.012 £ 0.008.

The results were found to be stable as a function of
the year of data taking. After correcting for effects includ-
ing the photon propagator and the /s dependence, the
result on P, obtained in this analysis can be compared to
the polarisation parameter A, obtained in the dedicated
analysis of the DELPHI data [31]. Correcting P, as de-
scribed in [31] the result A; = 0.134 + 0.014 is obtained
for this analysis. This is in excellent agreement with the
result A, = 0.1359 & 0.0096 from [31].

The x?/Naoy for the fit was 1984/2009. The parame-
ters are correlated and the correlation matrix is given in
Table 6.

The variable P%, defined in Eqn. 12, represents the
probability of a right-handed 7 decaying into a lepton of
either handedness. This was calculated to be

Pg = —0.038 £ 0.066 £ 0.029.

A one-dimensional fit to 1 was also performed. In setting
the other Michel parameters to their Standard Model val-
ues and applying the branching ratio constraint (Eqn. 40)
the value of 1 was found to be

n = —0.009 £ 0.033 £ 0.024.

ant mass bin. The line is the result
of the fit, the points are the data
and the shaded area is the sum of
the backgrounds

The nine parameter fit without any assumption of lep-
ton universality gave the following results:

My = 0.72 +0.32 £ 0.15,
pe = 0.744 % 0.036 + 0.037,
pu = 0.999 £ 0.098 + 0.045,
€ = 1.01 +0.12 %+ 0.05,
€, = 1.16 + 0.19 + 0.06,
€.6e = 0.85 £ 0.12 + 0.04,
€46, = 0.86 + 0.13 & 0.04,
hy,. = —0.991 +0.028 & 0.011,
P, = —0.131 £ 0.012 + 0.008.

The parameters are correlated and the correlation matrix
is given in Table 7.

The values of the Michel parameters for the process
T — uv,v, are less precisely known than those from the
T — eVeV,r channel. This is because for the 7 — pv, v,
channel one is also measuring the 1 parameter which has
all its sensitivity in this channel. The 7, and p, parame-
ters are both at the level of ~ 20 away from the Standard
Model predictions. These two parameters are very highly
correlated. In setting 7, to its Standard Model prediction
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Fig. 8. The projections of the fitted
distributions of the w variable de-
scribed in [15] from the six param-
eter fit for the semi-leptonic can-
didates selected in the second and
third invariant mass bins. The line
is the result of the fit, the points are
the data and the shaded area is the
sum of the backgrounds

Table 4. The systematics on the parameters for the six parameter fit
with the assumption of universality. The statistical error is shown for

comparison
n P P € 55 h’l’r

MC stats 0.0053 0.0035 0.0018 0.0104 0.0103 0.0039
7 BR’s 0.0002 0.0006 0.0014 0.0004 0.0012 0.0020
Backgrounds 0.0251 0.0115 0.0011 0.0030 0.0126 0.0093
Efficiency 0.0005 0.0023 0.0037 0.0013 0.0027 0.0014
Calibration 0.0144 0.0146 0.0065 0.0281 0.0229 0.0034
Decay modelling - 0.0009 0.0010 0.0007 0.0004 0.0010
71 const. 0.0232  0.0070 - - - -
Total Syst. 0.037 0.020 0.008 0.030 0.028 0.011
Statistical 0.036 0.023 0.012 0.070 0.070 0.027

Table 5. The systematics on the parameters for the nine parameter fit without the assumption
of universality. The statistical error is shown for comparison

um Pe Pu P &e §u &ebe fu‘su ho.,
MUC stats 0.047 0.0054 0.0144 0.0018 0.0177 0.028 0.019 0.019 0.0039
7 BR’s 0.003 0.0008 0.0016 0.0016 0.0017 0.001 0.001 0.001 0.0003
Backgrounds 0.138 0.0230 0.0414 0.0013 0.0058 0.044 0.018 0.018 0.0093
Efficiency 0.010 0.0034 0.0017 0.0036 0.0020 0.003 0.001 0.001 0.0014
Calibration 0.039 0.0278 0.0076 0.0069 0.0438 0.018 0.034 0.033 0.0045
Decay modelling 0.002 0.0010 0.0004 0.0010 - 0.001 0.001 0.001 0.0010
Total Syst. 0.15 0.037 0.045 0.008 0.05 0.06 0.04 0.04 0.011
Statistical 0.32 0.036 0.098 0.012 0.12 0.19 0.12 0.13 0.028
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Table 6. The correlation matrix for the six parameter fit

p P
n 0.276 —0.016
p 0.435
P-
3
&o

3 €0 ho.
0.100 0.070 0.009
—0.060 —0.105 —0.205
0.040 —0.188 —0.414
—0.142 0.062
0.190

Table 7. The correlation matrix for the nine parameter fit

Pe Pu Pr &e §u &ede §ubp by,
im —0.102 0.937 —-0.065 —0.003 0.678 —0.029 0.423 0.060
Pe —0.071 0.331 —0.306 0.047 —0.230 0.032 —0.155
Pu 0.062 0.059 0.569 0.012 0.327 —0.006
P —0.002 -0.035 —-0.110 —-0.130 —0.420
e —0.184 0.342 —0.306 0.039
& —0.318 0.415 0.095
Eebe —0.102 0.087
&by 0.157

value of 0 one obtains the following results:

Nu =0 (fixed),
pe = 0.755 £ 0.036 £ 0.037,
pu = 0.789 +0.028 + 0.012,
& =1.00+0.12 £ 0.05,
€, = 0.87 +0.11 4 0.03,
.0, = 0.86 4 0.12 + 0.04,
£,0, = 0.733 £ 0.094 £ 0.030,
hy, = —0.995 £0.028 £ 0.011,
Pr = —0.129 + 0.012 £ 0.008.

The presented measurements show no deviations from
the predictions of pure V — A couplings in 7 decays.

As mentioned in Sect. 2 the Michel parameters are re-
stricted by boundary conditions. The physically allowed
regions for various pairs of the parameters p, & and &6
are shown in Fig. 9 along with the experimentally deter-
mined values for these parameters, for the fit assuming
lepton universality. In forming the contours the likelihood
function is minimised with respect to the other four pa-
rameters in the fit. One can see that the contours enter
into the disallowed regions due to the finite experimental
resolution. The disallowed regions in Fig. 9 are in fact de-
pendent on three of the Michel parameters. The disallowed
regions shown are presented with the Michel parameters
set at their Standard Model values for simplicity. These
regions will therefore move around to encompass more of
the fitted contours if the Michel parameters are set at their
measured values.

- - W
8 Extraction of the coupling k.

The spectra of the 7 decay products were used to extract
the parameter k. To estimate the theory prediction of
the spectra distortion in the case of kY # 0 the Stan-
dard Model simulated data were used with the events
re-weighted in the following way. For the generated val-
ues of the 7 helicity and the final lepton momentum, the
value dI'/dz;(z;, kYY) was calculated according to Eqns. 22

. dl/dz(z,6Y)
and 23. The ratio m

weight to produce the simulated spectrum with non-zero
tensor coupling. In the case of the 7 multipionic decays
Eqn. 26 was used to generate event weights. The radiative
corrections to 7 production and 7 decay were taken into
account by the KORALZ 4.0 and TAUOLA 2.5 programs
and the variable z; was defined using the lepton energy
after all radiation. It was assumed the effect of the ten-
sor coupling was small and that the effects of radiative
corrections to the tensor coupling contributions could be
neglected.

The value of the tensor coupling parameter was then
extracted from a log likelihood fit of the simulated spec-
tra to the real data, with k¥ as a fit parameter. One-
dimensional spectra of x; were used in the case of leptonic
7 decays and the two-dimensional spectra of (cos 6*, cos 1)
for semi-leptonic decays. To increase the sensitivity of the
semi-leptonic channel further, the region of reconstructed
invariant mass between 0.3 and 1.7 GeV /c? was divided
into five bins and the fit was performed in each bin simul-
taneously. This reduced the statistical error of the fit by
about 10%. The region of invariant mass below 0.3 GeV /c?

was then used as an event
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was not used because it was dominated by 7 — 7, decays
which have no sensitivity to the tensor coupling.

The illustration for the channel 7 — uv,v; is given in
Fig. 10 which shows the difference between the real data
and the Standard Model simulated data prediction. Also
shown is the difference between the best fit simulated data
and the Standard Model simulated data. The sample used
for this channel was an equivalent data set to that used for
the Michel parameter analysis together with 7 — uv,v;
decays detected in the end-cap region of the detector. The
selection follows that described in [31].

The systematic uncertainty for the muon channel re-
ceived contributions from the limited simulation statis-
tics, the dimuon background level and the calibration of
the momentum scale of the charged particle track recon-
struction. For the ev,v, final state the main contributions
to the systematic uncertainty are the limited simulation
statistics, the level of the Bhabha background and the
calibration of the electron energy estimator p.;. For the
hadronic selection the main systematic is the calibration
of the neutral electromagnetic shower energy scale. Other
significant contributions arise from the efficiency of photon
detection in the HPC and the knowledge of the resolution
on the fit quantities * and 1. The calibration of the mo-
mentum scale for the charged hadron also gives a contri-

0.4

Standard Model.

This measurement.

Fig. 9. The contours corresponding
to (logLl + §)7 where ¢ = 1,2, 3, for
the six parameter fit. In forming the
contours the likelihood function is
minimised with respect to the other
four parameters in the fit. In each
plot the allowed region corresponds
to the case where all the Michel pa-
rameters are fixed to their Standard
Model values

Disallowed region.

Allowed region.

bution. Other sources of systematic uncertainty common
to some or all channels are the modelling of the momen-
tum resolution and the electromagnetic energy resolution,
and the uncertainty on the 7 branching ratios.

The results of the fits for different decay channels were
the following:

LW
DK,

+0.162 £ 0.078 £ 0.030,
—0.043 £ 0.057 £ 0.032,
—0.122 £ 0.059 £+ 0.025.

T — eVelsr

wo_
Ky =

w

T

T — WuVr

7 — h(nt)v, 1 K
Combining these taking into account correlations gave
kY = —0.029 + 0.036 + 0.018,

where the first uncertainty is statistical and the second
is systematic. The x?/Ngos for this combination is 7.6/2
corresponding to a probability of having a worse x*/Ngo¢
of 2.3%. The measured value of the anomalous tensor
coupling, HZV corresponds to a 90% allowed interval of

—0.096 < k¥ < 0.037.

9 Interpretation of the results

The results of this analysis can be used and interpreted
in a number of different ways. It is interesting now to use
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Fig. 10. An illustration of the fit to the tensor coupling pa-
rameter using the decay 7 — uv,v-. Upper plot: spectra of the
normalised muon momentum for data (points with error bars),
background (black) and the best fit simulated data (solid line).
Lower plot: the difference between the measured spectrum and
the Standard Model prediction (points with error bars); the
solid line shows the difference between the best fit simulation
and the Standard Model simulation

the measured values of the Michel parameters to explore
these avenues and investigate the possible existence of new
physics beyond the Standard Model.

The measured values of the parameters £ and £0 were
used to estimate the probability P; of a right handed tau
decaying into a lepton of either handedness. Following the
technique outlined in [32], and only allowing the value of
PZ to be between 0 and 1, the corresponding upper limit
on this quantity was found to be:

P}, < 0.081 at 90% C.L.

Using the constraints described in Sect. 2 one can set
limits on the coupling constants by forming positive defi-
nite expressions from the measured parameters. The best
limits on gf r and Q%R are derived from Eqn. 12 using
the limit on P}%. Eqn. 16 constrains g} 5, while the best
constraints on g3 and ghp are derived from Eqn. 15.
The best limits on the g, g3, and g%, are obtained
from Eqn. 13. Absorbing the freedom given by the un-
known overall phase, the coupling g}, is taken to be real
and positive. Only the coupling gf 1, cannot be constrained
as one cannot distinguish between g7; and the Standard
Model coupling g}, . It could be constrained by measur-
ing the cross-section for inverse 7 decay [7]. The overall
normalisation factor A in Eqns. 2 and 3 was fixed to a
value of 16.
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Table 8. 90% C.L. upper limits on the magnitudes of the com-
plex coupling constants. The 2nd column contains the results
assuming e-p universality. The 3rd and 4th columns display the
results for the electronic and muonic decay modes respectively.
The fifth column shows the maximum physically allowed value
for the parameter

coupling e-1 e n maximum
2R 0.598  0.765  0.999 2
iR 0.568  0.805  0.791 2
gL 2.000  2.000  2.000 2
QEL - - - 2
bR 0.299  0.382  0.499 1
9rr 0.243  0.397  0.302 1
gkhL 0.515  0.564  0.422 1
QXL - - - 1
9t R 0.164  0.232  0.228 1/V3
gRL 0.343  0.387  0.281 1/V3

The 90% confidence level upper limits on the coupling
constants, derived as described in [32], are given in Table 8
for the fits with and without lepton universality. The pa-
rameters gfm and gIT%L are coupled together in Eqn. 13.
The limits obtained for g%, assume g3, = 0; if this condi-
tion is relaxed, the limits obtained for g5, are poorer than
the normalisation constraint. The results of the fit assum-
ing universality are also illustrated pictorially in Fig. 11.

In its minimal version, the Higgs mechanism is imple-
mented by adding only one doublet of complex scalar fields
resulting in one additional physical scalar state, electri-
cally neutral, commonly referred to as the standard Higgs
boson. One can postulate extensions to this by adding, for
example, one more doublet of complex scalar fields, which
leads automatically to five physical states (three neutral
and a pair of charged Higgs bosons), after the spontaneous
breaking of the SU(2), x U(1)y symmetry to give mass to
the W+ and Z gauge bosons. These charged Higgs bosons
contribute to the 7 — Iv,, l=e,u decay through a scalar
coupling, given at Born level by

g mym,tan?s
g = - P] )
mHi

(41)

for negligible neutrino masses [10,33,34]. Tan/ is the ratio
of the vacuum expectation values of the two Higgs dou-
blets and my+ is the mass of the charged Higgs boson.
For left-handed neutrinos the couplings are of the type
g, and the Michel parameters 7, and &, (with I=e,u),
can be written in terms of g}%R,l:

_ /2 _
I+ (91%1%,1/2)27

1 (9pr,/2)?

1+ (97R1/2)%

m=
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Fig. 11. Limits (at 90% CL) on the coupling constants from
the Michel parameter fit assuming lepton universality. The
dark shaded areas are the allowed regions

while p = § = %. With these relations mg+ can be ex-

tracted using the measured values of the Michel parame-
ters. Using the results presented in this paper one obtains
a lower limit on the mass of the charged Higgs of 2

mpg+ > 1.17 x tan 3 GeV/c? at 90% C.L.

This limit is not competitive with those from direct
searches, unless tan 3 has an unexpectedly large value.
Another extension to the Standard Model which can
be related to the Michel parameters involves the postulate
that parity violation is caused by spontaneous symmetry
breaking. A question which arises in the Standard Model
is why the doublets are left handed and the singlets right-
handed. Left-right symmetry implies that the Lagrangian
is both charge and parity invariant before spontaneous
symmetry breaking and that CP violation arises due to
the non-invariance of the vacuum. These left-right sym-
metric models assume the existence of a second pair of W
bosons, and the weak eigenstates Wy r are mixtures of

2 the limits presented for the two doublet and left-right sym-
metric models correspond to the value at which the likelihood
has dropped to give the corresponding measure of confidence.

The DELPHI Collaboration: A study of the Lorentz structure in tau decays

the mass eigenstates Wi 5 [35,36]. One can introduce the

mass ratio® « of the mass eigenstates,
2 2
a = miy, /miy,, (44)

and the mixing angle ( between the weak and mass eigen-
states. The Michel parameters p and £ take the form

4
p= Z cos? C(l + tan* ¢ + 1 +aa2 tan? (), (45)

a2

1—
€ = cos? ¢(1 — tan® C)m, (46)
while n =0 and § = %. The v, polarisation parameter in

7 hadronic decays takes the form [37]
By, = —1+2¢% 4+ a(4¢ — 8¢?) 4+ a?(2 — 8¢ 4 12¢%). (47)

Using these relations, the measured value of my, and
the measured values of the Michel parameters, one can
place limits on myy, and ¢, with the caveat that the right-
handed neutrino must be light enough compared with the
T to be produced without kinematical suppression. Tak-
ing the measured values of the Michel parameters and
mw, = (80.41 £ 0.10) GeV/c? [38] gives the following
limits on myy, and the mixing angle (:

mw, > 189 GeV/c? at 90% C.L.;

—0.141 < ¢ < 0.125 rad at 90% C.L.

The 68%, 95% and 99% confidence level contours on the (-
myy, plane are shown in Fig. 12. The x? function exhibits
a slight minimum at my, = 290 GeV/c?, ( = —0.01. The
distribution then exhibits an allowed region extending to
infinite my,, where the change in x2, for ¢ = 0, is 0.13
compared with the minimum. For the case of no mixing
¢ = 0, and the lower limit on the W5 mass becomes

my, > 204 GeV/c? at 90% C.L..

10 Conclusions

A precise measurement, of the Michel parameters and the
v, helicity has been presented, together with limits on the
anomalous tensor coupling.

A simultaneous fit to the Michel parameters and the v,
helicity assuming e-p universality and using the DELPHI
exclusive leptonic branching ratio measurements [30] gave
the following results:

n = —0.005 £ 0.036 = 0.037,
p = 0.775 £ 0.023 £ 0.020,
£ =0.929+0.070 £ 0.030,
&0 =0.779+0.070 £ 0.028,
hy,. = —0.997 £ 0.027 £ 0.011.

3 this mass ratio is commonly referred to as 3 in the litera-
ture. In order to avoid confusion with the parameter introduced
above, tan 3, the name has been changed to «
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Fig. 12. Contours corresponding to 68%, 95% and 99% con-
fidence levels on the ¢ versus mw, plane for the fit to the
left-right symmetric model

A fit to the Michel parameters and the v, helicity not
assuming universality gave the following results:

My = 0.72 +0.32 + 0.15,
pe = 0.744 4 0.036 = 0.037,
pu = 0.999 + 0.098 =+ 0.045,
€ = 1.01+0.12 + 0.05,
¢, = 1.16 +0.19 = 0.06,
€e6e = 0.85 +0.12 + 0.04,
€46, = 0.86 4 0.13 = 0.04,
h,. = —0.991 % 0.028 4 0.011.

In both fits the average 7 polarisation was left as a free
parameter.

The world averages for the v, helicity and for the
Michel parameters p, £ and &5, both with and without
the assumption of lepton universality, are dominated by
the results [39] from the CLEO experiment. The results
presented here are consistent with the world averages and
have a precision between 1.5 and 2.5 times poorer than
the CLEO measurements for these parameters but are of
a similar or higher precision than other measurements,
taken at LEP [3,40-42] or by ARGUS [43].

Fixing h,_ to the standard model value of —1 and
constraining P, from other measurements of the effective
weak mixing angle would give a reduction in the quoted
errors on the Michel parameters due to the correlations
present in the simultaneous fits to all the parameters.

The measurement of 7 presented here is the most pre-
cise recorded to date, due to the combination of the precise
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leptonic branching ratio measurements and the measure-
ments of the spectra.

A measurement of the tensor coupling k' has been
performed for the first time in 7 decays, yielding the result

kY = —0.029 + 0.036 + 0.018,

consistent with zero.

The presented results are consistent with the Standard
Model and limits have been placed on the magnitudes of
the complex coupling constants. The V' — A assumption is
however still not fully verified. Future results from B fac-
tories, complemented by a measurement of inverse 7 decay,
will allow a full determination of the Lorentz structure of
the 7.
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