Volume 241, number 3 PHYSICS LETTERS B 17 May 1990

SEARCH FOR HEAVY CHARGED SCALARS IN Z° DECAYS
DELPHI Collaboration

P. ABREU #, W. ADAM ° F. ADAMI ¢, T. ADYE ¢, G.D. ALEKSEEV ¢, J.V. ALLABY /, P. ALLEN &,
S. ALMEHED " F. ALTED &, S.J. ALVSVAAG /, U. AMALDI /| E. ANASSONTZIS, W.D. APEL ¥,
B. ASMAN % C. ASTOR FERRERES ™, J.LE. AUGUSTIN ", A. AUGUSTINUS , P. BAILLON |

P. BAMBADE ", F. BARAO ?, G. BARBIELLINI °, D.Yu. BARDIN ¢, A. BARONCELLI ®,

0. BARRING ', W. BARTL °, M.J. BATES ¢, B.V. BATYUNIA ¢, M. BAUBILLIER ', K.H. BECKS %,
C.J. BEESTON 9, P. BEILLIERE ', 1. BELOKOPYTOV *, P. BELTRAN ¥, D. BENEDIC ¥,

J.M. BENLLOCH &, M. BERGGREN %, D. BERTRAND *, S. BIAGI ¥, F. BIANCHI 7, J.H. BIBBY ¢,
M.S. BILENKY ¢, P. BILLOIR -, J. BJARNE *, D. BLOCH ¥, P.N. BOGOLUBOV ¢, D. BOLLINI °,

T. BOLOGNESE ¢, M. BONAPART # Y.E. BONYUSHKIN ¢, P.S.L. BOOTH ¥, M. BORATAV ",

P. BORGEAUD ¢, H. BORNER ¢, G. BORISOV ¥, C. BOSIO ?, 0. BOTNER ?, B. BOUQUET ",

M. BOZZO 3, S. BRAIBANT f, P. BRANCHINI ?, K.D. BRAND %, R. A. BRENNER ¥, C. BRICMAN *,
R.C.A. BROWN f, N. BRUMMER #, J.M. BRUNET ', L. BUGGE ¢, T. BURAN ¢ H. BURMEISTER ,
C.M. BUTTAR 9, J AAM.A. BUYTAERT *, M. CACCIA ", M. CALVI ", A.J. CAMACHO ROZAS ™,
J.E. CAMPAGNE ", A. CAMPION ¥, T. CAMPORESI {, V. CANALE ?, F. CAO *, L. CARROLL?,

C. CASO 3, E. CASTELLI °, M.V. CASTILLO GIMENEZ &, A. CATTAI \, F.R. CAVALLO ¢,

L. CERRITO P, P. CHARPENTIER f, P. CHECCHIA ®, G.A. CHELKOV ¢, L. CHEVALIER ¢,

C. CHICCOLI %, P.V. CHLIAPNIKOV ¥, V. CHOROWICZ ", R. CIRIO *, M.P. CLARA ?,

J.L. CONTRERAS &, R. CONTRI 8, G. COSME ", F. COUCHOT ", H.B. CRAWLEY *,

D. CRENNELL ¢, M. CRESTI %, G. CROSETTI ®, N. CROSLAND 9, M. CROZON !,

J. CUEVAS MAESTRO ™, S. CZELLAR °, S. DAGORET ", E. DAHL-JENSEN * B. D’ALMAGNE ",
M. DAM f, G. DAMGAARD *, G. DARBO 2, E. DAUBIE *, M. DAVENPORT f, P. DAVID *,

A. DE ANGELIS °, M. DE BEER ©, H. DE BOECK *, W. DE BOER ¥, C. DE CLERCQ *,

M.d.M. DE FEZ LASO &, N. DE GROOT %, B. DE LOTTO °, C. DE LA VAISSIERE ", C. DEFOIX !,
D. DELIKARIS {, P. DELPIERRE !, N. DEMARIA 2 L. DI CIACCIO °, ANN. DIDDENS?,

H. DIJKSTRA f, F. DJAMA ¥, J. DOLBEAU ', K. DOROBA #, M. DRACOS *, J. DREES ¢, M. DRIS ¢,
W. DULINSKI ¥, R. DZHELYADIN ¥, D.N. EDWARDS*, L.O. EEK”, P.A.M. EEROLA *,

T. EKELOF?, G. EKSPONG % J.P. ENGEL %, V. FALALEEV “, A. FENYUK ¢,

M. FERNANDEZ ALONSO ™, A. FERRER ¢, S. FERRONI %, T.A. FILIPPAS %, A. FIRESTONE *,

H. FOETH !, E. FOKITIS 5, F. FONTANELLI 3, H. FORSBACH *, B. FRANEK 9, K.E. FRANSSON 7,
P. FRENKIEL !, D.C. FRIES ¥, R. FRUHWIRTH °, F. FULDA-QUENZER ", H. FUERSTENAU ¥,
J.FUSTER f, JM. GAGO ®, G. GALEAZZI ®, D. GAMBA 2, U. GASPARINI ®, P. GAVILLET ',

S. GAWNE ¥, EN. GAZIS & P. GIACOMELLI ¢, K.W. GLITZA *, R. GOKIELI ",

V.M. GOLOVATYUK ¢, A. GOOBAR %, G. GOPAL ¢, M. GORSKI*, V. GRACCO % A. GRANT f,

F. GRARD *, E. GRAZIANI », M.H. GROS ", G. GROSDIDIER ", B. GROSSETETE ",

S. GUMENYUK Y, J. GUY ¢ F. HAHN s, M. HAHN ¥, S. HAIDER f, Z. HAJDUK ™,

A. HAKANSSON " A, HALLGREN *, K. HAMACHER *, G. HAMEL DE MONCHENAULT ¢,

J.F. HARRIS ¢, B. HECK f, I. HERBST ¢, J.J. HERNANDEZ &, P. HERQUET *, H. HERR ,

E. HIGON & H.J. HILKE , T. HOFMOKL ¥, R. HOLMES ¥, S.0. HOLMGREN %, I.E. HOOPER *,
M. HOULDEN ¥, J. HRUBEC °, P.O. HULTH % K. HULTQVIST ¥, D. HUSSON *, B.D. HYAMS f,
P. IOANNOU /, P.S. IVERSEN ', J.N. JACKSON ¥, P. JALOCHA ™, G. JARLSKOG ", P. JARRY ¢,

0370-2693/90/$ 03.50 © Elsevier Science Publishers B.V. ( North-Holland ) 449



Volume 241, number 3 PHYSICS LETTERS B 17 May 1990

450

B. JEAN-MARIE ", E.K. JOHANSSON M. JONKER f, L. JONSSON ", P. JUILLOT ¥,

R.B. KADYROV ¢, G. KALKANIS/, G. KALMUS ¢, G. KANTARDJIAN f, F. KAPUSTA ',

P. KAPUSTA *, S. KATSANEVAS, E.C. KATSOUFIS &, R. KERANEN *, J. KESTEMAN *,

B.A. KHOMENKO ¢, B. KING ¥, H. KLEIN {, W, KLEMPT f{, A, KLOVNING ‘, P. KLUIT *,

J.H. KOEHNE ¥, B. KOENE #, P, KOKKINIAS ¥, M. KOPF ¥, M. KORATZINOS f, K. KORCYL *,
A.V.KORYTOV ¢, B. KORZEN f, C. KOURKOUMELIS/, T. KREUZBERGER ®,

J. KROLIKOWSKI ¥, U. KRUENER-MARQUIS 5, W. KRUPINSKI ", W. KUCEWICZ ",

K. KURVINEN ¢, M.I. LAAKSO ©, C. LAMBROPOULOS ¥, JW. LAMSA *, L. LANCERI °,

D. LANGERVELD ?, V. LAPIN ¥, J.P. LAUGIER ¢, R. LAUHAKANGAS ¢, P. LAURIKAINEN *,
G.LEDER®, F. LEDROIT ', J. LEMONNE *, G. LENZEN %, V. LEPELTIER ",

A. LETESSIER-SELVON ", E. LIEB 5, E. LILLESTOL {, E. LILLETHUN{, J. LINDGREN ¢, 1. LIPPI ®,
R. LLOSA ¢, B. LOERSTAD ®, M. LOKAJICEK ¢, J.G. LOKEN 9, A. LOPEZ ",

M.A. LOPEZ AGUERA ™, D. LOUKAS ¥, J.J. LOZANO & R. LUCOCK ¢, B. LUND-JENSEN?,

P. LUTZ' L. LYONS 9 G. MAEHLUM ', J. MAILLARD ', A. MALTEZOS ¥, F. MANDL ",
J.MARCO ™, J.C. MARIN /, A, MARKOU ", L. MATHIS ', C. MATTEUZZI ", G. MATTHIAE ®,

M. MAZZUCATO °, M. MC CUBBIN ¥, R. MC KAY *, E. MENICHETTI ?, C. MERONI ",

W.T. MEYER *, W.A. MITAROFF *, G.V. MITSELMAKHER ¢, U. MJOERNMARK ", T. MOA *,

R. MOELLER * K. MOENIG *, M.R. MONGE %, P. MORETTINI ¢, H. MUELLER ¥, H. MULLER ,
G. MYATT ¢ F. NARAGHI ', U. NAU-KORZEN *, F.L. NAVARRIA ¢ P. NEGRI ", B.S. NIELSEN %,
M. NIGRO °, V. NIKOLAENKO *, V. OBRAZTSOV ", R. ORAVA ¢ A. OSTANKOV Y,

A. OURAOU ¢, R. PAIN ", K. PAKONSKI ™, H. PALKA ", T. PAPADOPOULOU 5, L. PAPE f,

P. PASINI ¢, A. PASSERI?, M. PEGORARO®, V. PEREVOZCHIKOV “, M. PERNICKA °,

M. PIMENTA 2, O. PINGOT *, C. PINORI ®, A. PINSENT ¢, M.E. POL ®, G. POLOK ",

P. POROPAT °, P. PRIVITERA %, A. PULLIA ", J. PYYHTIA *, A.A. RADEMAKERS #,

D. RADOJICIC 9, S. RAGAZZI ", W.H. RANGE ¥, P.N. RATOFF ¢, A.L. READ %, N.G. REDAELLI ",
M. REGLER ®, D. REID *, P.B. RENTON 9, L.K. RESVANIS/, F. RICHARD ", J. RIDKY ¢,

G. RINAUDO % 1. RODITI , A. ROMERO #, P. RONCHESE °, E. ROSENBERG *, E. ROSSO

P. ROUDEAU », T. ROVELLI ¢, V. RUHLMANN ¢, A. RUIZ ™, H. SAARIKKO * D. SACCO ®,

Y. SACQUIN ¢, E. SANCHEZ ¢, E. SANCHIS & M. SANNINO ?, M. SCHAEFFER ¥,

H. SCHNEIDER ¥, F. SCURI °, A. SEBASTIA & A.M. SEGAR 9, R. SEKULIN ¢ M. SESSA °,

G. SETTE ?, R. SEUFERT ¥, R.C. SHELLARD f, P. SIEGRIST ¢, P. SIMONE 2, S. SIMONETTI °,

F. SIMONETTO ¢, A.N. SISSAKIAN ¢, T.B. SKAALI %, J. SKEENS *, G. SKIEVLING ¢, G. SMADJA <,
G.R. SMITH 9, R. SOSNOWSKI #, K. SPANG *, T. SPASSOFF ¢, E. SPIRITI ?, S. SQUARCIA ?,

H. STAECK °, C. STANESCU *, G. STAVROPOULOS ¥, F. STICHELBAUT *, A. STOCCHI ",

J. STRAUSS *, R. STRUB ¥, C. STUBENRAUCH f, M. SZCZEKOWSKI ", M. SZEPTYCKA ¥,

P. SZYMANSKI"¥, S. TAVERNIER %, E. TCHERNYAEV *, G. THEODOSIOU ¥, A. TILQUIN ',

J. TIMMERMANS # L.G. TKATCHEV ¢, D.Z. TOET ?, A.K. TOPPHOL i, L. TORTORA ®,

D. TREILLE !, U. TREVISAN 3, G. TRISTRAM ', C. TRONCON ", E.N. TSYGANOV ¢,

M. TURALA ™ R. TURCHETTA ¥, M.L. TURLUER ¢, T. TUUVA ¢, LLA. TYAPKIN ¢, M. TYNDEL ¢,
S. TZAMARIAS \, F. UDO ®, S, UEBERSCHAER ¥, V.A. UVAROV ", G. VALENTI ¢ E. VALLAZZA *,
J.A. VALLS &, G.W. VAN APELDOORN ?, P. VAN DAM #, W.K. VAN DONINCK *,

N. VAN EIJNDHOVEN f, C. VANDER VELDE *,J. VARELA ? P. VAZ * G. VEGNI ",

M.E. VEITCH 9, E. VELA &, J. VELASCO &, L. VENTURA ¢, W. VENUS 9, F. VERBEURE *,

L. VIBERT %, D. VILANOVA ¢, E.V. VLASOV ", A.S. VODOPIANOV ¢, M. VOLLMER °,

G. VOULGARIS’, M. VOUTILAINEN % V. VRBA ¢, H. WAHLEN ¢, C. WALCK *, F. WALDNER °,
M. WAYNE ¥, P, WEILHAMMER !, J. WERNER 5, A M. WETHERELL ', J.H. WICKENS *,

J. WIKNE & W.S.C. WILLIAMS ¢, M. WINTER ¥, G. WORMSER ", K. WOSCHNAGG 7,

N. YAMDAGNI %, A. ZAITSEV *, A. ZALEWSKA ", P. ZALEWSKI *, E. ZEVGOLATAKOS ",



Volume 241, number 3 PHYSICS LETTERS B 17 May 1990

G. ZHANG 5, N.I. ZIMIN ¢, A.I. ZINCHENKO ¢, R. ZITOUN 7, R. ZUKANOVICH FUNCHAL ",
G.ZUMERLE®, J. ZUNIGA ®

LIP, Av. Elias Garcia 14 - le, P-1000 Lisbon Codex, Portugal
Institut fiir Hochenergiephysik, Osterreichische Akademie der Wissenschaften, Nikolsdorfergasse 18, A-1050 Vienna, Austria
DPhPE, CEN-Saclay, F-91191 Gif-Sur-Yvette Cedex, France
Rutherford Appleton Laboratory, Chilton, Didcot OX11 0QX, UK
Joint Institute for Nuclear Research, Dubna, Head Post Office, P.O. Box 79, SU-101 000 Moscow, USSR
¥ CERN, CH-1211 Geneva 23, Switzerland
& [nstituto de Fisica Corpuscular (IFIC), Centro Mixto Universidad de Valencia-CSIC,
Avda. Dr. Moliner 50, E-46100 Burjassot (Valencia), Spain
" Department of Physics, University of Lund, Sélvegatan 14, S-223 63 Lund, Sweden
' Department of Physics, University of Bergen, Allégaten 55, N-5007 Bergen, Norway
Physics Laboratory, University of Athens, Solonos Street 104, GR-10680 Athens, Greece
Institut fiir Experimentelle Kernphysik, Universitit Karlsruhe, Postfach 6980, D-7500 Karlsruhe 1, FRG
Institute of Physics, University of Stockholm, Vanadisvigen 9, S-113 46 Stockholm, Sweden
™ Facultad de Ciencias, Universidad de Santander, av. de los Castros, E-39005 Santander, Spain
® Laboratoire de I'Accélérateur Linéaire, Université de Paris-Sud, Bdatiment 200, F-91405 Orsay, France
Dipartimento di Fisica, Universita di Trieste and INFN, Via A. Valerio 2, I-34127 Trieste, Italy
and Istituto di Fisica, Universita di Udine, Via Larga 36, I-33100 Udine, Italy
Istituto Superiore di Sanita, Istituto Nazionale di Fisica Nucleare (INFN), Viale Regina Elena 299, I-00161 Rome, Italy
and Dipartimento di Fisica, Universita di Roma Il and INFN, Tor Vergata, I-00173 Rome, Italy
S Nuclear Physics Laboratory, University of Oxford, Keble Road, Oxford OX1 3RH, UK
" LPNHE, Universités Paris VI et VI, Tour 33 (RdC), 4 place Jussieu, F-75230 Paris Cedex 05, France
s Fachbereich Physik, University of Wuppertal, Postfach 100 127, D-5600 Wuppertal 1, FRG
Laboratoire de Physique Corpusculaire, Collége de France, 11 place M. Berthelot, F-75231 Paris Cedex 5, France
v [Institute for High Energy Physics, Serpukhov, P.O. Box 35, SU-142 284 Protvino (Moscow Region), USSR
Greek Atomic Energy Commission, Nuclear Research Centre Demokritos, P.O. Box 60228, GR-15310 Aghia Paraskevi, Greece
¥ Division des Hautes Energies, CRN-Groupe DELPHI, B.P. 20 CRO, F-67037 Strasbourg Cedex, France
Physics Department, Universitaire Instelling Antwerpen, Universiteitsplein 1, B-26 10 Wilrijk, Belgium
and HHE, ULB-VUB, Pleinlaan 2, B-1050 Brussels, Belgium
and Service de Physique des Particules Elémentaires, Faculté des Sciences, Université de ’Etat Mons,
Av. Maistriau 19, B-7000 Mons, Belgium
Department of Physics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK
Dipartimento di Fisica Sperimentale, Universita di Torino and INFN, Via P. Giuria 1, I-10125 Turin, Italy
Dipartimento di Fisica, Universita di Bologna and INFN, Via Irnerio 46, I-40126 Bologna, Italy
NIKHEF-H, Postbus 41882, NL-1009 DB Amsterdam, The Netherlands
Department of Radiation Sciences, University of Uppsala, P.O. Box 535, 8-751 21 Uppsala, Sweden
Dipartimento di Fisica, Universita di Genova and INFN, Sezione di Genova, Via Dodecaneso 33, I-16146 Genoa, Italy
Department of High Energy Physics, University of Helsinki, Siltavuorenpenger 20 C, SF-00170 Helsinki 17, Finland
Physics Department, University of Oslo, Blindern, N-1000 Oslo 3, Norway
Dipartimento di Fisica, Universita di Milano and INFN, Via Celoria 16, I-20133 Milan, Italy
Dipartimento di Fisica, Universita di Padova and INFN, Via Marzolo 8, I-35131 Padua, Italy
Ames Laboratory and Department of Physics, lowa State University, Ames I4 50011, USA
* Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen @, Denmark
v Institute for Nuclear Studies, and University of Warsaw, Ul. Hoza 69, PL-00681 Warsaw, Poland
S Physics Department, National Technical University, Zografou Campus, GR-15773 Athens, Greece
™ High Energy Physics Laboratory, Institute of Nuclear Physics, Ul. Kawiory 26 a, PL-30055 Cracow 30, Poland

a 6o o

3

o ox =

°

°

»

w

N

» < w R

© 3 4% o

Received 14 March 1990

Using a sample of Z%s corresponding to about 12 000 events, we have searched for the production of charged scalars, primarily
charged Higgs particles, decaying into Csc§, tv+jets, and tvtv. The average detection efficiency is 20%. No candidate was found
in the leptonic modes. Masses in the range up to 30-36 GeV/c? are excluded, extending the mass domain covered by previous
¢*e™ machines.
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1. Introduction

As often emphasized, e " e~ machines offer a unique
opportunity to search for heavy charged scalars, spe-
cifically Higgs particles, predicted by the most popu-
lar extensions of the standard model like supersym-
metry and technicolor [1]. Previous searches have
set limits against such particles up to 20 GeV/c? [2].
This paper extends these searches using a sample of
12 000 events collected with the DELPHI detector
during the energy scan of the Z° performed at LEP at
the end of 1989.

Charged Higgs particles and technicolor scalars
have a precisely computable cross section which,
given in terms of the neutrino cross section at the Z°
reads [1]

Gurn- = § c0s220,8%, 0., ~0.1458%0,,

where

BH=\/ 1_4m%‘l/m%0 >

and where 8,,, the effective mixing angle appearing in
Z° couplings, was taken from ref. [3]. This cross sec-
tion is relatively small and turns on rather slowly, due
to a B} threshold factor which is characteristic of the
p-wave production of a scalar. The angular distribu-
tion of the H* with respect to the e* incoming direc-
tion is proportional to sin?6.

A charged Higgs decays leptonically into tv with a
branching ratio BR(H—1v) not fixed by the theory
and we will use it as a free parameter. In one of the
theoretically favoured models [ 11, the decay of heavy
charged Higgs is dominated by c§ and 1v final states
with the ratio

BR(H-1v) m?tan?p
BR(H-c5)  3(m2cot’f+m?2tan?B)| V]2
4
~0.5 tan”p

1+102tan’p

where tan f=v,/v, is the ratio of vacuum expecta-
tions which appear in the two doublet model. The
preferred values of tan § are larger than one, which
means that BR(H—1v) is greater than § and that it
may even turn out that the tv tv final state becomes
predominant. Nevertheless, our search covers also
purely hadronic final states in ¢sc§ mode.
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2. Apparatus

A detailed description of the DELPHI detector, of
the triggering conditions and of the analysis chain can
be found in ref. [4]. Here, only the specific proper-
ties relevant to the following analysis are summarized.

The charged tracks are measured in the 1.2 Tesla
magnetic field by a set of three cylindrical tracking
detectors: the inner detector (ID) covers radii 12 to
28 c¢m, the time projection chamber (TPC) from 30
to 122 cm, and the outer detector (OD) between 197
and 208 cm. The end caps are covered by the forward
chambers A and B, at polar angles 10° to 36° on each
side. A layer of time-of-flight (TOF) counters 1s in-
stalled beyond the magnet coil for triggering purposes.

The electromagnetic energy is measured in the high
density projection chamber (HPC), and by the for-
ward electromagnetic calorimeter (FEMC) in the end
caps. The HPC is a high granularity gaseous calorim-
eter covering polar angles 40° to 140°. For fast trig-
gering a scintillation layer is installed after the first 5
radiation lengths of lead. The FEMC consists of
2% 4500 lead-glass blocks (granularity !X ! de-
grees ), covering polar angles from 10° to 36° on each
side.

The trigger is based on the ID and OD coinci-
dences, on the HPC and TOF scintillation counters,
and on the forward detectors. The chamber trigger is
formed using opposite quadrants of the OD in coin-
cidence with the 1D trigger layer. The counter trigger
uses half length quadrants of TOF counters sensitive
to penetrating particles, and HPC counters sensitive
to electromagnetic showers with an energy > 2 GeV,
arranged in various sets of back-to-back and majority
logics. The forward trigger is made from the same side
chambers A and B coincidences, combined with the
two FEMC signals in a majority logic. The efficiency
of these various triggers is measured with the Z° data,
by analyzing the recorded trigger patterns event-by-
event.

The present analysis relies primarily on charged
tracks reconstructed using the TPC, complemented
by the inner and the outer detectors. This system re-
constructs 98% of the charged tracks down to angles
of 30°. In some small azimuthal regions which cor-
respond to six boundaries of the TPC sectors, this ef-
ficiency drops for energetic (p>4 GeV/c) tracks. The
electromagnetic calorimetry is used to veto against
final state radiation in the tv Tv analysis.
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3. Four jet final states

The search for H*H~ —c¢scs was performed by
analyzing four jet hadronic final states. The jet—jet
mass resolution is similar for the cb and c§ systems
within the investigated mass range. The four jet rate
is however larger in case of cb decays, and therefore,
the mass limits quoted in the following for the c§ de-
cay mode are also valid for the cb mode. The pairing
method and the scaling of the jet—jet masses are based
on the assumption of pair production of a heavy par-
ticle whose decay products are confined in separated
hemispheres. Therefore, our search is limited to
masses below 35 GeV/c2.

The selected data consist of 5289 hadronic events
having:

— At least 4 charged tracks with p>0.1 GeV/c, and
impact parameters J,<4.0 cm, 4.<10.0 cm.

- Total charged energy at least 15 GeV.

— | €088 prust | <0.6.

The jets were reconstructed using the Lund cluster
algorithm for charged tracks with the default param-
eters [ 5]. The measured global jet variables have been
compared with the Lund parton shower Monte Carlo
predictions [ 6] and are seen to be in good agreement
with the simulation. The number of events classified
as four jet events was 508, whereas we would expect
533+ 16 events from the simulation.

For selecting events consistent with e*te™ —
H*H~ - four jets we first selected four jet events and
imposed general selections on the event topology,
followed by mass dependent cuts optimized for three
different Higgs masses in the search range.

In order to reject ambiguous multijet events due to
soft gluon emission we required the smallest jet en-
ergy be at least 5 GeV and the total charged energy at
least 40 GeV. The four jets were combined by choos-
ing the pair (ij) with minimum opening angle. We
corrected for missing neutrals by scaling the invar-
iant jet—jet masses by the beam energy

Mz:]prrected =EbeamMij/ (E: +Ej) .

To ensure that the scaling is justified and the miss-
ing momentum is equally shared between the jets, we
demanded that the acollinearity between the mo-
mentum sum vectors of the two pairs is less than 25
degrees. Both scaling factors were required to be be-
tween 0.8 and 2.4. After these selections on the event
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topology we are left with 195 events. From the Lund
parton shower Monte Carlo we retain 222+ 10 events
after the same cuts. Figs. 1a and 1b represent the
minimum opening angle between two jets and the
difference between the scaled jet—jet masses after the
general selections but before the mass dependent cuts.
The data are shown with points and the solid line is
obtained from the Lund parton shower Monte Carlo
simulation. We conclude that the variables sensitive
to the final selections are well reproduced by our
simulation.

To exclude the background due to standard had-
ronic processes, we use mass dependent selections
optimized to the Higgs pair production with a mass
of 20, 25 and 30 GeV/c% The average minimum
(maximum) jet-jet opening angle min ¢;(max ¢;)
grows about linearly from 45 (57) degrees up to 69
(93) degrees for this mass range, and the difference
between the scaled jet—jet masses max M §Prected —
Mgrected increases from 2.5 GeV/c?to 7.1 GeV/c2
The selections and their efficiencies are shown in ta-
ble 1, named as low, medium and high. The efficien-
cies, depicted also in fig. 1¢ were obtained by simu-
lating Higgs pair production into four quark final
states, which were fragmented with the Lund parton
shower model.

After imposing the final cuts, 8, 9 and 7 events re-
main after, respectively, the low, medium and high
mass selections. The expected numbers of back-
ground events, averaged over the Lund parton shower
and Marchesini—-Webber [7] Monte Carlo simula-
tions, are 5.6t 1.4 (stat.)*0.9 (syst.), 15.0£2.6
(stat.) £ 1.9 (syst.) and 8.4+ 2.0 (stat.) £ 1.9 (syst.).
The systematic errors were estimated from the differ-
ence between the two models. In order to include
them in our background estimate, we subtract one
standard deviation from the expected numbers of
events which are taken as 3.9, 11.8 and 5.6, respec-
tively. After the same selections, the signal events
would be 12.4 for a 20 GeV/c? Higgs, 13.0 for a 25
GeV/c? Higgs and 8.4 for a 30 GeV /¢? Higgs, assum-
ing the hadronic branching fraction equal to one.

By using Poisson statistics with the non-zero ex-
pected background, we obtain an excluded region be-
tween 18 and 31 GeV/c? for the Higgs pair produc-
tion when Br(H* -»¢s)=1 at 95% CL. The same
region is excluded for the Higgs decay mode cb. The
full excluded region from the analysis of hadronic fi-
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Mass min ¢ max ¢ max ¢ —min ¢ max Mreeted —min M ggrected Efficiency
[degrees] [degrees} [degrees] [GeV/c?] [%]
low =40 <60 <13 <3.5 13£2
medium 250 <90 <15 <5.0 1743
high 260 <100 <17 <6.5 153
nal states is shown in fig. 3 (curve a) as a function of 4. v+ jets channel

the hadronic branching fraction.
For an intermediate Higgs mass, from 10 to 30
GeV/c?, the decay products of H* and H~ can be
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well separated using the two hemispheres defined by
the plane perpendicular to the thrust axis of the event.
Since 1 decays predominantly (86%) into one charged
particle, we require a single charged particle of mo-
mentum above 3 GeV/c isolated in one hemisphere
and, to get rid of the 1+t~ background, more than
four charged particles with a mass greater than 2.0
GeV/c? in the opposite hemisphere. To avoid smear-
ing effects due to losses of charged particles in the
forward region of the detector, we request a thrust
axis of the event at more than 37° from the beam
axis, keeping a sample of 5955 hadronic Z%s. As be-
fore, even reconstruction is based on charged tracks
which have a distance of closest approach transverse
to the beam axis of less than 4 cm and a longitudinal
distance to the interaction point of less than 10 cm.
But tracks with a transverse distance between 4 and
10 ¢m, which come primarily from decays and pho-
ton conversion, are taken into account to define the
isolation criterion.

We define J as the angle between the track isolated
in one hemisphere and the thrust axis of the particles
in the opposite hemisphere. In fig. 2a the distribution
in & shows a clear separation between the expected
signal and the background. The data are compared to
the background generated using the Lund 6.3 parton
shower model [5] (referred to, for simplicity, as QCD
in the rest of the text), and to the expected signal,
assuming a charged Higgs mass of 20 GeV/c?, and
BR(H-1v)=0.3. The isolated particle coming from
1s is energetic and, provided that the Higgs mass is
above 10 GeV/¢?, is emitted at angle with respect to
the thrust axis of the opposite hemisphere. By asking
for an angle greater than 20° and a momentum greater
than 3 GeV/c, one removes all the background keep-
ing an efficiency of 22+ 1.3% for a 20 GeV /c? Higgs
mass. In the real data, no event passes these cuts.

While the observed distribution shown in fig. 2a
agrees in shape with the Monte Carlo distribution,
the number of events is in slight excess, i.e. a 1.6 stan-
dard deviations effect, with respect to the expecta-
tion. To understand the origin of this disagreement,
we notice that the isolation method critically de-
pends on the distribution of low momentum tracks
accompanying a single energetic track in the mecha-
nism of jet fragmentation. We can measure this effect
by relaxing the isolation criterion to allow for the
presence of slow tracks with momentum smaller than
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1 GeV/c. We observe 186 events with an average
multiplicity m=3.1520.15 while the QCD Monte
Carlo predicts 118 events with m=2.90%+0.10. Thus
the observed discrepancy is also present in this larger
subset, which represents 2% of the Z° hadronic de-
cays, indicating an origin of the excess of events ob-
served at low J that is not related to Higgs produc-
tion. This effect has however no practical implications
for the heavy charged Higgs search since, as previ-
ously stated, no event remains after cuts.

For charged Higgs particles heavier than 30 GeV/
¢?, this method does not apply since the jet opening
angle is so large that the hemispheric separation be-
comes very inefficient. We thus select three-jet events
with one jet formed by only one particle with mo-
mentum above 5 GeV/c. Jets are reconstructed using
the Lund cluster algorithm [5] with default parame-
ters. Candidates excluded by the first method which,
from fig. 2a, appear heavily contaminated by QCD
background, are not considered in the following. At
this level we are left with 25 candidates while the
Monte Carlo predicts 26 + 3 events. One reaches a full
separation from background by using other features
which are manifest in this mass region: low thrust of
the event, below 0.9, an acollinearity angle between
the two jets greater than 50° and below 140°, in con-
trast to QCD jets which tend to be aligned. After per-
forming these cuts which keep 18+ 1.3% of the ¢§ tv
decays at n1,; =235 GeV/c?, one is left with no candi-
date while the Monte Carlo predicts a background of
0.5+ 0.2 candidates.

Fig. 2b shows the variation of the efficiency of each
method with the Higgs mass, assuming a tv c§ chan-
nel. The two methods are combined to reach an al-
most constant efficiency without any combination.

5. tv tv channel

This channel has been searched for using aco-
planar two particle final states. Since a major con-
tamination is expected from final state radiation in
lepton pair production, the analysis is restricted to a
sample corresponding to 5500 hadronic Z° for which
the electromagnetic calorimeters were fully
operational.

For my <25 GeV/c?, the acceptance of the cham-
ber trigger on two charged tracks, which imposes a
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loose back-to-back topology, is above 50%. For higher
masses, we rely mostly on the electromagnetic trig-
ger, and we require two showers of more than 3 GeV
in the HPC or one shower in coincidence with the
TOF counters. Since more than half of the t decays
provide electromagnetic energy, the global trigger ef-
ficiency for two-prong events is (55 +5)%. To check
this figure, we have used Z— 1t events triggered by
the chamber trigger and measured the fraction which
fulfills the electromagnetic trigger. From the agree-
ment with the Monte Carlo prediction, we conclude
that the simulation of the trigger is adequate and has
a systematic uncertainty of the order of 10%.

After demanding two charged particles with a mo-
mentum larger than 2 GeV/c¢, with a polar angle be-
tween 30° and 150° and with an acoplanarity angle
larger than 15°, one is left with 201 2% of the v 1v
decays at my; =30 GeV/c? These selections elimi-
nate the background coming from yy—2*2~ and from
Z°—1*1~. The remaining two candidates in the data
sample show an energetic isolated photon coplanar
with the two charged tracks and at more than 30°
from each of them, while a Monte Carlo generating
lepton pairs with final state radiation*®' predicts
410.5 events. We conclude that no candidate is left
corresponding to the tv tv topology.

6. Results

Fig. 3 summarizes the limits, at 95% CL, obtained
from the channels previously discussed. The ex-
cluded area largely extends the one covered at lower
energies. For BR(H—1tv)>0.3, masses up to 34-36
GeV/c? are excluded. This corresponds, as discussed
in the introduction, to tg > 1, a region favoured in
theoretical models. Charged pseudoscalars P*, which
appear in technicolor theories and which would be
produced with the same cross section, are also ex-
cluded, as long as their decay is dominated by the
same channels.

In conclusion, Z° data provide an efficient and
clean way to search for H*H~ and, from a limited
sample of data, the limits from lower energy ma-

#! For u*p~ and e*e~ channels, MUSTRAAL is used and
KORALZ fort*t~ {8].
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Fig. 3. Excluded contours, at 95% CL, for Z-H*H~, in terms of
the hadronic branching ratio and of the charged Higgs mass. Curve
a corresponds to the four jet channel. Curve b corresponds to the
tv ¢§ channel. Curve ¢ corresponds to the tv tv channel. Curve
b+ c combines these two channels in the overlapping regions. The
hatched area is obtained from PETRA results [2].

chines have been significantly improved by using very
distinct topologies.
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