
e

Physics Letters B 569 (2003) 129–139

www.elsevier.com/locate/np

Measurement of inclusivef1(1285) andf1(1420) production in
Z decays with the DELPHI detector

DELPHI Collaboration

J. Abdallahab, P. Abreuy, W. Adambe, P. Adzicn, T. Albrechtt, T. Alderweireldb,c,d,
R. Alemany-Fernandezl, T. Allmendingert, P.P. Allportz, U. Amaldiaf, N. Amapaneax,
S. Amatobb, E. Anashkinam, A. Andreazzaae, S. Andringay, N. Anjosy, P. Antilogusad,

W.-D. Apelt, Y. Arnoudq, S. Askac, B. Asmanaw, J.E. Augustinab, A. Augustinusl,
P. Baillonl, A. Ballestreroay, P. Bambadew, R. Barbierad, D. Bardins, G. Barkert,

A. Baroncelliap, M. Battaglial, M. Baubillierab, K.-H. Becksbg, M. Begallih,i,j ,
A. Behrmannbg, E. Ben-Haimw, N. Benekosai, A. Benvenutig, C. Beratq,

M. Berggrenab, L. Berntzonaw, D. Bertrandb,c,d, M. Besanconaq, N. Bessonaq,
D. Blochm, M. Blomah, M. Bluj bf, M. Bonesiniaf, M. Boonekampaq, P.S.L. Boothz,

G. Borisovx, O. Botnerbc, B. Bouquetw, T.J.V. Bowcockz, I. Boykos, M. Brackoat,au,av,
R. Brennerbc, E. Brodetal, P. Bruckmanu, J.M. Brunetk, L. Buggeaj, P. Buschmannbg,

M. Calvi af, T. Camporesil, V. Canaleao, F. Carenal, N. Castroy, F. Cavallog,
M. Chapkinas, Ph. Charpentierl, P. Checchiaam, R. Chiericil , P. Chliapnikovas,
J. Chudobal, S.U. Chungl, K. Ciesliku, P. Collinsl, R. Contrip, G. Cosmew,

F. Cossuttiaz,ba, M.J. Costabd, B. Crawleya, D. Crennellan, J. Cuevasak, J. D’Hondtb,c,d,
J. Dalmauaw, T. da Silvabb, W. Da Silvaab, G. Della Riccaaz,ba, A. De Angelisaz,ba,

W. De Boert, C. De Clercqb,c,d, B. De Lottoaz,ba, N. De Mariaax, A. De Minam,
L. de Paulabb, L. Di Ciaccioao, A. Di Simoneap, K. Dorobabf, J. Dreesbg,l , M. Drisai,

G. Eigenf, T. Ekelofbc, M. Ellert bc, M. Elsingl, M.C. Espirito Santoy, G. Fanourakisn,
D. Fassouliotisn,e, M. Feindtt, J. Fernandezar, A. Ferrerbd, F. Ferrop, U. Flagmeyerbg,
H. Foethl, E. Fokitisai, F. Fulda-Quenzerw, J. Fusterbd, M. Gandelmanbb, C. Garciabd,

Ph. Gavilletl, E. Gazisai, R. Gokielil,bf, B. Golobat,au,av, G. Gomez-Ceballosar,
P. Goncalvesy, E. Grazianiap, G. Grosdidierw, K. Grzelakbf, J. Guyan, C. Haagt,
A. Hallgrenbc, K. Hamacherbg, K. Hamiltonal, J. Hansenaj, S. Haugaj, F. Haulert,

V. Hedbergac, M. Hennecket, H. Herrl, J. Hoffmanbf, S.-O. Holmgrenaw, P.J. Holtl,
M.A. Houldenz, K. Hultqvistaw, J.N. Jacksonz, G. Jarlskogac, P. Jarryaq, D. Jeansal,

E.K. Johanssonaw, P.D. Johanssonaw, P. Jonssonad, C. Joraml, L. Jungermannt,
F. Kapustaab, S. Katsanevasad, E. Katsoufisai, G. Kernelat,au,av, B.P. Kersevanl,at,au,av,
0370-2693/$ – see front matter 2003 Published by Elsevier B.V.
doi:10.1016/j.physletb.2003.07.032

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


130 DELPHI Collaboration / Physics Letters B 569 (2003) 129–139
A. Kiiskinenr, B.T. Kingz, N.J. Kjaerl, P. Kluit ah, P. Kokkiniasn, C. Kourkoumelise,
O. Kouznetsovs, Z. Krumsteins, M. Kucharczyku, J. Lamsaa, G. Lederbe, F. Ledroitq,
L. Leinonenaw, R. Leitnerag, J. Lemonneb,c,d, V. Lepeltierw, T. Lesiaku, W. Liebigbg,

D. Liko be, A. Lipniackaaw, J.H. Lopesbb, J.M. Lopezak, D. Loukasn, P. Lutzaq,
L. Lyonsal, J. MacNaughtonbe, A. Malekbg, S. Maltezosai, F. Mandlbe, J. Marcoar,
R. Marcoar, B. Marechalbb, M. Margoniam, J.-C. Marinl, C. Mariottil , A. Markoun,

C. Martinez-Riveroar, J. Masiko, N. Mastroyiannopoulosn, F. Matorrasar,
C. Matteuzziaf, F. Mazzucatoam, M. Mazzucatoam, R. Mc Nultyz, C. Meroniae,

W.T. Meyera, E. Miglioreax, W. Mitaroff be, U. Mjoernmarkac, T. Moaaw, M. Mocht,
K. Moenigl,2, R. Mongep, J. Montenegroah, D. Moraesbb, S. Morenoy, P. Morettinip,
U. Muellerbg, K. Muenichbg, M. Muldersah, L. Mundimh,i,j , W. Murrayan, B. Murynv,

G. Myattal, T. Myklebustaj, M. Nassiakoun, F. Navarriag, K. Nawrockibf,
R. Nicolaidouaq, M. Nikolenkos,m, A. Oblakowska-Muchav, V. Obraztsovas,

A. Olshevskis, A. Onofrey, R. Oravar, K. Osterbergr, A. Ouraouaq, A. Oyangurenbd,
M. Paganoniaf, S. Paianog, J.P. Palaciosz, H. Palkau, Th.D. Papadopoulouai, L. Papel,

C. Parkesaa, F. Parodip, U. Parzefalll , A. Passeriap, O. Passonbg, L. Peraltay,
V. Perepelitsabd, A. Perrottag, A. Petrolinip, J. Piedraar, L. Pieriap, F. Pierreaq,

M. Pimentay, E. Piottol, T. Podobnikat,au,av, V. Poireaul, M.E. Polh,i,j , G. Poloku,
P. Poropataz,ba,1, V. Pozdniakovs, N. Pukhaevab,c,d,s, A. Pulliaaf, J. Rameso, L. Ramlert,
A. Readaj, P. Rebecchil, J. Rehnt, D. Reidah, R. Reinhardtbg, P. Rentonal, F. Richardw,
J. Ridkyo, M. Riveroar, D. Rodriguezar, A. Romeroax, P. Roncheseam, E. Rosenberga,
P. Roudeauw, T. Rovellig, V. Ruhlmann-Kleideraq, D. Ryabtchikovas, A. Sadovskys,
L. Salmir, J. Saltbd, A. Savoy-Navarroab, U. Schwickerathl, A. Segaral, R. Sekulinan,
M. Siebelbg, A. Sisakians, G. Smadjaad, O. Smirnovaac, A. Sokolovas, A. Sopczakx,

R. Sosnowskibf, T. Spassovl, M. Stanitzkit, A. Stocchiw, J. Straussbe, B. Stuguf,
M. Szczekowskibf, M. Szeptyckabf, T. Szumlakv, T. Tabarelliaf, A.C. Taffardz,
F. Tegenfeldtbc, J. Timmermansah, L. Tkatchevs, M. Tobinz, S. Todorovovao,

B. Tomey, A. Tonazzoaf, P. Tortosabd, P. Travniceko, D. Treillel, G. Tristramk,
M. Trochimczukbf, C. Tronconae, M.-L. Turlueraq, I.A. Tyapkins, P. Tyapkins,

S. Tzamariasn, V. Uvarovas, G. Valentig, P. Van Damah, J. Van Eldikl,
A. Van Lysebettenb,c,d, N. van Remortelb,c,d, I. Van Vulpenl, G. Vegniae, F. Velosoy,
W. Venusan, F. Verbeureb,c,d, P. Verdierad, V. Verzi ao, D. Vilanovaaq, L. Vitaleaz,ba,
V. Vrbao, H. Wahlenbg, A.J. Washbrookz, C. Weisert, D. Wickel, J. Wickensb,c,d,

G. Wilkinsonal, M. Winterm, M. Witeku, O. Yushchenkoas, A. Zalewskau,
P. Zalewskibf, D. Zavrtanikat,au,av, V. Zhuravlovs, N.I. Zimin s, A. Zintchenkos,

M. Zupann

a Department of Physics and Astronomy, Iowa State University, Ames, IA 50011-3160, USA
b Physics Department, Universiteit Antwerpen, Universiteitsplein 1, B-2610 Antwerpen, Belgium



DELPHI Collaboration / Physics Letters B 569 (2003) 129–139 131
c IIHE, ULB-VUB, Pleinlaan 2, B-1050 Brussels, Belgium
d Faculté des Sciences, Univ. de l’Etat Mons, Av. Maistriau 19, B-7000 Mons, Belgium
e Physics Laboratory, University of Athens, Solonos Str. 104, GR-10680 Athens, Greece
f Department of Physics, University of Bergen, Allégaten 55, NO-5007 Bergen, Norway

g Dipartimento di Fisica, Università di Bologna and INFN, Via Irnerio 46, IT-40126 Bologna, Italy
h Centro Brasileiro de Pesquisas Físicas, rua Xavier Sigaud 150, BR-22290 Rio de Janeiro, Brazil

i Depto. de Física, Pont. Univ. Católica, C.P. 38071 BR-22453 Rio de Janeiro, Brazil
j Inst. de Física, Univ. Estadual do Rio de Janeiro, rua São Francisco Xavier 524, Rio de Janeiro, Brazil
k Collège de France, Lab. de Physique Corpusculaire, IN2P3-CNRS, FR-75231 Paris Cedex 05, France

l CERN, CH-1211 Geneva 23, Switzerland
m Institut de Recherches Subatomiques, IN2P3-CNRS/ULP-BP20, FR-67037 Strasbourg Cedex, France

n Institute of Nuclear Physics, N.C.S.R. Demokritos, P.O. Box 60228, GR-15310 Athens, Greece
o FZU, Institute of Physics of the C.A.S., High Energy Physics Division, Na Slovance 2, CZ-180 40, Praha 8, Czech Republic

p Dipartimento di Fisica, Università di Genova and INFN, Via Dodecaneso 33, IT-16146 Genova, Italy
q Institut des Sciences Nucléaires, IN2P3-CNRS, Université de Grenoble 1, FR-38026 Grenoble Cedex, France

r Helsinki Institute of Physics, University of Helsinki, P.O. Box 64, FIN-00014 Finland
s Joint Institute for Nuclear Research, Dubna, Head Post Office, P.O. Box 79, RU-101 000 Moscow, Russian Federation

t Institut für Experimentelle Kernphysik, Universität Karlsruhe, Postfach 6980, DE-76128 Karlsruhe, Germany
u Institute of Nuclear Physics, Ul. Kawiory 26a, PL-30055 Krakow, Poland

v Faculty of Physics and Nuclear Techniques, University of Mining and Metallurgy, PL-30055 Krakow, Poland
w Université de Paris-Sud, Lab. de l’Accélérateur Linéaire, IN2P3-CNRS, Bât. 200, FR-91405 Orsay Cedex, France

x School of Physics and Chemistry, University of Lancaster, Lancaster LA1 4YB, UK
y LIP, IST, FCUL, Av. Elias Garcia, 14-1◦, PT-1000 Lisboa Codex, Portugal

z Department of Physics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK
aaDepartment of Physics and Astronomy, Kelvin Building, University of Glasgow, Glasgow G12 8QQ, UK

ab LPNHE, IN2P3-CNRS, Univ. Paris VI et VII, Tour 33 (RdC), 4 place Jussieu, FR-75252 Paris Cedex 05, France
ac Department of Physics, University of Lund, Sölvegatan 14, SE-223 63 Lund, Sweden

ad Université Claude Bernard de Lyon, IPNL, IN2P3-CNRS, FR-69622 Villeurbanne Cedex, France
aeDipartimento di Fisica, Università di Milano and INFN-Milano, Via Celoria 16, IT-20133 Milan, Italy

af Dipartimento di Fisica, Università di Milano-Bicocca and INFN-Milano, Piazza della Scienza 2, IT-20126 Milan, Italy
ag IPNP of MFF, Charles University, Areal MFF, V Holesovickach 2, CZ-180 00, Praha 8, Czech Republic

ah NIKHEF, Postbus 41882, NL-1009 DB Amsterdam, The Netherlands
ai National Technical University, Physics Department, Zografou Campus, GR-15773 Athens, Greece

aj Physics Department, University of Oslo, Blindern, NO-0316 Oslo, Norway
ak Dpto. Fisica, Univ. Oviedo, Avda. Calvo Sotelo s/n, ES-33007 Oviedo, Spain

al Department of Physics, University of Oxford, Keble Road, Oxford OX1 3RH, UK
am Dipartimento di Fisica, Università di Padova and INFN, Via Marzolo 8, IT-35131 Padua, Italy

an Rutherford Appleton Laboratory, Chilton, Didcot OX11 OQX, UK
ao Dipartimento di Fisica, Università di Roma II and INFN, Tor Vergata, IT-00173 Rome, Italy

ap Dipartimento di Fisica, Università di Roma III and INFN, Via della Vasca Navale 84, IT-00146 Rome, Italy
aq DAPNIA/Service de Physique des Particules, CEA-Saclay, FR-91191 Gif-sur-Yvette Cedex, France

ar Instituto de Fisica de Cantabria (CSIC-UC), Avda. los Castros s/n, ES-39006 Santander, Spain
as Institute for High Energy Physics, Serpukov, P.O. Box 35, Protvino (Moscow region), Russian Federation

at J. Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia
au Laboratory for Astroparticle Physics, Nova Gorica Polytechnic, Kostanjeviska 16a, SI-5000 Nova Gorica, Slovenia

av Department of Physics, University of Ljubljana, SI-1000 Ljubljana, Slovenia
aw Fysikum, Stockholm University, Box 6730, SE-113 85 Stockholm, Sweden

ax Dipartimento di Fisica Sperimentale, Università di Torino and INFN, Via P. Giuria 1, IT-10125 Turin, Italy
ay INFN, Sezione di Torino, and Dipartimento di Fisica Teorica, Università di Torino, Via P. Giuria 1, IT-10125 Turin, Italy

az Dipartimento di Fisica, Università di Trieste and INFN, Via A. Valerio 2, IT-34127 Trieste, Italy
ba Istituto di Fisica, Università di Udine, IT-33100 Udine, Italy

bb Univ. Federal do Rio de Janeiro, C.P. 68528 Cidade Univ., Ilha do Fundão BR-21945-970 Rio de Janeiro, Brazil
bc Department of Radiation Sciences, University of Uppsala, P.O. Box 535, SE-751 21 Uppsala, Sweden

bd IFIC, Valencia-CSIC, and D.F.A.M.N., U. de Valencia, Avda. Dr. Moliner 50, ES-46100 Burjassot (Valencia), Spain
be Institut für Hochenergiephysik, Österr. Akad. d. Wissensch., Nikolsdorfergasse 18, AT-1050 Vienna, Austria

bf Institute Nuclear Studies and University of Warsaw, Ul. Hoza 69, PL-00681 Warsaw, Poland
bg Fachbereich Physik, University of Wuppertal, Postfach 100 127, DE-42097 Wuppertal, Germany



132 DELPHI Collaboration / Physics Letters B 569 (2003) 129–139

ith
e
nts
Received 28 May 2003; accepted 10 July 2003

Editor: L. Montanet

Abstract

DELPHI results are presented on the inclusive production of two(K �Kπ)0 states in the mass region 1.2–1.6 GeV/c2 in
hadronicZ decays at LEP I. The measured masses (widths) are 1274± 6 MeV/c2 (29± 12 MeV/c2) and 1426± 6 MeV/c2

(51± 14 MeV/c2), respectively. A partial-wave analysis of the(K �Kπ)0 system shows that the first peak is consistent w
theIG(JPC) = 0+(1++)/(0−+)a0(980)π and the second with theIG(JPC) = 0+(1++)K∗(892)�K + c.c. assignments. Th
total hadronic production rates per hadronicZ decay are(0.165±0.051) and(0.056±0.012), respectively. These measureme
are consistent with the two states being thef1(1285) andf1(1420) mesons.
 2003 Published by Elsevier B.V.
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1. Introduction

The inclusive production of mesons has bee
subject of long-standing study at LEP I, as it provid
insight into the nature of fragmentation of quarks a
gluons into hadrons. So far studies have been d
on theS-wave mesons (both1S0 and3S1) such asπ
andρ, as well as certainP -wave mesonsf2(1270),
K∗

2(1430) andf ′
2(1525) (i.e., 3P2) andf0(980) and

a0(980) (i.e., 3P0) [1–3]. Very little is known about
the production of mesons belonging to otherP -wave
multiplets (i.e., 3P1 and 1P1). For the first time,
we present in this Letter a study of the inclus
production of twoJPC = 1++ mesons, thef1(1285)
and thef1(1420) (i.e.,3P1).

There are at least four known nonstrange isosc
mesons [3],IG(J PC) = 0+(1++) and IG(J PC) =
0+(0−+), in the mass region between 1.2 a
1.6 GeV/c2, which couple to the decay chann
(K �Kπ)0. These are thef1(1285), η(1295), f1(1420)
andη(1440). All are seen prominently in the periph
eral production fromπ−p interactions [3], indicating
that, despite their decay into(K �Kπ)0, they are mostly
nn̄ states, wheren = {u,d}. There exist possibly two
additional states,IG(J PC) =?−(1+−) h1(1380) and
IG(J PC) = 0+(1++) f1(1510), which may harbour a
largess̄ content, as they are produced with consid
able cross-sections in the peripheral reactions inv
ingK−p interactions [3]. Given this complexity in th

E-mail address:achille.stocchi@cern.ch (A. Stocchi).
1 Deceased.
2 Now at DESY-Zeuthen, Platanenallee 6, D-15735 Zeuth

Germany.
(K �Kπ)0 systems, it is important to find which re
onances among these are readily excited in inclu
hadronicZ decays.

The DELPHI data for this study are based on
neutralK �Kπ channel in the reaction

(1)Z → (
KSK

±π∓) + X0.

Section 2 is devoted to the selection process for
event sample collected for this analysis. TheK �Kπ

mass spectra are studied in Section 3. It is shown
the selection of the events with lowM(KSK

±) mass
is the crucial criterion to reveal the presence of t
signals in thef1(1285) and f1(1420) mass regions
A partial-wave analysis, carried out to explore t
spin-parity content of the two signals, is describ
in Section 4. The measurement of the product
rates and differential cross-sections is presente
Section 5. Conclusions are given in Section 6.

2. Experimental procedure

The analysis presented here is based on a
sample of 3.4 million hadronicZ decays collected
from 1992 to 1995 with the DELPHI detector at LE
A detailed description of the DELPHI detector and
performance can be found elsewhere [4,5].

The charged particle tracks have been measure
the 1.2 T magnetic field by a set of tracking det
tors. The average momentum resolution for char
particles in hadronic final states,∆(1/p), is usually
between 0.001 and 0.01, depending on their mom
tum as well as on which detectors are included in
track fit.
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A charged particle has been accepted in this an
sis if its momentump is greater than 100 MeV/c,
its momentum error�p/p is less than 1 and its im
pact parameter with respect to the nominal cross
point is within 4 cm in the transverse (xy) plane and
4 cm/sinθ along the beam direction (z-axis),θ being
the polar angle of the track.

Hadronic events are then selected by requiring
least 5 charged particles, 3 GeV as minimum energ
the charged particles in each hemisphere of the e
(defined with respect to the beam direction) and to
energy of the charged particles of at least 12% of
centre-of-mass energy. The contamination from eve
due to beam-gas scattering and toγ –γ interactions is
estimated to be less than 0.1% and the backgro
from τ+τ− events is less than 0.2% of the accep
events.

After the event selection, in order to ensure a be
signal-to-background ratio for the resonances in
KSK

±π∓ invariant mass system, tighter requireme
have been imposed on the track impact parame
with respect to the nominal crossing point, i.e., th
have to be within 0.2 cm in the transverse plane
0.4 cm/sinθ along the beam direction.

K± identification has been provided by the Bar
Ring Imaging Cherenkov (BRICH) detector for par
cles with momenta above 700 MeV/c, while the ion-
ization loss measured in the Time Projection Cham
(TPC) has been used for momenta above 100 MeV/c.
The corresponding identification tags are based
the combined probabilities, derived from the avera
Cherenkov angle and the number of observed p
tons in the BRICH detector, as well as the measu
dE/dx in the TPC. Cuts on the tags have been app
to achieve the best signal-to-background ratio, wh
rejecting e±, µ±, p and p̄ tracks. A more detailed
description of the identification tags can be found
Ref. [6]. In the present case, theK± identification effi-
ciency (typically 50% over the kaon momentum ran
of this analysis [6]) has been estimated by compa
theφ(1020) to K+K− signal in the experimental da
with a sample of simulated events generated with J
SET [7] tuned with the DELPHI parameters [8] a
passed through the detector simulation program D
SIM [5]. Agreement within±4% is observed betwee
the data and the simulation.

The KS candidates are detected by their decay
flight into π+π−. The details of the reconstructio
method and the various cuts applied are descr
in Ref. [9]. Our selection process consists of tak
the V 0’s passing the standard criteria for quality
the reconstruction plus a mass cut given by 0.45<

M(π+π−) < 0.55 GeV/c2.
After all the above cuts, only events with at lea

oneKSK
+π− or KSK

−π+ combination have bee
kept in the present analysis, corresponding to a sam
of 547 k events.

3. KSK±π∓ mass spectra

TheKSK
±π∓ invariant mass distribution is show

in Fig. 1a. Also shown in the figure is the sam
mass spectrum with aK∗(892) selection (0.822<

M(Kπ) < 0.962 GeV/c2), which would be appro
priate if the decay of a resonance had procee
through aK∗(892) intermediate state. Neither hi
togram shows a visible enhancement in the mass
gion between 1.2 to 1.6 GeV/c2. This is due to the
enormous background in this mass region com
from the high number ofKSK

±π∓ combinations pe
event (11 on average) in inclusiveZ decays. The key
to a successful study of thef1(1285) and f1(1420)
under the circumstances is to select events with
(KSK

±) mass (Fig. 1b). This has the effect of s
lecting both the possiblea0(980)±π∓ decay mode
and, in case ofK∗(892)�K + c.c. decay, the interfer
ence region of the twoK∗(892) bands on the de
cay Dalitz plot, while reducing substantially the ge
eral background for theK �Kπ system. Varying this
cut on the Monte Carlo generated events sugg
a mass cutM(KSK

±) � 1.04 GeV/c2 to maximize
bothf1(1285) andf1(1420) signals over background
The application of this cut on the experimental data
shown in Fig. 2, where two clear peaks are now see
these mass regions where the mass resolution is 8
9 MeV/c2, respectively. Based on the Monte Ca
generated event sample, we have verified that ne
signal was a reflection of resonances whose mas
in the 1.0 to 1.5 GeV/c2 range, such as theφ(1020)
and theK1(1270) mesons nor was faked by a possib
misidentification of kaons or pions coming from t
decay of these resonances.

To estimate the background under the signals,
have used the Monte Carlo generated event sam
from which we have removed all mesons with a ma
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Fig. 1.KSK
±π∓ (a) andKSK

± (b) invariant mass distributions from theZ decays with the DELPHI detector at LEP I. The histograms w
solid circles are for the full data sample, that one with open circles is for data with a 0.822<M(Kπ) < 0.962 GeV/c2—K∗ selection.
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Fig. 2. Invariant mass distributions for the systemKSK
±π∓ with

a mass cutM(KSK
±) < 1.04 GeV/c2. The two solid curves in the

upper part of the histogram describe Breit–Wigner fits over a sm
background (see text). The lower histogram and the solid curve
the same fits with the background subtracted and amplified
factor of two.

decay mode into(K �Kπ)0 in the mass region 1.2 t
1.6 GeV/c2. The resulting(K �Kπ)0 mass spectrum
was fitted between 1.15 and 1.7 GeV/c2 with a
background function

(2)fb(M) = (M − M0)
α1 exp

(
α2M + α3M

2),
where M and M0 are the effective masses of th
(K �Kπ)0 system and its threshold, respectively, a
αi are the fitted parameters (α1 = 0.7 ± 0.1, α2 =
5.8 ± 2.0, α3 = −3.1 ± 0.6). Then we have fitted
the experimental(K �Kπ)0 spectrum from 1.19 to
1.7 GeV/c2 with the background functionfb(M)

determined above, adding twoS-wave Breit–Wigner
forms

(3)fr(M) = Γ 2
r

(M − Mr)2 + (Γr/2)2
.

We have not used the relativistic angular-momen
dependent Breit–Wigner form in (3) because su
a form would require a complete knowledge of t
quantum numbers of the resonances as well as
branching ratios for all possible decay modes and
corresponding orbital angular momenta. The limi
statistics, the high background under the signals
additional reasons to adopt the simple Breit–Wig
form (3). The fitted masses and widths,Mr andΓr ,
given in Table 1, are compatible with the PDG [
values for thef1(1285) and f1(1420) resonances
The systematic uncertainty on the masses has
estimated from the various background fits (descri
later) to be about 1–2 MeV/c2 and has been adde
quadratically to the statistical error. It should be no
that the parameters of the first peak are not compa
with those of theη(1295).
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Table 1
Fitted parameters and numbers of events

Mass (MeV/c2) Width (MeV/c2) Events

1274± 6 29± 12 358± 93 (stat)± 59 (sys)
1426± 6 51± 14 870± 128(stat)± 136(sys)

The numbers of events in Table 1 correspond
the fit shown in Fig. 2, where the widths of the tw
peaks have been fixed to the fitted values, while
background parameters were left free.

The main sources of systematic uncertainty co
from the various cuts and selection criteria applied
theV 0 reconstruction and the chargedK identification
on the one hand and the conditions of the fit proced
on the other. To estimate the first type of error,
have compared theKSK

± mass distributions of th
simulated sample with the real data. Normalized to
same number of events, the distributions agree wi
±7%, in the lowKSK

± mass region.
The f1(1285) andf1(1420) signals show up ove

a large background (∼ 80%). Variations of the back
ground shape and amplitude induce sizable fluc
tions of the fitted numbers of signal events. To quan
this effect, we have performed various series of fi
one varying the mass range of the fit, another le
ing free the background parameters while fixing
width of the signals, another with a polynomial sha
for the background, thereby allowing the backgrou
level and shape to fluctuate. In this way we estim
the uncertainty of the number of fitted events to
±15% for thef1(1285) and±14% for thef1(1420).
The systematic uncertainties have been added qua
ically and are shown in Table 1.

The overall efficiencies for the two states have b
estimated from the Monte Carlo simulated events
be:

(0.063± 0.003)% for f1(1285),

(4)(0.45± 0.02)% for f1(1420).

The quoted numbers include the following corre
tions for the f1(1285) and f1(1420), respectively:
branching ratios toK �Kπ (0.09,1), fractions of final
states with charged pion(1/2,2/3), branching ratio of
K0 → π+π− = 1/2 × 0.686= 0.343, reconstruction
and identification efficiency for the selected eve
(0.058,0.061) and correction factor(0.70,0.32) for
-

theM(KSK
±) � 1.04 GeV/c2 mass cut. The quote

errors are statistical errors on the Monte Carlo sam

4. Partial-wave analysis

In an attempt to get more information on the sp
parity content of the two signals we have perform
a mass-dependent partial-wave analysis (PWA) of
KSK

±π∓ system. There have been many 3-bo
partial-wave analyses; the reader may consult P
[3] for earlier references, for example, ona1(1260),
a2(1320), K1(1270/1400) or K2(1770). For the first
time, we apply the same technique to a study of
(K �Kπ)0 system from the inclusive decay of theZ at
LEP.

A spin-parity analysis of the system composed
three pseudoscalars requires five variables, which
be chosen to be the three Euler angles defining the
entation of the 3-body system in its suitably-chos
rest frame and two effective masses describing the
cay Dalitz plot. We have chosen to employ the
called Dalitz plot analysis, integrating over the thr
Euler angles. This entails an essential simplificat
in the number of parameters required in the analy
as the decay amplitudes involving theD-functions de-
fined over the three Euler angles and their appropr
decay-coupling constants, are orthogonal for differ
spins and parities [10]. In these conditions, the ma
dependent PWA comes to fitting Dalitz plots, thus p
viding the contribution of the variousJPC waves as a
function of theM(K �Kπ). The actual fitting of the dat
is done by using the maximum-likelihood method,
which the normalization integrals are evaluated w
the Monte Carlo events [11], thus taking into acco
the M(KSK

±) � 1.04 GeV/c2 cut. The comparison
between fits is made on the basis of their maxim
likelihood values and their description of the(K �Kπ),
(Kπ) and(K �K) mass distributions.

The first step of the analysis is to parametrize
background under the two signals. This backgro
accounts for different processes with, for examp
different overall multiplicities. From a study of th
side bands (away from the resonance regions), it
been determined that the background contains
stantial amounts ofa0(980) and K∗(892) unassoci-
ated with the resonances. We have thus assumed
the background, which should not interfere with t
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signals, can be described by a non-interfering su
position of a constant three-body phase-space t
and the partial wavesIG(J PC) = 0+(0−+)a0(980)π
(S-wave), 0+(1++)(K∗(892)�K + c.c.) (S-wave) and
0−(1+−)(K∗(892)�K + c.c.) (S-wave). The(K �Kπ)

mass dependence of the background componen
parametrized by the phase-space-like form given
(2), but withα3 = 0.

The signals themselves are represented by a
of quasi two-body amplitudes which have the fo
of Breit–Wigner functions multiplied by spin-parit
terms [11]. Those include theIG(J PC) = 0+(1++),
0+(0−+) and 0−(1+−) partial waves, where the po
sible decay channelsa0(980)π andK∗(892)�K + c.c.
are allowed to interfere within a givenJPC .

The PWA was performed forM(K �Kπ) in the
1.18 → 1.66 GeV/c2 mass range. The first serie
aimed at determining the background contributio
In this fit, the signals were assumed to be compo
of the η(1295) and f1(1285) for the first peak and
for the second of theη(1440), h1(1380) andf1(1420)
resonances which were parametrized as Breit–Wig
forms with masses and widths fixed to the PDG val
[3]. The fit was checked to well reproduce the(Kπ)

and(K �K) mass distributions outside the regions of
peaks.

The following step consisted in fitting the spi
parity content of the two signals. For this the indiv
ual background contributions were fixed to their fitt
values, only the overall background rate was left fr
The JPC amplitudes were introduced individually
probe the spin-parity content of each signal with
mass and width of the corresponding(K �Kπ)0 reso-
nance being fitted.

The results of these fits are the following. T
IG(J PC) = 0+(1++)a0(980)π and 0+(0−+)a0(980)π
waves account equally well for the 1.28 GeV/c2 re-
gion, with the same maximum likelihood value, i.
the first peak is equally likely to be thef1(1285) or
the η(1295). On the other hand, if the mass and t
width of the resonances are fixed to their PDG v
ues, this region is better fitted by theIG(J PC) =
0+(1++)a0(980)π wave. This reflects the fact that th
first peak position is closer to thef1(1285) mass than
to theη(1295) mass, as already noticed in the fit of t
M(K �Kπ) spectrum.

In the 1.4 GeV/c2 region, the maximum likeli-
hood value is better for theIG(J PC) = 0+(1++)
t

K∗(892)�K+c.c. wave over theIG(J PC) = 0+(0−+),
the 0−(1+−)K∗(892)�K + c.c. and the 0+(1++)×
a0(980)π waves by about 4, 8 and 9 units, resp
tively, and thus favours thef1(1420)→ K∗ �K hypoth-
esis over theη(1440) or h1(1380) ones, as is verified
on the projections of the individual fits (not shown)
the(K �Kπ), (Kπ) and(K �K) mass distributions.

The results of the best fit with theIG(J PC) =
0+(1++)a0(980)π : f1(1285) and 0+(1++)K∗(892)
�K + c.c.: f1(1420) amplitudes are shown in Fig.
with the background contributions in the form of erro
bands. The masses, the widths and the number
events found in the fit are statistically consistent w
those given in Table 1. One observes that the ba
ground eventsIG(J PC) = 0+(1++)(K∗(892)�K +
c.c.) (S-wave) and 0−(1+−)(K∗(892)�K + c.c.) (S-
wave) exhibit a shape suggestive of a resonance. H
ever, this effect is simply the result of: (i) our ma
dependent function which decreases rapidly at h
(K �Kπ) mass to reproduce the fall off due to t
M(KSK

±) < 1.04 GeV/c2 cut; (ii) the K∗(892)�K
threshold around 1.4 GeV/c2 whose effect is gradua
because of the finite width of theK∗(892).

The major sources of systematic uncertainties co
from the background description and the conditio
of the overall PWA fit. To estimate them we ha
carried out series of fits leaving free the backgrou
contributions, then fixing the mass and width of t
(K �Kπ)0 resonances to their PDG values [3]. This w
repeated with a polynomial background inM(K �Kπ)

in place of the phase-space-like one. In all th
fits, the partial waves were fitted concurrently, in t
form of a non-interfering superposition, to estima
their relative contribution. All the fits confirm th
observations made previously.

Taking into account the systematic uncerta
ties computed from the various fits, the number
f1(1285) and of f1(1420) events for the best fit o
Fig. 3 are 237± 60 (stat) ± 70 (syst) and 711±
100 (stat) ± 75 (syst), respectively, consistent withi
systematic uncertainties with the values of the fit to
M(K �Kπ) spectrum described in Section 3.

All fits confirm the dominance of theIG(J PC) =
0+(1++)K∗(892)�K + c.c. wave in the 1.4 GeV/c2

region. The largest contributions of theη(1440) and
h1(1380), estimated from the highest fitted rates of t
IG(J PC) = 0+(0−+) and 0−(1+−)K∗(892)�K + c.c.
waves, correspond to production rates per hadronZ
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Fig. 3. M(KSK
±π∓) distributions per 10 MeV/c2 with a break-

down into the partial waves for the signals in the lower histogr
and for the background shown as one error-band. The signals
sist of 1++a0(980)π for the first peak and 1++K∗(892)�K for the
second peak. The background is composed of a non-interferin
perposition of (1) isotropic phase-space distribution and the
lowing partial waves: (2) 0−+a0(980)π , (3) 1++K∗(892)�K and
(4) 1+−K∗(892)�K waves. The last three contributions are sho
magnified by a factor of two.

decay of 0. + 0.007 and(0.017+0.011
−0.015), respectively,

assuming aK∗(892)�K + c.c. branching ratio of 100%
for these resonances.

5. Production rates and differential cross-sections

From the histogram fit described in Section 3,
have measured the production rate〈n〉 per hadronicZ
decay forf1(1285) andf1(1420). The results are

〈n〉 = 0.165± 0.051 forf1(1285),

(5)〈n〉 = 0.056± 0.012 forf1(1420),

taking aK �Kπ branching ratio of(9.0± 0.4)% for the
f1(1285) and 100% for thef1(1420) [3].

The total production rates, per spin state a
isospin, for the scalar, vector and tensor mesons
different strangeness, as a function of the mass [12
Fig. 4. Total production rate per spin state and isospin for sc
vector and tensor mesons as a function of the mass (open sym
from [12]. The two solid circles correspond to thef1(1285) and the
f1(1420) measurements presented here.

are shown in Fig. 4 for the averaged LEP data. To
figure we have added our measurements for comp
son. It is seen that bothf1(1285) andf1(1420) come
close to the line corresponding to mesons whose c
stituents are thought to be of the typenn̄. This suggests
that bothf1(1285) andf1(1420) have littless̄ content.
Indeed, the two states which are thought to be purss̄

mesons, theφ and thef ′
2(1525), are down by a facto

γ k ≈ 1/4 (γ = 0.50± 0.02 [12] andk = 2, wherek is
the number ofs ands̄ quarks in the meson), as show
in Fig. 4. A high strange quark content is highly u
likely given the production rate (5).

For completeness, we give in Fig. 5 and in T
ble 2 thef1(1285) andf1(1420) differential rates and
cross-sections as a function of the scaled momen
xp (xp = pK �Kπ0/pbeam) for xp > 0.05, as the sig-
nal to background ratio is too small for lower m
menta. Quantitative comparison with JETSET pred
tions is not possible in a meaningful way as there w
no tuning forf1(1285) andf1(1420) and the imple-
mentation of the(K �Kπ)0 decay of both resonance
in JETSET had been done according to phase-s
and not according to the correct spin-parity mat
element. The small excess of events in Fig. 5, n
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Table 2
Measured production rates per hadronic event, differential cross-sections and experimental efficiencies for thef1(1285) and f1(1420), as
functions ofxp

xp interval f1(1285) rate (1/σh)(dσ/dxp) Efficiency

0.05–0.10 0.046± 0.026 0.92± 0.52 (6.5± 0.7) × 10−4

0.10–0.20 0.053± 0.024 0.53± 0.24 (9.4± 0.8) × 10−4

0.20–1.0 0.051± 0.022 0.06± 0.03 (6.4± 0.7) × 10−4

xp interval f1(1420) rate (1/σh)(dσ/dxp) Efficiency

0.05–0.10 0.018± 0.006 0.36± 0.12 (3.1± 0.3) × 10−3

0.10–0.20 0.017± 0.004 0.17± 0.04 (8.5± 0.5) × 10−3

0.20–1.0 0.015± 0.005 0.02± 0.01 (3.9± 0.3) × 10−3
the

o
d

l-

-

ith

rate
ro-

-
m

tes

e

ra-
he
the
p-

s-
ul-
rs
re-

ci-
l-
J,

A

Fig. 5. The KSK
±π∓ invariant mass spectra for variousxp

intervals as indicated. Dots are the data, the solid lines show
result from the fit and the background contribution.

M(KSK
+π−) = 1.55 GeV/c2 for 0.05< xp < 0.1,

is not significant enough for further study here.

6. Conclusions

We have studied the inclusive production of tw
(K �Kπ)0 states inZ decays at LEP I. The measure
masses and widths are 1274± 6 and 29± 12 MeV/c2

for the first peak and 1426±6 and 51±14 MeV/c2 for
the second one, compatible with those of thef1(1285)
andf1(1420) mesons [3]. For the first time, a partia
wave analysis has been carried out on the(K �Kπ)0
system from the inclusiveZ decay. While the re
sults are ambiguous between theIG(J PC) = 0+(1++)

and 0+(0−+)a0(980)π waves in the 1.28 GeV/c2

region, the second peak is uniquely consistent w
IG(J PC) = 0+(1++)K∗(892)�K + c.c. On the other
hand, the comparison of the hadronic production
of these two states with a previous study of the p
duction rate [12,13] for theS = 1 mesons (which in
cluded3S1, 3P0 and3P2) suggests that their quantu
numbers are very probablyIG(J PC) = 0+(1++) and
that their quark constituents are mainly of the typenn̄,
wheren = {u,d} and thus confirms that these sta
are very likely thef1(1285) andf1(1420) mesons. Fi-
nally, we conclude that the mesonsη(1295), η(1440)
and h1(1380) are less likely to be produced in th
inclusive Z decays compared to thef1(1285) and
f1(1420).
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