
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/29796

 

 

 

Please be advised that this information was generated on 2018-07-07 and may be subject to

change.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Radboud Repository

https://core.ac.uk/display/16118707?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://hdl.handle.net/2066/29796


Physics Letters B 307 (1993) 237-246 
North-Holland

PHYSICS LETTERS B

M e a s u r e m e n t  o f  / /h a d  f r ° m  h a d r o n i c  d e c a y s  o f  t h e  Z

L3 Collaboration

O. Adriani11, M. Aguilar-Benitezw, S. Ahlen1, J. Alcaraz0, A. A loisio2, G. Alverson-i,
M.G. Alviggi2, G. Ambrosiae, Q. A n p, H. Anderhubas, A.L. Anderson"1, V.P. Andreev31,
L. Antonovam, D. Antreasyan8, P. Arcew, A. Arefíevy, A. Atamanchuk8', T. Azemoon0,
T. A ziz3,h, P.V.K.S. Babap, S. Bachmann3, P. Bagnaiaah, J.A. Bakkenag, L. Baksay30,
R.C. Ballc, S. Banerjeeh, J. B aoe, R. Barillère0, L. Baroneah, A. Baschirotto \  R. Battistonae,
A. Bayq, F. Becattini", U. Beckerm,as, F. Behneras, J. Behrens as, Gy.L. Benczek, J. Berdugow, 
P. Berges"1, B. Bertucci“ , B.L. Betevam,as, M. Biasiniae, A. Bilandas, G.M. B ileiae, R. Bizzarriah, 
J.J. Blaisingd, G.J. Bobbink0,b, R. Bock3, A. Böhm 3, B. Borgiaah, M. Bosettix, D. Bourilkovab, 
M. Bourquinq, D. Boutignyd, B. Bouwensb, E. Brambilla2, J.G. Branson3J, I.C. Brockaf,
M. Brooks", A. Bujakap, J.D. Burger"1, W.J. Burgerq, J. Busenitzao, A. Buytenhuijsab, X.D. C aip, 
M. Capell"1, M. Cariaae, G. Carlino2, A.M. Cartacein, R. Castello*, M. Cerradaw, F. Cesaroniah, 
Y.H. Chang"1, U.K. Chaturvedip, M. Chemarinv, A. Chenau, C. Chenf, G.M. Chenf,
H.F. Chenr, H.S. C henf, M. Chen"1, W.Y. Chenau, G. Chiefari2, C.Y. Chiene, M.T. Choian,
S. Chung"1, C. Civinini", I. Clare“ , R. Clare” , T.E. Coanu, H.O. Cohnac, G. Coignetd,
N. Colino0, A. C o n tin i X.T. C uip, X.Y. C uip, T.S. D a i1", R. D ’Alessandro", R. de Asmundis2, 
A. Degré d, K. Deiters aq, E. D énesk, P. Denes ag, F. DeNotaristefaniah, M. Dhinaas,
D. D iBitonto30, M. D iem ozah, H.R. D im itrov3"1, C. D ionisi3h,°, L. Djambazov3S, M.T. D ovap,
E. Drago2, D. Duchesneauq, P. Duinkerb, I. Duranak, S. Easoae, H. El Mamouniv, A. Engleraf,
F.J. Eppling"1, F.C. Ernéb, P. Extermannq, R. Fabbrettiaq, M. Fabreaq, S. Falcianoah,
S.J. Fanaf, O. Fackler1, J. F ayv, M. Felcini0, T. Fergusonaf, D. Fernandez w, G. Fernandez w,
F. Ferroniah, H. Fesefeldt3, E. Fiandriniae, J. Field q, F. Filthautab, G. Finocchiaroah,
P.H. Fishere, G. Forconiq, T. Foreman b, K. Freudenreichas, W. Friebelar, M. Fukushima ir‘,
M. Gaillouds, Yu. Galaktionovy,m, E. Gallo", S.N. Ganguli0,h, P. Garcia-Abiaw, D. Gelev,
S. G entile311’0, S. Goldfarb-i, Z.F. Gongr, E. Gonzalez*, A. Gougase, D. Goujonq, G. Grattaad, 
M. Gruenewaldad, C. G u p, M. Guanzirolip, J.K. G uoa£, V.K. Guptaag, A. Gurtuh,
H.R. Gustafsonc, L.J. Gutay ap, K. Hangarter3, A. Hasan p, D. Hauschildtb, C.F. H e3*, J.T. H ef, 
T. Hebbeker3, M. Hebert^, G. Hertenm, A. Hervé0, K. Hilgers3, H. Hoferas, H. Hooraniq,
G. H up, G.Q. H u 3*, B. Illev, M.M. Ilyasp, V. Innocente0, H. Janssen0, S. Jezequeld, B.N. J in f, 
L.W. Jones0, A. Kassers, R.A. Khanp, Yu. Kamyshkovac, P. Kapinosai,3r, J.S. Kapustinskyu,
Y. Karyotakis0, M. Kaurp, S. KJiokharp, M.N. Kienzle-Focacciq, J.K. K im a", S.C. K im an, 
Y.G. K im a", W.W. K innisonu, A. Kirkby3d, D. Kirkbyad, S. Kirschar, W. K ittel3b,
A. Klim entovm’y, A.C. K önigab, E. Koffemanb, O. Kornadt3, V. Koutsenko m’y,
A. Koulbardis ai, R.W. Kraemeraf, T. Kramer111, V.R. Krastevam,ae, W. Krcnza, A. Krivshichai,
H. Kuijtenab, K.S. Kumar*, A. K uninm,y, G. Landi", D. Lanske3, S. Lanzanoz, P. Lebrun v,
P. Lecomte3S, P. Lecoq0, P. Le Coultreas, D.M. Lee“, I. LeedomJ, C. Leggettc, J.M. Le G off0, 
R. Leistear, M. Lenti", E. Leonardi3*1, X. Leytensb, C. L ir-P, H.T. L if, P.J. L i3*, J.Y. Liao3*, 
W.T. L inau, Z.Y. L inr, F.L. L inde0, B. Lindemann3, L. Lista2, Y. Liup, W. Lohmannar>°,
E. Longoah, Y.S. Luf, J.M. Lubbers0, K. Lübelsmeyer3, C. Luci3h, D. Luckey8’1",
L. Ludoviciah, L. Luminari311, W. Lustermannar, J.M. M af, W.G. M ar, M. MacDermottas,

0370-2693/93/$ 06.00 ©  1993-Elsevier Science Publishers B.V. All rights reserved 237



Volume 307, number 1,2 PHYSICS LETTERS B 10 June 1993

P.K. Malhotrah>3, R. M alikp, A. M alininy, C. M añaw, M. Maolinbayas, P. Marchesinias,
F. M ariond, A. Marin*, J.P. Martin v, L. Martinez-Lasow, F. Marzanoah, G.G.G. Massaro\
K. Mazumdarh, P. McBride*, T. McMahonap, D. M cNallyas, M. Merkaf, L. Merolaz,
M. Meschini", W.J. Metzgerab, Y. M is, G.B. M ills“, Y. M irp, G. Mirabelliah, J. M nicha,
M. M öller8, B. Monteleoni", R. Morand d, S. Morgantiah, N.E. M oulaip, R. M ountad,
S. M üller3, A. Nadtochyai, E. N agyk, M. Napolitano2, F. Nessi-Tedaldias, H. Newm anad,
C. N eyeras, M.A. N iazp, A. N ippe3, H. Nowakar, G. Organtini3*1, D. Pandoulas3, S. Paoletti", 
P. Paolucci2, G. Pascalaah, G. Passalevan,ae, S. Patricelliz, T. Paule, M. Pauluzzi36, C. Paus3,
F. Pauss3S, Y.J. P e i3, S. Pensottix, D. Perret-Gallixd, J. Perrierq, A. Pevsnere, D. Piccolo2,
M. P ieri0, P.A. Pirouéag, F. P lasil3C, V. Plyaskiny, M. Pohlas, V. Pojidaevy,n, H. Postema1", 
Z.D. Q i3*, J.M. Q ianc, K.N. Qureship, R. Raghavanh, G. Rahal-Callot38, P.G. Rancoitax,
M. R attaggi\ G. Ravenb, P. R azis33, K. Read30, D. R enas, Z. R enp, M. Rescignoah,
S. Reucroftj, A. Ricker3, S. R iem ann31-, B.C. Riemers3p, K. R ilesc, O. Rindc, H.A. R izvip,
F.J. Rodriguezw, B.P. R oec, M. Röhner3, S. Röhner3, L. Rom ero” , J. Rose3, S. Rosier-Leesd, 
R. Rosm alen3b, Ph. Rosselets, W. van Rossumb, S. R oth3, A. Rubbiam, J.A. Rubio0,
H. Rykaczewski3S, M. Sachwitz3r, J. Salicio0, J.M. Saliciow, G.S. Sanders“, A. Santocchiaae, 
M.S. Sarakinosm, G. Sartorelli8,p, M. Sassowsky3, G. Sauvaged, C. Schäfer3, V. Schegelskyai,
D. Schm itz3, P. Schm itz3, M. Schneegansd, H. Schopper31, D.J. Schotanusab, S. Shotkinm,
H J. Schreiberar, J. Shukla3f, R. Schulte3, S. Schulte3, K. Schultze3, J. Schwenke3,
G. Schwering3, C. Sciacca2, 1. Scott*, R. Sehgalp, P.G. Seiler3«, J.C. Sens°-\ L. Servoli3e,
I. S h e e r , D.Z. Shen3*, S. Shevchenkoad, X.R. Shi3d, E. Shumilovy, V. Shoutkoy, D. Sonan,
A. Sopczakaj, C. Spartiotise, T. Spickermann3, P. Spillantinin, R. Starosta3, M. Steuer8,m,
D.P. Stickland38, F. Sticozzim, H. Stone38, K. Strauch*, B.C. Stringfellowap, K. Sudhakar\
G. Sultanovp, L.Z. Sunr,p, H. Suter3S, J.D. Swainp, A.A. Syedab, X.W. Tangf, L. TaylorJ,
G. Terzix, Samuel C.C. T ingm, S.M. Tingm, M. Tonutti3, S.C. Tonwarh, J. T óthk,
A. Tsaregorodtsev31, G. Tsipolitisaf, C. Tully3g, K.L. Tungf, J. Ulbricht3S, L. Urbánk,
U. U w er3, E. Valenteah, R.T. Van de W alle3b, I. Vetlitskyy, G. Viertelas, P. Vikasp, U. Vikasp, 
M. Vivargentd, H. Vogelaf, H. V ogtar, I. Vorobievy, A.A. Vorobyovai, L. Vuilleumier5,
M. Wadhwad, W. Wallraff3, C. W angm, C.R. Wangr, G.H. Wang3f, X.L. Wangr, Y.F. Wang” , 
Z.M. Wangp,r, A. W eber3, J. W eber38, R. W eill8, T.J. Wenaus1, J. Wenningerq, M. White"1,
C. W illm ottw, F. W ittgenstein0, D. Wright38, S.X. W up, S. Wynhoff3, B. Wyslouch"1,
Y.Y. X ie3*, J.G. X u f, Z.Z. X u r, Z.L. X ue3*, D.S. Y an3*, B.Z. Yangr, C.G. Yangf, G. Yangp, 
C.H. Y ep, J.B. Y er, Q. Y e p, S.C. Y eh au, Z.W. Y in 3*, J.M. Y oup, N. Yunusp, M. Yzermanb,
C. Zaccardelliad, P. Zem p3S, M. Zengp, Y. Zeng3, D.H. Zhangb, Z.P. Zhangr-P, B. Z hou\
G.J. Zhouf, J.F. Z houa, R.Y. Z hu3d, A. Zichichi8’0,p and B.C.C. van der Zwaanb

a I. Physikalisches Institut, R WTH, W-5100 Aachen, F R G [ 
and III. Physikalisches Institut, R WTH, W-5100 Aachen, FR G 1 

b National Institute for High Energy Physics, NIKHEF, NL-1009 DB Amsterdam, The Netherlands 
c University o f Michigan, Ann Arbor, M I 48109, USA
d Laboratoire d ’Annecy-le- Vieux de Physique des Particulest LAPPJN2P3-CNRS, BP 110,

F-74941 Annecy-le- Vieux Cedex, France 
e Johns Hopkins University, Baltimore, MD 21218, USA 
r Institute o f  High Energy Physics, IHEP, 100039 Beijing, China 
g INFN-Sezione dì Bologna, 1-40126 Bologna, Italy 
h Tata institute o f  Fundamental Research, Bombay 400 005, India 
1 Boston University, Boston, MA 02215, USA 
j Northeastern University, Boston, MA 02115, USA
k Central Research Institute for Physics o f the Hungarian Academy o f Sciences, H-1525 Budapest 114, Hungary2 
é Harvard University, Cambridge, MA 02139, USA

238



Volume 307, number 1,2 PHYSICS LETTERS B 10 June 1993

m Massachusetts Institute o f  Technology, Cambridge, MA 02139, USA 
n INFN Sezione di Firenze and University o f  Florence, 1-50125 Florence, Italy
0 European Laboratory for Particle Physics, CERN, CH-1211 Geneva 23, Switzerland 
p World Laboratory, FBLJA Project, CH-1211 Geneva 23, Switzerland
q University o f Geneva> CH-1211 Geneva 4, Switzerland
r Chinese University o f  Science and Technology, USTC, Hefei, Anhui 230 029, China 
s University o f Lausanne, CH-1015 Lausanne, Switzerland
1 Lawrence Livermore National Laboratory, Livermore, CA 94550, USA 
u Los Alamos National Laboratory, Los Alamos, NM  87544, USA
v Institut de Physique Nucléaire de Lyon, IN2P3-CNRS, Université Claude Bernard, F-69622 Villeurbanne Cedex, France 
w Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas, CIEMAT, E-28040 Madrid, Spain 
x INFN-Sezione di Milano, 1-20133 Milan, Italy
y Institute o f Theoretical and Experimental Physics, ITEP, Moscow, Russian Federation
z INFN-Sezione di Napoli and University o f  Naples, 1-80125 Naples, Italy
aa Department o f  Natural Sciences, University o f Cyprus, Nicosia, Cyprus
ab University o f  Nymegen and NIKHEF, NL-6525 ED Nymegen, The Netherlands
ac Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
ad California Institute o f  Technology, Pasadena, CA 91125, USA
ae INFN-Sezione di Perugia and Università Degli Studi di Perugia, 1-06100 Perugia, Italy
af Carnegie Mellon University, Pittsburgh, PA 15213> USA
ag Princeton University, Princeton, N J 08544, USA
ah INFN-Sezione di Roma and University o f  Rome, "La Sapienza ”, 1-00185 Rome, Italy

B

ai Nuclear Physics Institute, St. Petersburg* Russian Federation 
University o f California, San Diego, CA 92093, USA 

ak Dept. de Fisica de Partículas Elementales, Univ. de Santiago, E-15706 Santiago de Compostela, Spain 
a£ Shanghai Institute o f  Ceramics, SIC, Shanghai, China
am Bulgarian Academy o f Sciences, Institute o f Mechatronics, BU-1113 Sofia, Bulgaria
an Center for High Energy Physics, Korea Advanced Inst, o f Sciences and Technology, 305-701 Taejon, South Korea
ao University o f  Alabama, Tuscaloosa, AL 35486, USA
ap Purdue University, West Lafayette, IN  47907, USA
aq Paul Scherrer Institut, PSI, CH-5232 Villigen, Switzerland
ar DESY-Institut fiir Hochenergiephysik, 0-1615 Zeuthen, FRG
as Eidgenössische Technische Hochschule, ETH  Zürich, CH-8093 Zürich, Switzerland
at University o f  Hamburg, W-2000 Hamburg, FRG
au High Energy Physics Group, Taiwan

Received 31 March 1993 
Editor: K. Winter

We report a measurement of R b — ^  from Z —> qq events at LEP. Z —» bb events are identified using a 
multidimensional analysis based on a neural network approach. We obtain 60% sample purity with an efficiency of 
35%. Our measured value of R b is 0.222 ±  0.003 ±  0.007.

validity of the Standard Model (SM ) [ 1 ] and allows a 
precise determination of the neutral current couplings 
to b quarks. With high statistics and precision, the 
measurement is sensitive to deviations from the one 
loop prediction of the SM and may give hints of new 
physics.

For radiative corrections are two-fold, the 
oblique correction to the gauge boson propagator, 
Ap, and the one loop correction to the Zbb vertex 
coming from virtual t-W exchange. These correc-

1. Introduction

The measurement of the partial decay width of Z 
into bb, Fb̂  at LEP, provides an important lest of the

1 Supported by the German Bundesministerium für 
Forschung und Technologie.

2 Supported by the Hungarian OTKA fund under contract 
number 2970.

3 Deceased.
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tions are sensitive to the top quark mass and are less 
sensitive to the Higgs mass. The oblique correction 
affects all the partial decay widths of Z into fermions 
while the vertex correction is specific to decays into 
bb. The ratio

i?b =  ^/^had (1 )

has a contribution from the vertex correction Zbb and 
is free from Ap as well as from QCD and Higgs mass 
effects. It can give a clean constraint on the top mass 
within the SM [2 ] provided it is known to better than 
one percent.

In this paper we present a measurement of R\y from 
hadronic decays of the Z collected with the L3 detec
tor, The selection of bb events and their discrimina
tion from other hadronic events is performed using 
a multidimensional analysis based on a neural net
work approach. In contrast to our previous measure
ment [3], we use the entire hadronic sample without 
requiring a semileptonic decay and so are not limited 
by the knowledge of the semileptonic branching ratio.

The neural network method has proven to be very 
effective for event classification in a complex pattern 
environment [4,5] and is being increasingly used in 
high energy physics [6,7].

2. The L3 detector

The L3 detector covers 99% of An. The detector 
consists of a central tracking chamber, a high resolu
tion electromagnetic calorimeter composed of BGO 
crystals, a ring of scintillation counters, a uranium 
and brass hadron calorimeter with proportional wire 
chamber readout, and a precise muon spectrometer. 
These detectors are installed in a 12m diameter mag
net which provides a uniform field of 0.5 T along 
the beam direction. A detailed description of each 
detector subsystem, and its performance, is given in 
ref. [8].

The fine segmentation of the electromagnetic and 
the hadron calorimeter allows us to measure the di
rection of jets with an angular resolution of 2.5°, and 
to measure the total energy of hadronic events from 
Z decay with a resolution of 10.2%. For the present 
analysis, we use the data collected in the polar angular 
ranges of 5° < 6 < 175° for the hadron calorimeter

and 1 Io < 9 < 169° for the electromagnetic calorime
ter.

3. Hadron event selection

Events of the type e+e” hadrons are selected by 
requiring:
-  0.45 < Ey\s/^fs <  1.4;
-  |£|||/£vis < 0.5;
-  E±/ £Vis < 0.5;
~ ĉluster >18;
-  at least two jets with £jet >10 GeV and a minimum 
of four clusters in each jet.
£vis is the total visible energy in the detector. |¿sy| 
and E± are the parallel and transverse energy imbal
ances. Ajuster is the number of clusters with energy 
greater than 100 MeV. The cluster and jet reconstruc
tion proceeds using a two step pattern recognition 
algorithm [9] which groups adjacent energy deposi
tions in the electromagnetic and the hadron calorime
ters into clusters and then collects these clusters into 
jets. Typically each cluster represents a single parti
cle (hadron, electron, photon). The direction of the 
cluster is defined by the energy weighted vector sum 
of all the hits that belong to it. The purpose of the 
above criteria is to keep only Z —> qq events and re
ject all e+e” , x+x~, and two-photon hadron 
production to better than 0.1%.

For the present analysis we select 238 000 Z —► qq 
events collected with the L3 detector during 1991 LEP 
running on the Z peak.

We use a sample of Monte Carlo events based on 
JETSET7.3 [10] with parton shower fragmentation. 
The response of the detector is simulated using the L3 
simulation program [11]. The simulated events are 
then reconstructed by the same reconstruction pro
gram as that used for the data.

4. Identification of bb events

Because the b quark is heavy, bb events can be dis
tinguished from events containing lighter quarks. A 
standard method is to use the high momentum lep- 
tons coming from the semileptonic decays of b quarks. 
We present here a different method which relies on

2 4 0
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the general properties of the bb events, rather than 
exclusively on their semileptonic decays.

In the hadronization of a b quark, very little energy 
is radiated in the form of gluons. Thus, the resulting b 
hadron carries off a large fraction of the beam energy, 
typically 70%. It then decays into several particles in 
a weak decay process. In contrast, most of the energy 
from a light quark is radiated out in the form of gluons 
leading to a broad energy spectrum of particles. Thus, 
the energy gaps between the leading particles are larger 
for light quark jets. Also the leading light hadron being 
stable can still be fairly energetic. So, by comparing 
the energies of the leading particles, as well as the 
differences in energies of particles within a jet, one 
can distinguish between b quark and lighter quark 
jets. In addition, the mass of the b quark affects the 
jet characteristics. Jets from b quarks are typically 
broader than light quark jets. The jet boost {yß = 
p / m)  is also smaller for b quark jets.

None of the above properties alone is sufficient to 
select a sample of bb events with high purity and good 
efficiency. However, when used in a multidimensional 
analysis which exploits the correlations between them, 
a high selection efficiency with good sample purity 
can be achieved.

We consider five variables, described below, for 
each of the two most energetic jets of the event. The 
information used is based only on the calorimetric 
clusters. All clusters with energy exceeding 100 MeV 
within 30° of the jet axis are used and the jet energy, 
invariant mass and the jet direction are redefined on 
the basis of these clusters. The discriminating features 
of the variables are checked using data. For this pur
pose we use bb events tagged by high pt (> 1 GeV) 
muons, where pt is the momentum of the muon trans
verse to the jet axis. To avoid biases, we use the jet op
posite the muon-tagged jet for studying the variables.

The variables that we use are:
(1 ) The yß of the jet using the jet energy and the 

invariant mass determined by the clusters, where the 
clusters are assumed to be massless. In fig. 1 a we show 
the yß distribution for the most energetic jet for the 
data compared to the Monte Carlo. In fig. lb the dis
tribution for all data is compared with that for jets 
opposite to a muon-tagged jet. Both the data and the 
Monte Carlo show that b jets tend to have smaller yß 
value than light quark jets.

(2) The energy of the most energetic cluster which

16000

14000

O) 12000 -

O
o 8000

6000 -

4000

2000

0.225 -

0.025 -

Yß (Jet1)

yß (Jet)

Fig. 1. The distribution of yß for (a) the most energetic jet 
compared to the Monte Carlo, and for (b ) the muon tagged 
sample compared to all data.

tends to be lower for bb events than for light quark 
events.

(3) The directed sphericity of the jet defined as

Sdir
E pi
X>2’
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1

Fig. 3. The correlation coefficient (a) between yß of the 
most energetic jet and all other quantities and (b) between 
the energy gap of the second jet and all other quantities. 
The quantités are labelled 1-5 for the most energetic jet, 
7-11 for the second most energetic jet, and 6 for the global 
event quantity, £ left.

(4) The yß of the set of the four leading clusters in 
the jet.

( 5 ) The energy gap between the first and the fourth 
most energetic clusters, Egap, scaled by the jet energy. 
In fig. 2b we plot this distribution for all jets compared 
to the muon-tagged sample.

In addition we use the global variable £\Cft defined 
as the fraction of visible energy outside the two most 
energetic jets:

Eyis  — (Æ jc tl “I" -^jet2 )
¿left = -----------7̂------------ 3-̂ vis

where £jeti and Ejet2 are the energies of the two jets. Al
though the distribution of £ieft for b and non-b events 
is similar, the correlation between it and other vari
ables is useful in a multidimensional analysis. 

Altogether, 11 variables are used per event.
Figs. 1 and 2 show that the Monte Carlo describes 

the data well. Before performing the multidimensional 
analysis of these quantities, we have also checked that 
their correlations with each other are in good agree
ment. In fig. 3 we show, as an example, the corre
lation between yß for the most energetic jet and all 
other quantities, and between the energy gap of the 
second jet and the other quantities. One can also see 
that variables within the same jet have stronger cor
relations compared to those in different jets.

2 4 2

</)
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t ........r t111 r
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Q *** » * 1 ■ *
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MC, jet opposite |i jet

0.4 0.6 0.8 1

Egap
Fig. 2. (a) The directed sphericity distribution for all jets 
compared to the muon-tagged sample and (b) the energy 
gap between the most energetic and fourth most energetic 
clusters for all jets compared to the the muon-tagged sample.

where the momenta are in the jet rest frame, and the 
transverse direction is with respect to the jet direction. 
Fig. 2a shows the distribution for all data compared 
to the muon-tagged events.
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5. The multidimensional analysis

Multidimensional analysis for event classification 
exploits the correlations between the various quanti
ties that characterize the events. For every event the 
characterizing quantities can be considered as a vector 
x In our particular case, the vector x
has the 11 quantities described above as components. 
We then determine the classifier function Fc (x, w)  to 
separate b quark events from non-b quark events. The 
vector w  is a vector of weights adjusted to minimize 
the classification error

F C( X , W )  -F k n o w n U )  \2 p ( x ) d x ,

where p{x)  is the density function of the events 
and -Fknown the classifier function known from Monte 
Carlo. The determination of the weight vector (“train
ing”) is performed using Monte Carlo events. The 
probability distribution of the classifier Fc{x, w)  for 
Monte Carlo events is expected to agree with the data
provided that p m c ( x ) =  p a ta te ) -

In a conventional neural network [4,5], the classi
fier function is derived from successive layers of neu
rons. Each neuron gets as input a linear sum of the 
quantities of the previous layer and provides as out
put a non-linear transformation of the linear sum. In 
the less conventional approach that we follow [ 5 ], the 
input variables are first expanded using orthonormal 
functions. A simple summation of the transformed
variables is used in only one non-linear transforma
tion. This eliminates the intermediate stages and re
duces the number of weights.

Each input quantity, x* is first scaled to be in the 
range (— 1,1 ). It is then expanded using the functional 
transform f  (x^) given by

f ( X k )  =  WikXk
n

+ V  (w2kj sin (jnxk ) + Wikj cos (;'nxk ) ) (2)

j =i

For our purposes, we have determined that n =  4 is 
an optimal choice for the performance of the network. 
The transformed input quantities are then summed 
to form

n
X  = £ . ƒ ( * )  + Wq. (3)

Fig. 4. (a) The network response for b events and non-b 
events separately, (b ) Purity and efficiency of the classifier 
function for b events.

The classifier function used is

FAX) 1
1 + e- X F c ( x ,w ) . (4)

1

We determine the weights w  with a sample of 150 000 
Monte Carlo events to minimize
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Fig. 5. The network response for events tagged by a high p\ 
muon for the data compared to the Monte Carlo.

[ .Pc ( ■*, tü  ) -^known] (5)

The Monte Carlo reproduces well the data. This indi
cates that the correlations among the different vari
ables used are well simulated in the Monte Carlo and 
it does represent the data in detail. An important point 
to note is that the high pt muon events are distributed 
in the entire range of Fc in much the same way as 
all other b events indicating that the high purity sam
ple of b events from the network are not just from 
the semileptonic decays of b hadrons. Thus the uncer
tainty in the semileptonic branching ratio of b quark 
has an insignificant effect on the network results.

6, Determination of ^ / / h a d

To determine jRb = /^;//had, we perform a fit to the 
data distribution of Fc by varying the b and non-b con
tribution from the Monte Carlo. In fig. 6 we compare 
the data with the fitted distribution and also plot the 
b and non-b contributions. We determine F^/rhaá =  
0.222 ±  0,003, The error includes the statistical error 
due to the Monte Carlo test sample. We obtain sim
ilar results using a simpler procedure of applying a 
cut on the value of the classifier depending upon the 
desired sample purity and the tagging efficiency.

where Fknown is chosen to be 0.025 for non-b and 0.975 
for b events. The discriminating power of the classifier 
function is then tested using an independent sample 
of 200 000 Monte Carlo events.

The network classifier response for the Monte Carlo 
test sample is shown in fig. 4a. The b events dominate 
at larger values of Fc and the non-b at smaller values. 
Fig. 4b shows the b sample purity as a function of the 
tagging efficiency. As an example of the performance 
of the network, we achieve 35% efficiency for 60% pu
rity. For high purities the efficiency is approximately 
a factor two better than those in similar studies [7].

In order to test the network reliability and to make 
sure that the correlations among the different vari
ables both in the Monte Carlo and the data are well 
understood, the response of the network which has 
been trained using Monte Carlo qq events is com
pared for those events that have a high pt (> 1 GeV) 
muon (fig. 5). The whole event is used but no infor
mation from the muons themselves is used in the net
work. These events are approximately 80% bb [12].
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Fig. 6. Fit of the network response to the data. Also shown 
is the response for b and non-b events separately.
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Table 1
Summary of the systematic errors due to various sources.

Source of systematic error Variation AR^

b —> EuX branching ratio 0.02 0.0010
b quark fragmentation parameter eb 0.004 0.0031
c quark fragmentation parameter ec 0.02 0.0018
A ll (GeV) the shower scale parameter 0.03 0.0037
b (GeV- 2 ) parameter in Lund sym. fragmentation 0.08 0.0024
oq (GeV), Gaussian p\ width of hadrons 0.03 0.0022
mass of the b quark (GeV) 0.5 0.0006
r cE (MeV) 15 0.0011
change in energy resolution of the calorimeter Act (E  ) 10% 0.0020

total uncertainty from all sources 0.007

As we use Monte Carlo events to describe the data 
and estimate the different acceptances, there are 
several parameters that affect the event description. 
Details of the various parameters used in the Monte 
Carlo and the different fragmentation schemes is 
given in ref. [13]. For the light u, d, and s quarks 
the Lund symmetric fragmentation function is used 
while for b and c quarks the Peterson fragmentation 
function [14] is used. For estimating the systematic 
error each parameter is varied by its error [13] and a 
new test sample is generated. Comparing the sample 
purity and tagging efficiency of the new test sample 
with the standard test sample the change in Rh is 
estimated. For this purpose fast simulations using 
approximate detector resolutions have been made. 
The changes in for different parameters are given 
in table L In addition to the QCD parameters we 
have changed the semileptonic branching ratio of b 
hadrons and varied the detector response. Adding all 
the systematic errors in quadrature, we arrive at the 
total systematic error on Rb of 0.007.

7. Conclusions

We have identified bb events in Z hadronic decays 
using a multidimensional analysis with several vari
ables which characterize the event topology. A neu
ral network based on functional expansion provides 
a very good separation between b and non-b events. 
We achieve high sample purity of bb events with good 
tagging efficiency: for 60% sample purity we obtain

35% efficiency. From a fit to the full range of the clas
sifier function, we determine:

Rh = 0.222 ±0.003 ±0.007.

This result is a significant improvement of our previ
ous measurement [3], R\> = 0.218 ± 0.004 ± 0.012, 
using only the semileptonic decays, and is in good
agreement with the Standard Model value i?b = 0.216
computed with a top mass of 150 GeV.
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