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AbstratAmong the measurements available at the Z pole entre-of-mass energy, the ratioof the Z partial width into b�b quark pairs and its total hadroni partial width,R0b = �(Z ! b�b)�(Z ! hadrons) ;is urrently rousing partiular interest. Most eletroweak and QCD radiative orre-tions anel in the ratio, leaving R0b sensitive essentially to orretions to the Z ! b�bvertex, like the large CKM oupling to the top quark. Due to the high quality ofthe agreement between the Standard Model and most of the preise observations,together with the reent top quark disovery and its diret mass measurement, theparameters of the Standard Model beome better onstrained. A preise measure-ment of R0b at 0.5% level thus tests not only the Standard Model but also thepresene of novel radiative vertex orretions. In this way, R0b is urrently one ofthe most interesting windows in the searh for physis beyond the Standard Model.Experimentally, R0b an be obtained with only very small orretions from the ratioof ross-setions Rb = �(e+e� ! b�b)=�(e+e� ! hadrons). These small orretionsare due to the photon propagation ontribution.This thesis reports on the measurement of Rb performed with the Delphi dete-tor at CERN Lep ollider, using the full Lep 1 statistis reorded between 1991 and1995. About 60% of these data were taken with a high preision double sided silionmirovertex detetor, and all the rest with a single sided silion detetor providinghigh resolution only in the plane transverse to the olliding beams. A total of about4.2M hadroni Z deays were reorded and analyzed, together with about twie thedata sample statistis of simulated hadroni events. In addition, dediated Z ! b�bsamples were used, orresponding to an equivalent amount of also twie the datasample size.The preise measurement of Rb relies on high purity/eÆieny hemisphere btagging tehniques. Due to the partiular multihadroni topology of Z events atLep 1 energies, multivariate methods provide eÆient tools for performing a globalavour tagging by hemispheres, espeially b identi�ation. To optimize the eventinformation and the high traking resolution of the Delphi detetor, the followingfeatures are inluded in the algorithms:� three-dimensional and independent primary vertex reonstrution for eahhemisphere of the event, reduing hemisphere-hemisphere tagging eÆienyorrelations;� three-dimensional seondary vertexing and invariant mass reonstrution;� three-dimensional impat parameters and related quantities;� event shape properties, suh as transverse and total momenta, rapidity andspheriity of deay produts.



For the preise determination of Rb, events are divided into hemispheres by theplane perpendiular to the thrust axis. Eah hemisphere is then lassi�ed into sixmutually exlusive tagging ategories or tags ordered by dereasing b purity: b-tight,b-standard, b-loose, harm, uds and no-tag. There are 20 di�erent observables (om-binations of two independent hemisphere tags) and 17 independent unknowns: Rb,R and 15 uds,  and b tagging eÆienies. The uds and  eÆienies of the b-tighttag (whose mean b purity is greater than 98%) are estimated from the Monte Carlosimulation of the experiment and R is taken to be 0.172 from the eletroweak the-ory. All the other eÆienies and Rb are �tted diretly to data, reduing statistialand systemati errors. The quoted result was�(Z ! b�b)�(Z ! hadrons) = 0:21658�0:00076(stat:)�0:00087(syst:)�0:025� (R�0:172)where the �rst error is statistial and the seond one systemati. The expliit depen-dene with the assumed value of R is also given. This number is still preliminary.Within a 0.53% relative preision, the result is in good agreement with theurrent Standard Model expetation, R0b = 0:2158� 0:0003, as predited for a topquark mass of 175:6�5:5 GeV/2 as measured at FNAL. If the radiative orretions(dominated by top quark e�ets) were left out of the eletroweak alulation, theexpeted result would be R0b = 0:2183� 0:0001. Therefore, this measurement showsevidenes that the Z ! b�b vertex is dominated by radiative orretions due to thetop quark.This experimental result is onsistent with other preise determinations per-formed at Lep/Sl olliders, but it is the more preise one.



ResumenEntre las medidas disponibles a la energ��a en entro de masas orrespondiente alpolo del bos�on Z, la frai�on de la anhura parial a pares de quarks b�b y su anhuraparial hadr�onia, R0b = �(Z ! b�b)�(Z ! hadrons) ;tiene atualmente un espeial inter�es. Pr�atiamente todas las orreiones ra-diativas eletrod�ebiles y de QCD anelan al realizar el oiente, de forma queR0b es esenialmente sensible s�olo a las orreiones al v�ertie Z ! b�b, omo elfuerte aoplamiento CKM al quark top. Dado el exelente auerdo entre el ModeloEst�andar y la mayor parte de las observaiones de preisi�on, junto on el reientedesubrimiento del quark top y la determinai�on direta de su masa, los par�ametrosdel Modelo Est�andar quedan muy restringidos. Por ello, una medida de preisi�onde R0b al 0.5% no solamente examina el Modelo Est�andar sino que adem�as prueba lapresenia de nuevas orreiones radiativas al v�ertie. De esta forma, R0b es atual-mente una de las v��as m�as interesantes en la b�usqueda de f��sia m�as all�a del ModeloEst�andar. R0b puede obtenerse experimentalmente, on muy peque~nas orreiones,a partir del oiente de seiones e�aes Rb = �(e+e� ! b�b)=�(e+e� ! hadrons).Estas orreiones se deben a la ontribui�on del propagador fot�onio.Esta tesis presenta la medida de Rb realizada on el detetor Delphi del olisio-nador Lep del CERN, utilizando la estad��stia ompleta de Lep 1 registrada entre1991 y 1995. Alrededor del 60% de estos datos fueron tomados on un detetor demirov�erties de siliio de doble ara, y los restantes on uno equivalente pero desimple ara que suministraba informai�on de preisi�on s�olo en el plano transverso alos haes del olisionador. En total, era de 4.2M de desintegraiones hadr�oniasdel Z han sido analizadas, junto on aproximadamente el doble de estad��stia desuesos hadr�onios simulados. Adem�as, se han utilizado muestras dediadas desuesos Z ! b�b, uyo tama~no equivalente es similar al del resto de los suesossimulados.La medida preisa de Rb est�a estrehamente relaionada on el desarrollo det�enias de alta pureza/e�ienia para el etiquetado por hemisferios de quarks b.Debido a la partiular topolog��a multihadr�onia de los suesos Z a las energ��as deLep 1, los m�etodos multivariados ofreen amplias posibilidades para realizar unetiquetado global de sabores por hemisferios, on espeial �enfasis en la identi�ai�ondel sabor b. Con el �n de optimizar la informai�on del sueso y la elevada resolui�onen la reonstrui�on de trazas del detetor Delphi, los algoritmos desarrolladosinluyen las siguientes arater��stias:� reonstrui�on tridimensional e independiente para ada hemisferio del v�ertieprimario del sueso, on la onsiguiente redui�on de orrelaiones hemisferio-hemisferio en las e�ienias de identi�ai�on;



� reonstrui�on tridimensional de v�erties seundarios y masas invariantes;� par�ametros de impato tridimensionales y antidades relaionadas;� propiedades topol�ogias del sueso, omo momento transverso, momento total,rapidity y esferiidad de los produtos de la desintegrai�on.Para la determinai�on preisa de Rb, los suesos son iniialmente divididos en doshemisferios utilizando para ello el plano perpendiular al eje thrust. Cada hemisferioes entones lasi�ado en una de entre seis ategor��as exluyentes de etiquetado(tags) ordenadas por pureza dereiente de sabor b: b-tight, b-standard, b-loose,harm, uds y no-tag. De esta forma hay 20 observables distintos (ombinaionesde dos ategor��as independientes de hemisferio) y 17 in�ognitas independientes: Rb,R y 15 e�ienias de identi�ai�on de quarks uds,  y b. Las e�ienias uds y de la ategor��a b-tight (uya pureza media en quarks b es mayor del 98%) sealulan on la ayuda de la simulai�on Monte Carlo del experimento y R se �jaa su valor 0.172 prediho por la teor��a eletrod�ebil. Todas las dem�as e�ienias yRb se ajustan entones diretamente a los datos, on la onsiguiente redui�on deerrores estad��stios y system�atios. El resultado que se obtiene es�(Z ! b�b)�(Z ! hadrons) = 0:21658�0:00076(stat:)�0:00087(syst:)�0:025� (R�0:172)donde el primer error es estad��stio y el segundo sistem�atio. El �ultimo t�ermino deeste resultado es la dependenia expl��ita on el valor tomado de R. Este valor estodav��a preliminar.Dentro de una preisi�on relativa del 0.53%, el valor obtenido est�a en buen auerdoon la predii�on atual del Modelo Est�andar, R0b = 0:2158� 0:0003, para una masadel quark top de 175:6 � 5:5 GeV/2, tal omo se ha medido en el FNAL. Si lasorreiones radiativas (dominadas por los efetos del quark top) se omiten en los�alulos eletrod�ebiles, el resultado que se obtendr��a es R0b = 0:2183� 0:0001. Porlo tanto, esta medida muestra evidenias de que el v�ertie Z ! b�b est�a dominadopor orreiones radiativas debidas al quark top.Este resultado experimental es onsistente on otras determinaiones preisasrealizadas en los olisionadores Lep/Sl, pero es la m�as preisa de todas ellas.
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Chapter 1IntrodutionThe Standard Model (SM) of the eletroweak and strong interations [1℄ is the presenttheory desribing the fundamental onstituents of matter and their interations be-ing theoretially onsistent and in agreement with all known experimental data. TheStandard Model is the Glashow-Salam-Weinberg model of leptons [2℄, extended viathe GIM mehanism [3℄ to the hadroni setor, thus inorporating the Cabbibo mix-ing [4℄ and the onept of olour [5℄. Atually, the Standard Model is supportingextremely stringent quantitative experimental tests at Lep and Sl olliders [6℄,whih have provided inreasing evidene of the orretness of the model at presentenergy sales and distanes, down to 10�16 m.In the Standard Model the fundamental onstituents of matter an be groupedinto three generations (or families) of fundamental (point-like) spin-12 quarks andleptons, as shown in table 1.1 [7, 8, 9℄. For eah fermion there is an antipartilewith the same mass but opposite eletri harge. For ordinary matter only partilesfrom the �rst generation are neessary, but all of them were deisive 10000 millionyears ago, just 1000 millionth of a seond after the Universe was born in the BigBang, aording to onventional wisdom in osmology. If the number of quark-leptongenerations is equal to the number N� of light neutrinos (with masses not above halfthe Z boson mass), then there are no more than these three. This statement omesfrom the preision measurements of the Z lineshape at Lep ollider (see �gure 1.1),whih imply N� = 2:993� 0:011 [6℄ in the Standard Model. This also provides animportant hek of osmologial models [10℄.In 1897, eletrons were disovered from athodi ray experiments by J.J. Thom-son at the Cavendish Laboratory. In 1931, W. Pauli predited the existene of theeletroni neutrino to resolve the energy risis in the � deay [11℄. Only after 22years, Reines and Cowan deteted for the �rst time these elusive partiles in a nu-lear reator experiment [12℄. Although protons and neutrons were disovered asonstituents of the atomi nuleus in 1919 by E. Rutherford and in 1932 by J. Chad-wik respetively from sattering experiments with � partiles, it was only in 1968when J. Friedman and H. Kendall at SLAC (on the basis of deep inelasti eletronsattering experiments) obtained evidenes on the behaviour of point-like harged



2 IntrodutionTable 1.1: The three generations of the fundamental spin-12 onstituents of matter, theireletri harges (Qf) in units of the positron harge and masses.Generation Fermion Qf Mass (MeV/2) Type1 up 2/3 2 to 8 quarkdown -1/3 5 to 15 quark�e 0 < 15� 10�6; CL = 95% leptone� -1 0:51099907� 0:00000015 lepton2 harm 2/3 1000 to 1600 quarkstrange -1/3 100 to 300 quark�� 0 < 0:17; CL = 90% lepton�� -1 105:658389� 0:000034 lepton3 top 2/3 175600� 5500 quarkbottom -1/3 4100 to 4500 quark�� 0 < 24; CL = 95% lepton�� -1 1777:00+0:30�0:27 leptonstrutures inside the nuleon [13℄, the so-alled 'partons'. This was in fat the dis-overy of the quark (up and down). The detailed study of osmi rays in the 1930'striggered a shower of spetaular disoveries. Among them, C. Anderson observedin 1932 the positron (the antimatter partner of the eletron), predited by P. Dirain 1929. Four years later, C. Anderson together with S. Neddermeyer disovered themuon [14℄. In addition, the break-up of osmi ray muons suggested that the neu-trino might also ome in di�erent types. In 1962, using a neutrino beam produedfrom pions deaying in ight at Brookhaven, L. Lederman, J. Steinberger and M.Shwartz disovered the muon neutrino [15℄. In the 1950's, a new family of peuliarand unstable partiles was found. All of them lived for about 10�8 s produing intheir deays two traks emerging from a ommon point, giving an inverted V shape.Due to these ommon properties they were alled 'strange' partiles. Again, the�rst evidenes for these partiles were obtained from the analysis of osmi rays.The �rst strange partile to be disovered by J. Rohester and C. Butler in 1947[16℄, and on�rmed by C. Anderson in 1950, was the kaon. In the early 1950's, anew generation of experiments using partile aelerators began. The disoveries ofstrange partiles were on�rmed and extended. Later in 1964, M. Gell-Mann ex-plained the observed properties of the strange partiles: they arried another quark,the 'strangeness'.Beause of their muh higher masses, the harm quark and the members of thethird generation have been studied in detail only reently. Charm was initiallysuggested by S. Glashow and J.D. Bjorken in 1964, but there was no need at thetime for an additional quark to build any known partile. However, S. Glashow,L. Maiani and J. Iliopoulos showed how the uni�ation of eletromagnetism and



Introdution 3

Figure 1.1: The Lep hadroni ross-setion around the Z boson peak measured withthe Delphi detetor as a funtion of the entre-of-mass energy. Superimposed is theStandard Model predition for 2, 3 or 4 light neutrino speies.the weak nulear fore (initially involving only leptons) ould be extended also toquarks, but only if there were four [3℄. The harm quark was �nally disovered in1974 through the prodution of the J=	(1S) resonane simultaneously in a �xedtarget experiment at Brookhaven and in an e+e� ollider experiment at SLAC [17℄.The disovery of the � lepton followed in 1975 [18℄ and the observation of openharm was published in 1976 [19℄. In 1977, �rst evidene for the bottom quarkwas reported through the disovery of the � family of resonanes in a �xed targetexperiment at FNAL [20℄ and the �rst evidene for open bottom prodution waspublished in 1980 [21℄. The �rst evidene for the diret prodution of the topquark was obtained at FNAL Tevatron in 1994 [22℄, and its disovery and massmeasurement was published in 1995 [8, 9℄. There is strong indiret evidene for the� neutrino from � deay ombined with neutrino reation data [7℄.The three generations of leptons and quarks are represented in left-handed weakisospin doublets and right-handed weak isospin singlets: �ee� !L  ���� !L  ���� !L (1.1)� e� �R � �� �R � �� �R (1.2)and  ud !L  s !L  tb !L (1.3)



4 Introdution� u �R � d �R �  �R � s �R � t �R � b �R : (1.4)This phenomenologial struture an be embedded in a gauge invariant �eld theoryof the eletromagneti and weak interations by interpreting SU(2)LNU(1)Y as thegroup of gauge transformations under whih the Lagrangian is invariant loally ateah point in spae-time [23℄. Right-handed fermions transform under U(1)Y only.Y represents the weak hyperharge introdued below. No right-handed masslessneutrinos are introdued. Left-handed fermions transform under both SU(2)L andU(1)Y . The requirement of loal invariane implies that there is one spin-1 gaugeboson for eah generator of the symmetry group and it restrits their ouplings,so that the theory is renormalizable and alulations an be done in perturbationtheory and the model an be onfronted to experiment. The four generators ofSU(2)LNU(1)Y introdue four vetor �elds whih will orrespond to the masslessphoton and the massive W� and Z bosons responsible for eletroweak interations.If the gauge symmetry of the group is exat, all the gauge bosons and fermionsremain massless. It is possible, however, to introdue a mehanism that breaks thesymmetry spontaneously while preserving the good behaviour of the gauge theory.This is the well-known Higgs mehanism [24℄. In the most simple on�guration,known as Minimal Standard Model (MSM), the generation of partile masses isrealized by introduing a single omplex doublet under SU(2)L of salar �elds� =  �+�0 !oupled to the gauge �elds with two self-interating oupling onstants (�, �). Threeof the four real �eld omponents are identi�ed as massless Goldstone bosons orre-sponding to the spontaneous breakdown of SU(2)L. The three degrees of freedomassoiated with the Goldstone bosons are absorbed as degrees of freedom for threeof the four gauge �elds, thus giving mass to the three orresponding gauge W� andZ bosons. The fourth real omponent of the salar doublet remains and aquires avauum expetation value v = 2�=p�, thus breaking the symmetry. This physialsalar massive partile, with massMH = p2�, is the Higgs boson. Lepton and quarkmasses arise in this model through a Yukawa oupling of the lepton and quark �eldsto the Higgs �eld vauum expetation value, i.e. mf = gfv=p2, where the Yukawaouplings gf are arbitrary numbers �xed by the experimentally determined massesof partiles. The vauum expetation value an be related to the Fermi onstant GFvia v2 = (p2GF )�1 � (246 GeV )2. The spei� gauge hosen for the Lagrangianprovides us the vetor boson propagators whih desribe the propagation of four-vetor �eld omponents whereas only three polarization states are physial. On theother hand, it is not possible to de�ne a propagator without imposing a gauge-�xingondition, introduing the fourth omponent. In the ase of non-abelian gauge �elds(as is the ase of SU(2)L), the introdution of the unphysial omponents would giverise to onsequenes suh us gauge dependent physial quantities, unless additionalunphysial states, alled ghosts, are introdued. Ghosts together with the unphysi-al Higgs omponents of the omplex doublet render physial matrix elements gauge



Introdution 5independent. Only in the unitary gauge these unphysial degrees of freedom seemto vanish but essentially reappear in the gauge �eld setor, where they provide thelongitudinal omponent modes of W� and Z when they aquire masses. However,in general, alulations an be made more easily in the t'Hooft-Feynman gauge.The strong interations are invariant under the gauge group SU(3)C , whih isknown as 'olour', the analogous of the eletri harge in strong interations. Un-der SU(3)C , the quarks are triplets and the leptons are singlets. In other words,eah quark speie exists in three di�erent olours and leptons are olourless. Theeight generators of the group orrespond to the eight massless gluons of QuantumChromodynamis (QCD) whih are responsible for the strong interations. Gaugeinvariane requires that they interat. These self-interations produe a potentialenergy whih grows linearly with distane between isolated quarks or gluons. Con-sequently, quarks are permanently on�ned into experimentally observed hadrons.At short distanes (large momentum transfers) the strong interations are weakand hene perturbation theory an be used, whereas at low momentum transfersnon-perturbative e�ets dominate.The interation of quarks and leptons in the Standard Model is therefore on-struted by requiring the Lagrangian LSM [1, 23℄ to be loally invariant under thegauge group SU(3)COSU(2)LOU(1)Y : (1.5)The matter �elds f entering in the Lagrangian are fermions belonging to the fun-damental representation of the gauge group. The loal invariane generates a totalof twelve gauge bosons belonging to the adjoint representation of the group withoupling onstants: gluons SU(3)C �sweak bosons SU(2)L gabelian boson U(1)Y g0 .All gauge bosons are responsible for all known interations exept gravity, for whihthere is no fully satisfatory quantum theory. The requirement of U(1) gauge in-variane does not lead to any onstraint on the oupling onstants of the abelianboson with the left-handed fermion doublets and the right-handed fermion singlets.Making use of this freedom, these onstants an be hosen so that the weak andthe eletromagneti interations are uni�ed in the eletroweak interation. Thisan be done taking as abelian oupling onstants the produt of g0 and the weakhyperharge Yf , de�ned by the Gell-Mann-Nishijima relation:Qf = If3 + Yf=2: (1.6)Qf and If3 are, respetively, the fermion eletri harge in units of the positronharge and the third weak isospin omponent (table 1.2). The group U(1) is alledweak hyperharge group U(1)Y . However, in the ase of the SU(2)L invariane, the



6 Introdutionoupling onstants g of the spinor �eld doublets with the Yang-Mills vetor gauge�elds ought to be idential. Hene the ouplings in the SU(2)LNU(1)Y group ofthe matter �elds and gauge bosons are only given by two onstants, g and g0, andthe weak hyperharge Yf de�ned by the Gell-Mann-Nishijima relation. Table 1.2summarizes the assignment of all eletroweak quantum numbers Qf , If , I3f and Yfof the fundamental fermions. The same arguments are also applied to the QCDoupling onstant �s.Table 1.2: Assignment of the eletroweak quantum numbers Qf , If , I3f and Yf to thefundamental fermions. Qf , If and I3f are, respetively, the fermion eletri harge inunits of the positron harge, the weak isospin and third weak isospin omponent. Theweak hyperharge Yf is de�ned by the Gell-Mann-Nishijima relation.Fermion Qf If I3f Yf�eL ��L ��L 0 1/2 1/2 -1eL �L �L -1 1/2 -1/2 -1uL L tL 2/3 1/2 1/2 1/3d0L s0L b0L -1/3 1/2 -1/2 1/3eR �R �R -1 0 0 -2uR R tR 2/3 0 0 4/3d0R s0R b0R -1/3 0 0 -2/3Due to the diagonalization of the gauge boson mass matrix after the symmetrybreaking and after the identi�ation of the photon �eld oupling via the eletriharge e to fermions (allowing the eletroweak uni�ation), the non-abelian andabelian oupling onstants are related to the eletri harge e through the relationsg = esin �W ; g0 = eos �W : (1.7)�W is the eletroweak mixing angle (Weinberg angle) originated in the diagonaliza-tion, whose de�nition is os �W = gpg2 + g02 = MWMZ : (1.8)The masses of the vetor bosons areMW = 12vg; MZ = 12vqg2 + g02: (1.9)Finally, the Yukawa oupling terms aremf = gf vp2 = p2gfg MW : (1.10)



Introdution 7These relations allow replaement of the original set of parameters given by thegauge ouplings (g, g0, �s), the Yukawa ouplings (gf) and the Higgs self-interatingouplings (�, �) by the following equivalent set of more physial parameters: strongoupling onstant (�s), eletromagneti oupling onstant �, masses of the vetorbosons (MW and MZ), Higgs mass (MH) and fermion masses (mf ). All the otherparameters of the theory, in partiular the number of matter �elds (generations)and the quark mixing matrix (VCKM), remain unhanged. Eah of these parametersan (in priniple) be measured diretly by a suitable experiment.The requirement of Lorentz invariane of LSM , via the minimal substitution rule,together with the fat that eletroweak interations between leptons and quarksare mediated by the photon and the W� and Z bosons, generates the followinginteration Lagrangian of the fundamental fermions with gauge vetor bosons:LI =  � e2p2 sin �W JCC� W � + h::!� e2 os �W sin �W JNC� Z� � eJEM� A�: (1.11)JNC� and JEM� are the neutral and eletromagneti urrents whih ouple to the Zand to the photon neutral weak vetor boson �elds, Z� and A�, respetively. JCC�are the harged urrents, whih ouple to the W� harged weak vetor boson �elds(W �).The harged urrent (CC) is given byJCC� = J lept� +Jquark� = 2(��e; ���; ��� )L�0B� e����� 1CAL+2(�u; �; �t)L�VCKM 0B� dsb 1CAL (1.12)where VCKM is a 3 � 3 omplex unitary matrix in avour spae whih aountsfor the fat that the weak eigenstates of quarks are linear superpositions of themass eigenstates, thus generating family mixing. The matrix an be expressed interms of four physially independent parameters [7℄: three rotation angles and oneomplex phase whih introdues the possibility of CP violation in harged urrentweak deays. Quarks of one generation an deay into quarks of another generation.Sine there are no right-handed �elds for neutrinos, the harged lepton mass matrixis already diagonal and there are no family hanging leptoni urrents. Hene theharged urrent has a pure V-A struture.The matrix VCKM relating the quark mass eigenstates with the weak eigen-states was introdued by Kobayashi and Maskawa [25℄ and is a generalization of theCabbibo rotation matrix [4℄. The matrix elements are onveniently labeled by thequark avours linked by them. By onvention, the family mixing is assigned to theIf3 = �1=2 states: 0B� d0s0b0 1CAL = 0B� Vud Vus VubVd Vs VbVtd Vts Vtb 1CA0B� dsb 1CAL (1.13)



8 Introdutionand hene the quark weak eigenstates beome: ud0 !L  s0 !L  tb0 !L (1.14)� u �R � d �R �  �R � s �R � t �R � b �R : (1.15)Neutral (NC) and eletromagneti (EM) urrents are given byJNC� =Xf �f� [vf � af5℄ f (1.16)and JEM� =Xf �f�Qff (1.17)respetively. The quantities af and vf are the vetor and axial-vetor ouplingonstants de�ned as af = If3vf = If3 � 2Qf sin2 �W : (1.18)In terms of pure left-handed and right-handed omponents, neutral urrents an bewritten as JNC� = 2Xf �f� �gfL1� 52 + gfR1 + 52 � f (1.19)where gfL = vf + af2 ; gfR = vf � af2 : (1.20)The Z boson interation transmutes singlets and the upper and lower members ofdoublets into themselves, preserving quark and lepton avours. The neutral urrentis avour diagonal and all avour hanging transitions in the Standard Model (attree level) are on�ned to the harged urrent setor. While the eletromagnetiinteration onserves C, P and CP separately, the Z exhange violates C and Pbut onserves CP . Neutral urrents were disovered from ��e sattering in theGargamelle bubble hamber at CERN in 1973 [26℄.The Standard Model, as a gauge invariant quantum �eld theory, uses perturba-tion theory on the oupling onstants to ompute ross-setions and deay widths.To simplify the matrix element alulations, the Lagrangian LSM is written in a waywhih shows diretly the fermions, propagators and verties (Feynman diagrams),and an be applied, for instane, to the estimation of the muon lifetime. Moreover,the Fermi urrent-urrent model of weak interations with an e�etive onstant GF



Introdution 9yields an expression for the muon lifetime from whih the value of GF ould bedetermined. Taking into aount mass e�ets and the eletromagneti orretions(QED) to the muon deay in the Fermi model [27℄, and using the very preise mea-surement of the muon lifetime [7℄, the numerial value of GF ould be determinedwith high preision. Consisteny of the Standard Model at low transfer momentum(q2 �M2W ) with the Fermi model givesGF = ��p2 sin2 �WM2W (1.21)and similarly GF = ��p2 sin2 �W os2 �WM2Z : (1.22)These equations allow predition of the vetor boson masses in terms of the pa-rameters �, GF and sin2 �W . In 1983, ten years after the disovery of the neutralurrents, the predited existene of the W� and Z bosons together with the theo-retial estimations of their masses (using for sin2 �W determinations from neutrinosattering data) was spetaularly on�rmed on the p�p ollider at CERN [28℄.The Minimal Standard Model as outlined above ontains only one omplex salardoublet. However, symmetry breaking an also be ahieved by the introdution ofmore ompliated strutures. It is useful to introdue the � parameter by the ratioof neutral and harged urrent oupling strengths as� = M2WM2Z os2 �W : (1.23)The � parameter is unity in the Standard Model with one Higgs doublet and theintrodution of further isospin doublets does not modify its value. Therefore, the �parameter is determined by the Higgs struture of the theory. Deviations from � = 1in the Minimal Standard Model an only be originated from radiative orretions.Using relations (1.8) and (1.23), the mixing angle an be written generally assin2 �W = 1� M2W�M2Z (1.24)with � = 1 at tree (�rst order) level. To see deviations from � = 1, one an write� = 11��� , in whih asesin2 �W = 1� M2WM2Z = 1� M2WM2Z + M2WM2Z ��: (1.25)Consequently, relation (1.22) has to be modi�ed aording toGF = ��p2� sin2 �W os2 �WM2Z (1.26)whereas relation (1.21) remains unhanged.



10 IntrodutionThe physial observables to be onfronted with the eletroweak theory at the Zpole are the measured ross-setions for various �nal states, forward-bakward andpolarization asymmetries [29℄. At tree level in perturbation theory, they an all beexpressed in terms of the vetor and axial-vetor ouplings. The Z ! f �f partialwidth is given by �ff = �(Z ! f �f) = 4NfCGFM3Z24p2� nv2f + a2fo (1.27)where NfC is 1 for leptons and 3 for quarks, and the total width is the sum over allopen hannels. Around the Z pole, the total ross-setion for the proess e+e� ! f �fis dominated by Z exhange. The peak ross-setion �0f an be expressed throughthe total and partial widths of the Z:�0f = 12�M2Z �ee�ff�2Z : (1.28)The angular dependene of the ross-setion for the proess e+e� ! f �f with f 6= eis given by d�(s)d os � � 1 + os2 � + 83AFB(s) os � (1.29)where � is the polar angle between the diretions of the inoming e+ and the outgoingantifermion �f . For f = e, a more ompliated expression arises from the t-hannelinvolved. The parameter AFB(s) is the forward-bakward asymmetry de�ned forunpolarized beams. The experimental information about forward-bakward asym-metry is summarized in terms of a single number, the peak asymmetry A0;fFB, de�nedas A0;fFB = AfFB(s = M2Z) = 34AeAf (1.30)with Af = (gfL)2 � (gfR)2(gfL)2 + (gfR)2 = 2vfafv2f + a2f : (1.31)Fermions in Z deays are produed polarized and in the deay into �+�� pairsthis polarization an be measured experimentally from the analysis of the � deayproperties. Mean � polarization is a measurement of A� , while as a funtion of thepolar prodution angle provides both, A� and Ae, thus allowing lepton universalityto be tested. If longitudinal beam polarization is available, the left-right asymmetryat the Z peak provides a diret aess to Ae, the eletron oupling to the Z. Theforward-bakward polarized asymmetry for the proess e+e� ! f �f gives aess toAf . However, before one an make preditions from the theory, a set of independentparameters has to be determined from experiment. All the pratial alulational



Introdution 11shemes hoose the same physial input quantities �, GF , MZ , mf and MH for�xing the free parameters of the Standard Model (see hapter 2 for more details).In terms of this set of quantities, MW and all the observables at the Z resonanean be alulated as preditions depending on mt and MH , together with the strongoupling onstant �s.One an lassify the Z measurements into two lasses:� �rst, measurements providing tests of the SU(2)LNU(1)Y gauge struture.The main onsequene of the SU(2)LNU(1)Y invariane is universality in aglobal sense: the ouplings of partiles with the same quantum numbers shouldbe the same, regardless of their family, whih an be better tested with leptons.Furthermore, the ouplings of the Z to fermions should all obey the formulae(1.18). After orretions for radiative e�ets, the same value of sin2 �W shouldmath all measured ouplings;� seond, measurements whih probe the perturbative e�ets of the theory, inother words, radiative e�ets. Besides QED radiative e�ets (emission of realor virtual photons), Z observables are sensitive to heavy partiles (some ofthem undisovered), suh as the top quark or the Higgs boson. Chapter 2 isdevoted to a detailed summary of all suh radiative orretions, with speialemphasis on the spei� deay hannel of the Z into b�b quarks, whih hasspeial features with respet to all the other proesses in neutral urrents. Asshown there, one fundamental e�et of the eletroweak radiative orretionsis the rede�nition of the oupling onstants (vf ! gfv , af ! gfa) and of theeletroweak mixing angle (sin �W ! sin �f;effW ) into e�etive quantities.So far the most stringent tests of the Standard Model are performed by theLep ollider at CERN and the Sl ollider at SLAC. Running around the Z poleentre-of-mass energy, they have preisely measured the Z lineshape, asymmetriesand polarizations. Both experimental setups are omplementary: whereas Lep pro-vides high statistis with unpolarized beams, Sl provides small statistis with lon-gitudinally polarized beams. For the Z lineshape determination at Lep, two kindsof �t are usually performed. Firstly, a nine parameter �t (MZ , �Z, �0had, Re, R�,R� , A0;eFB, A0;�FB and A0;�FB, where �0had is the peak hadroni ross-setion) is performedto verify lepton universality, . The ratios Rl are de�ned as Rl = �had=�ll, where�had is the hadroni partial deay width and �ll the leptoni width for l = e; �; � .Seondly, one lepton universality is veri�ed, one an aomplish a �ve parame-ter �t with MZ , �Z, �0had, one leptoni width �ll and one asymmetry A0;lFB. Thelatest preliminary results obtained by the Lep experiments for the lineshape andforward-bakward asymmetries are given in table 1.3. To see details about howthese quantities are experimentally determined, see [6℄ and referenes therein. Theouplings Af , measured by the Lep and Sl asymmetries and polarizations, de-termine the ratio gfv =gfa and an be ombined into a single observable, the e�etiveleptoni eletroweak mixing angle sin �l;effW . Used in ombination with the partial



12 Introdutionwidths of the Z into leptons, whih give aess to the sum of squares of the ouplingonstants, the e�etive leptoni oupling onstants an be determined. The mostreent preliminary Lep/Sl averages for the e�etive mixing angle and the e�etivevetor and axial-vetor oupling onstants are given in table 1.41. The preision onsin2 �l;effW is of the order of 10�3.Table 1.3: Average lineshape and forward-bakward asymmetry parameters from theLep experiments, with and without assumption of lepton universality.Parameter Measurement with total errorMZ(GeV=2) 91:1867� 0:0020�Z(GeV=2) 2:4948� 0:0025�0had(nb) 41:486� 0:053Re 20:757� 0:056R� 20:783� 0:037R� 20:823� 0:050A0;eFB 0:0160� 0:0024A0;�FB 0:0163� 0:0014A0;�FB 0:0192� 0:0018Rl 20:775� 0:027A0;lFB 0:0171� 0:0010
Table 1.4: E�etive mixing angle and e�etive vetor and axial-vetor oupling onstantsassuming lepton universality from Lep and Sl data.Lep Lep+Slglv �0:03681� 0:00085 �0:03793� 0:00058gla �0:50112� 0:00032 �0:50103� 0:00031sin2 �l;effW 0:23196� 0:00028 0:23152� 0:00023These preise eletroweak measurements an be used to hek the validity of theStandard Model and, within its framework, to infer information about their funda-mental parameters. The auray of the measurements an be used to onstrain,through loop orretions, mt and �s(MZ) in the Standard Model framework andto a lesser extent, MH and �(M2Z) [6℄. As it will be explained in hapter 2, theleading mt dependene is quadrati and allows a determination of mt. The main1In pratie, polarized and unpolarized forward-bakward asymmetries at Lep and Sl for band  quarks are also inluded. This is justi�ed by the fat that heavy quark asymmetries have aredued sensitivity to the hadroni vertex orretions.



Introdution 13dependene on MH is logarithmi and therefore the onstraints on MH are weak.The mt values derived from di�erent observables at the Z an be ompared withthe diret measurement from the FNAL p�p ollider [8℄. In addition, the top quarkmass inferred from eletroweak measurements an be expressed in terms of a W�mass value whih an be ompared with the diret measurement of MW from p�pand Lep 2 olliders. A very good agreement is found for both, mt and MW , fromeletroweak data [6℄ and diret measurement [9, 28, 30℄. The value of �s(M2Z) fromeletroweak preision tests within the Standard Model framework (whih dependsessentially on Rl, �Z and �0had) is also in good agreement with that obtained fromevent-shape measurements at Lep [31℄ and of similar preision. As an example ofthe impressive agreement between observations and Standard Model preditions,�gure 1.2 shows the leptoni partial width measured at Lep versus the e�etiveeletroweak mixing angle from Lep and Sl, ompared with the Standard Modelexpetations. The star shows the predition when only the photon vauum polar-ization is inluded among all the eletroweak radiative orretions. One an see thateletroweak orretions are required to reprodue the Lep/Sl data. Note that theerror on �(M2Z) is as large as the error on sin2 �l;effW from Lep/Sl.Even if the Standard Model is extraordinary suessful (no experiment has on-tradited it to date), it has drawbaks:� why the gauge group is SU(3)CNSU(2)LNU(1)Y ?;� the large number of free parameters, for instane, the number of generations;� the uni�ation of the strong interation with the eletroweak interations re-mains formal. How to inorporate gravity in a uni�ed theory?;� the problem of CP violation is not well understood;� one of the main problems of the Standard Model is the origin of the massspetrum. While there is strong experimental evidene supporting the 'gauge'theoretial part of the model, there is as yet no evidene for the Higgs meh-anism for eletroweak symmetry breaking. The Higgs partiles have not yetbeen observed and it is not lear whether they are fundamental or ompos-ite. Nor are there data to indiate the mehanism by whih �nite numberof generations and unequal fermion masses are generated (avour symmetrybreaking).Understanding these questions, espeially how the masses are produed, is the en-tral problem of partile physis today. From a theoretial point of view, severalsenarios just beyond the Standard Model have been proposed:� standard Higgs models ontaining more than one elementary Higgs boson mul-tiplet, generally omplex weak doublets. The Minimal Standard Model hasonly one omplex weak doublet with a single neutral boson;



14 Introdution

0.2305

0.231

0.2315

0.232

0.2325

0.233

83.4 83.6 83.8 84 84.2 84.4

LEP/SLC/CDF/D0 August 1997
PRELIMINARY

α(mz)=1/128.89α(m2)=1/128.89

SM mt=175.6 ± 5.5
 60<mH<1000

∆α

Γ lepton (MeV)

sin2θleptsin2θeff

mt

mH

68% C.L.

95% C.L.

Figure 1.2: The Lep/Sl measurements of sin2 �l;effW and leptoni widths omparedwith the Standard Model predition. The star shows the predition if, among the ele-troweak radiative orretions, only the photon vauum polarization is inluded. Theorresponding arrow shows the variation of this predition if �(M2Z) is hanging by onestandard deviation. This variation gives an additional unertainty to the Standard Modelpredition shown in the �gure. The agreement with the latest determination of the topquark mass is striking.



Introdution 15� Supersymmetry, where there are two Higgs doublets and eah known partilehas a superpartner;� models of dynamial eletroweak and avour symmetry breaking, like Tehni-olor;� omposite models, in whih quarks and leptons are built of more fundamentalonstituents.Other senarios have been proposed far beyond the Standard Model, like GrandUni�ed Theories, Supergravity, Superstrings, et. However, none of these proposalsis fully satisfatory and more experimental data beomes ruial.The situation at the moment is that no observation of an e�et beyond the Min-imal Standard Model has been made. Therefore, the indiret observation throughloop e�ets of potential 'new physis' appearing as anomalies in well known StandardModel proesses beomes very important.Maybe one of the most interesting proesses of this kind available today is theZ ! b�b deay. This is the subjet of the experimental analysis presented in thisthesis. Chapter 2 is devoted entirely to a detailed desription of the speial fea-tures of this proess. It will appear in the disussion that the physial observableexperimentally sensitive to those speial e�ets is the ratio of partial deay widths�(Z ! b�b)=�(Z ! hadrons). However, a better than 0.5% preision is needed inorder to be sensitive to new phenomena. Suh a very preise determination requires:� a high statistis of hadroni Z deays, whih an only be obtained in a Zfatory, as is the ase of the high luminosity Lep 1 ollider;� a high resolution traking system for detetion of the Z deay produts, andgood understanding of it. This is ful�lled by Delphi, one of the four detetorsoperating at Lep ollider, in partiular thanks to the installation of a highresolution silion mirovertex detetor;� high performane lassi�ers of the hadroni events in their avours, espeiallyfor b quarks;� a method for self-alibrating the lassi�ers, reduing dependenes on simula-tion models (physis and detetor).Chapter 3 will present a brief desription of the experimental setup, the Lep ol-lider and the Delphi detetor.To aomplish the diÆult task of identifying Z ! b�b events among the Z ! q�qprodued at Lep, one requires a good knowledge of all the properties of heavyquarks. The omplexity is mainly due to the fat that quarks are not observed asfree states. Aording to the present view, the e+e� ! hadrons annihilation proessan be summarized into four phases:



16 Introdution� In a �rst step, the e+e� pair annihilates into a virtual photon or a Z boson,whih subsequently deays into a primary quark-antiquark pair (hard proess).The amplitudes of these deays are predited by eletroweak theory, as givenin hapter 2.� In a seond step, the primary quarks radiate gluons (�nal state radiation),whih an radiate further gluons or onvert into quark-antiquark pairs, gener-ating a parton asade. Quark-antiquark pairs an also be reated by the radi-ation of photons by the primary quarks. It is the nature of this proess whihdetermines the topologial harateristis of the event. Three approahes existto the modeling of these perturbative orretions: matrix element [32℄, par-ton shower [32℄ and olour dipole [34℄. In appendix A, the reader will �nd anoutlook of the generalities of these three approahes.� In a third phase, sine only olourless states show up as physial partiles(on�nement), the partons interat, dress themselves with other partons fromthe sea and rearrange in order to reate observable meson or baryon states. Ifthe energy of the primary quark is muh larger than its mass (as is the aseof Lep), the quark pair reation an repeat many times resulting ultimatelyin jets of hadrons whose diretion follows the primary quark diretion losely.This phase is known as hadronization or fragmentation proess. The threemost extended models used when desribing the hadronization phase in e+e�annihilation are the following: string model with Lund symmetri fragmen-tation for light quarks [35℄ or with Peterson et al. fragmentation for heavyquarks [36℄, independent fragmentation [37℄ and luster model fragmentation[38℄. See appendix A for an overview of these models.� In the fourth phase, unstable hadrons deay, in partiular, heavy mesons andbaryons ontaining  or b quarks deay weakly into lighter partiles. Thesedeays are governed by the CKM harged urrent of the weak interation.Figure 1.3 shows the various ontributions to the deay of the b quark. Formesons omposed of a light and a heavy quark, the energy released in theheavy quark deay is muh larger than the typial quark binding energies. Oneexpets therefore that the light onstituents of a heavy meson or baryon playa rather passive role and the heavy quark deays quasi independently of theother onstituent(s). This approximation is alled the spetator model of heavyhadron deays. The model an be re�ned [29℄ by taking into aount phasespae orretions due to �nite quark and lepton masses and QCD orretionsarising from virtual gluon exhange and real gluon emission. As expeted fromasymptoti freedom, for b quarks these orretions are onsiderably smallerthan for  quarks. Table 1.5 summarizes the masses, lifetimes and semileptonibranhing ratios of bottom and harm hadrons, taken from [7℄.At present, three 'standard' simulation programs reprodue the e+e� ! hadronsannihilation proess reasonably well. The Lund Parton Shower JETSET Monte
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Figure 1.3: The various ontributions to the deay of the b quark.Table 1.5: Masses, lifetimes and semileptoni branhing ratios of bottom and harmhadrons.Partile Mass (MeV/2) � (10�12 s) � (�m) Br(X ! e+anything) (%)B+ 5278:9� 1:8 1:62� 0:06 486 10:1� 2:3B0 5279:2� 1:8 1:56� 0:06 468 10:3� 1:0B0s 5369:3� 2:0 1:61� 0:10 483 7:6� 2:4D+ 1869:3� 0:5 1:057� 0:015 317 17:2� 1:9D0 1864:5� 0:5 0:415� 0:004 124 7:7� 1:2Ds 1968:5� 0:6 0:447� 0:017 134 < 20 at CL = 90%Carlo [32℄, based on string fragmentation (inluding also independent fragmenta-tion); the HERWIG Monte Carlo [33℄, based on the deay of mass lusters; andthe ARIADNE Monte Carlo [34℄, interfaed with JETSET and inluding the olourdipole approximation for �nal state QCD radiation. The JETSET and HERWIGprograms use the parton shower approah for �nal state QCD radiation. JETSETinludes also the matrix element option for �nal state radiation.From table 1.5 one an see that hadrons ontaining harm or bottom quarkshave the following harateristi properties in ommon: they have large masses,sizeable semileptoni deay branhing ratios and relatively long lifetimes. All theseproperties an be used, alone or in ombination using multivariate tehniques, to tagthe presene of b quarks in the deay of the Z boson. However, �nal state radiationand fragmentation will hinder the identi�ation, being soures of bakgrounds.The relatively large mass of the deaying hadron has advantageous e�ets whihare related. Sine the fragmentation funtion of a heavy quark favours a harderspetrum, the heavier quark produes the larger momentum of the heavy mesonand hene also the total momentum of the deay produts. The di�erenes in thefragmentation funtion of harm and bottom quarks should reet in the momentumdistribution of the deay produts. At Lep 1, B hadrons will arry, in average, be-tween 70% and 80% of the beam energy (ompared with about 50% for D hadrons),whereas the rest will be distributed among the fragmentation partiles. As a fun-



18 Introdutiondamental onsequene, the two B or D hadrons y in opposite diretions and theirdeay produts will appear inside two di�erent hemispheres in a jet-like topology.Fragmentation partiles will spread out in an isotropi-like topology. Then it isnatural to perform the heavy avour identi�ation independently for eah of bothhemispheres. This phenomenologial fat an be ompared at �(4S) energies, whereB hadrons are produed almost at rest with no aompanying additional hadron,and where the deay produts of the two B hadrons are onfused in an isotropi-like topology. The momentum transverse to the jet axis (of the jet ontaining theweakly deaying heavy meson) of the deay produts an be as large as p? � 1=2mQ.Thus harm deays give p? � 0:8 GeV/ and bottom deays give p? � 2:5 GeV/,assuming m � 1:6 GeV/2 and mb � 4:9 GeV/2. Moreover, B hadrons deayhave a mean harged multipliity of about 5.5, whereas for harm hadrons it isabout 2.5. Due to this di�erene in trak multipliity, the average trak momentumin B deays is lower than in D deays. Therefore, the di�erenes in trak trans-verse momentum and multipliity lead to di�erent distributions of trak rapidityy = 1=2 ln h(E + pk)=(E � pk)i, where E is the energy of the trak and pk its longi-tudinal momentum with respet to the jet axis. The traks from D deays are more'rapid' than the traks from B deays.The sizeable semileptoni deay branhing ratio ombined with the large massof heavy quarks make the p? of identi�ed leptons a good separation variable forb�b events. Misidenti�ed leptons, fake leptons, eletron-positron pairs from gammaonversions, hadroni punhthrough, pion and kaon deays are strongly suppressedby requiring a high momentum (typially p > 3 GeV/) for the lepton. The re-maining bakgrounds onsist of � and light quark pairs [39℄2. However, there is aonsiderable prie to pay sine one looses a fator of �ve to ten in statistis due tothe semileptoni branhing ratio.The long lifetime of heavy avour partiles is by far the experimentally mostruial harateristi property to tag heavy hadrons. The ight distane at Lep 1(L = ��) is of the order of 2.5 mm, if a value around 1.6 ps is taken for the meanB lifetime. The lifetime information in Z ! b�b events an be extrated by followingtwo omplementary tehniques: a) by measuring the impat parameter (shortestdistane between the trak and the Z boson prodution vertex) of the traks; andb) by determining the possible presene of a seondary deay vertex (B deay point)displaed from the primary vertex (Z prodution point). The presene of a tertiaryvertex (originating from the preferred CKM b deay asade b !  ! s or u) analso be exploited (provided with a high resolution traking) to tag the presene ofB hadrons.The disussion presented above underlines that the e+e� annihilation into hadronsis a omplex proess. The high preision determination of the primary branhing ofthe Z into b�b quark pairs is a diÆult task and truly an experimental hallenge. Tosuessfully reah this goal, one is interested in reduing as muh as possible the de-2In order to obtain samples of events enrihed in harm, other tehniques are required beausethe lifetime seletion su�ers from an overwhelming bakground from bottom prodution [40℄.



Introdution 19pendene of the result on the models assumed. Thus the event lassi�ation will betwofold. On one hand, one is interested in having as pure and eÆient as possiblesubsamples of a given avour. In this ase, one needs a lassi�er with high eÆ-ieny for the avour one wants to enrih, and low eÆieny for the omplementaryavours. The desription of suh a lassi�ers, as developed by the Delphi Col-laboration, is the purpose of hapter 4. Experimentally, the signatures whih willbe used to identify Z ! b�b events are: large trak impat parameters, presene ofseondary verties and event shape or topologial properties. The main advantageof the lifetime behaviour with respet to the event shape properties, other than dif-ferenes in performanes, is that it has a very small sensitivity to the energy of thepartiles. Thus, impat parameters and seondary verties, being diretly onnetedwith the lifetime, have a small sensitivity to the omplex fragmentation proesses.The signature of high p? identi�ed leptons is not used in the analysis presented herebeause it does not improve the results and inrease the omplexity in the study ofsystemati errors (assumptions on semileptoni models and branhing ratios, leptonidenti�ation eÆieny and purity, et.). On the other hand, when one wishes todetermine a branhing fration of the Z (espeially for the b�b hannel), one is inter-ested in having a lassi�er for whih the eÆienies are well known. In other words,it is extremely important to be able to determine eÆienies and bakgrounds ofthe lassi�er diretly from data, reduing dependenes on simulation models (self-alibrating tagging). The desription of suh a method is the purpose of hapter5. Chapter 6 will be dediated to the �(Z ! b�b)=�(Z ! hadrons) measurementitself and to the study of systemati errors. Finally, hapter 7 begins with a summaryof the analysis and the quoted results, as well as a omparison with other preisiondeterminations performed at Lep/Sl olliders (appendix B). The hapter and thisreport �nish with a disussion of the obtained results, the preliminary onlusionson the Standard Model hek and some future prospets on the �nal results.
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Chapter 2�(Z ! b�b)=�(Z ! hadrons),Standard Model and beyondAs outlined in hapter 1, the Standard Model requires several input parametersnot theoretially predited whih are ompelled to be determined from experiment.Given the eletromagneti onstant � and the two vetor boson masses MW andMZ , and negleting fermion masses, all observables in e+e� ! f �f reations an beformulated in the lowest order. In partiular, the weak mixing angle is de�ned by theratio of the W� and Z masses. However, beyond tree level, eletroweak alulationsget ontributions from loop diagrams, for whih the masses of all the fermions aswell as the Higgs boson need to be inorporated. The loop diagrams lead to 'shifts'in the parameters of the theory, whih are made �nite through mass and hargerenormalizations. Owing to the renormalization tehnique, the residual �nite partsare dependent on the hoie of basi parameters. This is what one usually denotes asa renormalization sheme. The renormalized parameters are, in general, funtionsof the energy sale. The spei�ation in terms of �, MZ and MW is alled on-shellsheme. In pratie, the parameters used in the alulations are�; MZ ; GF : (2.1)In addition to the on-shell renormalization sheme, several other shemes havebeen used in the interpretation of the Lep data. A detailed disussion an be foundin [29, 41℄. In the Minimal Subtration sheme (MS), sin2 �W is de�ned assin2 �MS(M2Z) = ê2ĝ2 (M2Z): (2.2)ê2 and ĝ2 are, respetively, the QED and SU(2)L running oupling onstants at theMZ sale. This de�nition is probably the most appropriate for the disussion ofthe extrapolation of oupling onstants in Grand Uni�ed Theories to large energysales. Finally, in the star sheme, running oupling onstants are de�ned so thatthe results at Lep are a measure of these ouplings at a sale q2 = M2Z . In this



22 �(Z ! b�b)=�(Z ! hadrons), Standard Model and beyondsheme, the e�etive struture of the Born-level formulae is maintained (improvedBorn approximation).2.1 Radiative orretionsThe � onstant is measured at low momentum transfer (Thomson sattering limit)with high preision [7℄. The advent of Lep, with the high statistis of produedZ bosons, together with the high preision energy alibration of the mahine, hasallowed a Z mass measurement to 10�4 [6℄. The Fermi oupling onstant GF an beexperimentally determined very aurately from the muon lifetime [7℄1. Theoretialalulations inlude mass e�ets and eletromagneti orretions to the lowest orderdiagram of the muon deay (�gure 2.1.a). Radiative orretions other than QEDare not aounted for in expressions (1.21) and (1.22). Therefore, an additional �rterm desribing the eletroweak radiative orretions has to be introdued in thede�nition of the parameters [29℄:GF = ��p2 sin2 �WM2W 11��r : (2.3)In general, the one loop orretions to Standard Model proesses an be subdi-vided into the following sublasses:� QED orretions, whih onsist of diagrams with an extra photon added tothe Born (tree level) diagrams either as a real bremsstrahlung photon or a vir-tual photon loop. The sum of the virtual loop graphs is ultraviolet �nite butinfrared divergent beause of the massless photon. However, the infrared diver-gene is aneled by adding the ross-setion with real photon bremsstrahlung(after integrating over the phase spae for experimentally invisible photons),whih always aompanies a realisti sattering proess. Sine the phase spaefor invisible photons is a detetor dependent quantity, the QED orretionsan in general not be separated from the experimental devie and depend onexperimental uts applied to the �nal state photons and to the event seletion.� Weak orretions, whih ollet all other one-loop diagrams: diagrams involv-ing orretions to the vetor boson propagators (,W� and Z), whih are usu-ally known as 'oblique orretions', and vertex orretions and box diagramswith two massive boson exhanges. The weak orretions are independent ofexperimental uts and they inlude the more subtle part of the eletroweaktheory beyond tree level. They are also sensitive to novel physis ontributionsoutside the Standard Model.The �r orretion term an be parameterized as1Beause of this auray, GF is generally onsidered instead of MW .



2.1 Radiative orretions 23
�r = ��� os2 �Wsin2 �W �� +�rremainder (2.4)where �� inludes the QED orretions due to the running of the eletromagnetioupling onstant � and �� omprises the main weak orretions. The �rremainderterm inorporates the small orretions that are not inluded in �� and ��. Eahone of these terms is briey disussed in the following.

(a) (b)

() (d)Figure 2.1: (a) Muon deay in lowest order, (b) W� vauum polarization involving thetop quark, and (,d) W� vauum polarization from the Higgs boson.�� ontains the large QED orretions due to the running of the � onstant fromits de�nition at low momentum transfer to the sale of the heavy gauge bosons:�(M2Z) = �1���: (2.5)This an be pitured as the hange in the eletron harge e when approahing itfrom large distanes. The determination of �(M2Z) requires the alulation of theself-energy of the photon (photon propagator orretion). The ontributions to ��are for light (mf �MZ) fermions



24 �(Z ! b�b)=�(Z ! hadrons), Standard Model and beyond
��f = �3�Q2fNfC (lnM2Zm2f � 53) ; mf �MZ (2.6)and for heavy fermions��t = �3� 415M2Zm2t ! 0 ; mt �MZ : (2.7)The ontribution of leptons an be determined sine their masses are preisely mea-sured [7℄. The ontribution of the top quark is small and, in addition, its mass hasreently been measured [8, 9℄. But the �ve other lighter quark avours represent aproblem sine their masses are not unambiguously de�ned 2. The total ontribu-tion of the �ve lighter quarks is �nally evaluated using experimental ross-setionsfor e+e� ! hadrons at low energies. The �nal result for �(M2Z) di�ers about 6%from its de�nition at low momentum transfer, what is very large ompared with thepreision of the eletroweak observables at Lep.The main ause of the �� weak orretions is the W� vauum polarizationdiagram (W� propagator orretion) shown in �gure 2.1.b. The ontribution ofthese kind of diagrams is proportional to the di�erene of squared masses of thetwo loop fermions. Thus, by far the most important diagram is the virtual deayof the W� into a top and bottom quarks, whih gives rise to large orretions dueto the mass di�erene of this isospin doublet. Weak isospin symmetry breaking byfermion doublets with large mass splitting modi�es hene the � parameter. In thelimit mb ! 0, the leading ontribution is quadrati in mt:�� = NC �16� sin2 �W m2tM2W = NCGFp2 m2t8�2 (2.8)where �� is the same as used in equation (1.25), and NC is the number of olours.The �� term will be the main orretion to the Zb�b vertex.There are other eletroweak radiative orretions present in theW� exhange, forinstane vertex orretions and box diagrams. In general, these orretions are smalland do not give rise to large m2t dependene terms. All these smaller orretionsare inluded in the �rremainder term. Among them, of partiular interest are theeletroweak radiative orretions from virtual exhange of a Higgs boson. Sine theoupling of the Higgs is proportional to the mass of the partile, only diagramswhere the Higgs appears oupling to the heavy gauge bosons W� and Z matter(�gures 2.1.-d). The purely bosoni vauum polarization gives ontribution to the� parameter, whih depends logarithmially on the Higgs boson mass [29℄:�rHiggsremainder = �16� sin2 �W 113  log M2HM2W � 56!+ ::: (2.9)It should be noted that �rremainder also ontains a logarithmi term in the top mass:2Only the b quark mass at MZ sale has reently been measured [42℄.



2.2 First order orretions to Z ! f �f 25
�rtopremainder = �4� sin2 �W  os2 �Wsin2 �W � 13! log m2tMW + ::: (2.10)As a result, the dependene of the Standard Model preditions on the unknownHiggs mass is muh smaller than on the top quark mass mt.Inverting equation (2.3), we an de�ne the quantity �r=�r(�;MW ;MZ ;MH ; mt)as a physial observable: �r = 1� ��p2GF 1M2W �1� M2WM2Z � : (2.11)Experimentally, it is determined by MZ , MW , � and GF . Theoretially, it an beomputed from MZ , GF and �, speifying the masses MH , mt and adjusting MWsuh that (2.3) yields the experimental value for GF . In pratie, equation (2.3) issolved for MW by iteration. In this way, the theoretial predition of �r an beestimated as a funtion of the Higgs and top masses.2.2 First order orretions to Z ! f �fPreviously desribed eletroweak orretions de�ne the loop diagrams ontributingto the �r orretion. Nevertheless, the tree level e+e� ! f �f proess (�gure 2.2)has additional ontributions. Due to the smallness of the eletron mass, the lowestorder Higgs exhange diagram an be negleted, as well as diagrams with Higgs. Inspite of this, the propagator orretions involve all partiles of the model. As in thease of the muon deay, the ontribution omes from isospin symmetry breaking byfermion doublets with large mass splitting, and only the top mass term matters.A residual logarithmi dependene on MH also appears, suh as expression (2.10).In ontrast to the propagator orretions, vertex orretions are not universal, de-pending in general on the fermion speies. Figure 2.3 visualizes all the weak vertexorretions in the t'Hooft-Feynman gauge. For light �nal fermions (f 6= b; t), thevertex orretions ontain only W� and Z bosons in virtual states (�gure 2.3.a-). These ontributions are small and pratially independent of the parametersmt and MH . Vertex orretions due to heavy fermions depend on Higgs-fermionYukawa ouplings, arising from the presene of unphysial Goldstone bosons (�gure2.3.d-g). The external fermioni self-energies, whih are visualized in �gure 2.3.h,are also inluded in the vertex orretions.Besides the running � oupling onstant, there are other higher order eletro-magneti proesses ontributing to �r in e+e� ! f �f . These orretions are dueto higher order diagrams with additional real or virtual photons and are known, asoutlined above, as pure QED radiative orretions [29℄. The presene of initial statebremsstrahlung has a huge impat on the ross-setion beause the radiated pho-tons remove some fration of the entre-of-mass energy, ps, in suh a way that the
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Figure 2.2: The tree level Feynman diagram for the proess e+e� ! f �f .prodution of the Z takes plae at a redued e�etive energy, ps0 � ps� 112 MeV,where the ross-setion is smaller3. This e�et produes an asymmetri ross-setionurve below and above the Z pole (see �gure 1.1). QED radiative orretions arelarge ompared with the experimental error ahieved by the experiments, so thatQED alulations are taken into aount up to �2 order (two-loop diagrams). Theinvolved tehnique used to orret for these rather large e�ets is well under ontrol,and an be found for instane in referene [43℄.In hadroni �nal states, the strong oupling onstant �s enters through QCDradiative orretions. They onsist of gluons exhanged between or radiated fromthe quarks in the �nal state, in a similar way as additional photons lead to QEDradiative orretions (�gure 2.4) [29℄. The radiation of gluons alters the event shapeof hadroni Z deays. The hadroni deay width and the total ross-setion e+e� !hadrons are also modi�ed by QCD orretions as a funtion of �s. This fat an beused for preision measurements of the strong oupling onstant �s [31℄. The quarkmixing, parameterized by VCKM , is not important for total hadroni ross-setionin neutral urrent interations onsidered here.After the inlusion of all Feynman diagrams and the renormalization proedure,it emerges that e�ets of all weak radiative orretions at leading order appear interms of a fermion dependent form fator �f in the Z neutral urrent normalizationfator, whih is proportional to MZpGF in the Born approximation,MZqGF !MZqGF�f (2.12)and of a form fator �f in the mixing anglesin2 �W ! sin2 �f;effW = �f sin2 �W : (2.13)The vetor and axial-vetor oupling onstants an be expressed in terms of theform fators3The redution of the peak ross-setion is about 74%.
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(a) (b) ()

(d) (e) (f)

(g) (h)Figure 2.3: Weak vertex orretion energies for the f �f and Zf �f verties in the t'Hooft-Feynman gauge. The diagrams arising from Higgs-fermion Yukawa ouplings are negli-gible for light fermions (f 6= b; t). fp denotes the isospin doublet partner of f .
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Figure 2.4: Examples of QCD radiative proesses in e+e� ! hadrons.
af ! gfa = p�fIf3vf ! gfv = p�f (If3 � 2Qf sin2 �f;effW ): (2.14)The left-handed and right-handed e�etive oupling onstants an be de�ned in thesame way as in equation (1.20).The form fators �f and �f have universal parts (independent of the fermionspeies) and non-universal parts (expliitly dependent on the type of external fermions).The universal parts arise from the oblique orretions and the non-universal partsfrom the vertex orretions and the fermion self-energies in external lines:�f = 1 + (��)univ + (��)non�univ + (��)remainder�f = 1 + (��)univ + (��)non�univ + (��)remainder: (2.15)In the leading terms, the universal ontributions are given by(��)univ = ��(��)univ = os2 �Wsin2 �W �� (2.16)where �� is provided by equation (2.8). Contrary to the ase of �r, in the universalpart of the form fators there is no logarithmi top quark mass term. The non-universal ontributions arising from vertex orretions and ontributing only to b�b�nal states are spei�ed by(��)bnon�univ = �43��� �4� sin2 �W �83 + 16 os2 �W � log m2tM2W(��)bnon�univ = �12(��)bnon�universal: (2.17)



2.2 First order orretions to Z ! f �f 29Both leading and leading-log terms of (��)bnon�univ are of the same order of mag-nitude, and they are onneted with the large CKM bottom-top quark ouplingtogether with the large isospin symmetry breaking of the 3rd quark family. Theseontributions overompensate the top dependene of (��)univ. Other possible on-tributions are negligible.If we keep to the leading order terms O(�) in the form fators, we have a sim-ple reipe to write down an improved Born approximation whih ontains all largeorretions from light and heavy fermions. One purely QED orretions have beenaounted for, to a very good approximation, the Born level formulae of the Stan-dard Model an be used in the analysis of the Lep data, provided that the ouplingonstants are replaed by the e�etive onstants. Higher order orretions (ertainlymuh smaller) an then be introdued to these results. Analytial alulations ofleading and higher order radiative orretions (inluding experimental uts on theevent and partile seletions) and their e�ets on the physial observables are per-formed through omputational programs used by the Lep experiments. In general,all these odes inlude eletroweak radiative orretions to O(�) in improved Bornapproximation, as well as a treatment of the initial and �nal state bremsstrahlung.Therefore, the di�erent realizations agree at the O(�) and di�erenes may startat O(�2) and O(��s). An extensive study and omparison between some of them(BHM, LEPTOP, TOPAZ0, WOH and ZFITTER) an be found in [41℄ and refer-enes therein.The de�nition of the e�etive mixing angle sin2 �f;effW of equation (2.13) is loselyrelated with the sin2 �W de�nition in the star renormalization sheme. The onlydiÆulty is for Z ! b�b �nal states, where a term �fv inluding the non-universalvertex orretions is present:sin2 �f;effW = sin2 �l;effW +�fv : (2.18)For all fermions exept for b quarks �fv is small and essentially independent of thetop quark mass. As all asymmetry measurements essentially measure the ratio ofouplings gfv=gfa , the agreed de�nition of the mixing angle in the star sheme issin2 �l;effW (M2Z) = 14 j Qf j  1� gfvgfa ! : (2.19)The advantage of hoosing the e�etive mixing angle as a de�nition relating it tothe measurements of the ratio of vetor to axial-vetor oupling of leptons is thatall asymmetries at Lep an be expressed in terms of this variable, thus simplifyingthe omparison between them.Finally, the Z ! f �f partial deay width in the improved Born approximation isdesribed by the following equation:�(Z ! f �f) = 4NfCGFM3Z24p2� n(gfv )2Rfv + (gfa )2Rfao (2.20)



30 �(Z ! b�b)=�(Z ! hadrons), Standard Model and beyondwhere gfv and gfa are the e�etive eletroweak oupling onstants, and NfC = 1 or 3for leptons or quarks respetively (f = l; q). The fators Rfv and Rfa desribe the�nal state QED and QCD interations, taking into aount the fermion masses mf[41℄. The QCD ontribution has been alulated up to O(�3s). Expression (2.20)should be ompared with the tree level equation (1.27).2.3 Higher order universal orretions to Z ! f �fThe inlusion of higher than one-loop e�ets from top quark insertions in the gaugeboson self-energies requires the modi�ation of equations (2.3) and (2.4) aordingto [41℄: 11��r = 1(1���) �1 + os2 �Wsin2 �W ����� (�r)remainder (2.21)with ��� = NfCGFp2 m2t8�2 (1 + GFp2 m2t8�2�(2)  m2tM2H !+ Æ�QCD) : (2.22)Therefore, ��� ontains the higher than one-loop orretions, while �� inorporatesonly �rst order weak loops. As always, �� embodies the QED orretions due tothe running � onstant. �(2)(m2t=M2H) is the eletroweak two-loop funtion, whihan be found in [44, 45℄, desribing the O(�2m4t =M4W ) orretions to ��. Æ�QCD isa QCD orretion up to O(��2sm2t =M2W ) [46℄:Æ�QCD = 1�s(m2t )� + 2�2s(m2t )�2 : (2.23)The 1 and 2 oeÆients desribe the �rst and seond order QCD orretions to theleading ontribution to ��. The omplete O(��s) orretions to the self-energiesbeyond the m2t =M2W approximation are also available [47℄. Writing� = 11���� (2.24)expression (2.21) is ompatible with the following form of the MZ-MW interdepen-dene: GF = �p2 1M2W �1� M2W�M2Z� �1��� [1 + (�r)remainder℄: (2.25)It is interesting to ompare this result with expressions (1.23) and (1.24), whihrepresent the MZ-MW interdependene in a more general model with tree level �parameter 6= 1. The tree level � in a general model enters in the same way as the� from a heavy quark top in the Minimal Standard Model. Hene, up to the small



2.4 Standard Model features of the Zb�b vertex 31quantity (�r)remainder, they annot be distinguished from an experimental point ofview. In the minimal model, however, � is alulable in terms of mt whereas inother models it is an additional free parameter. Further information on the topquark mass, suh as the diret mt measurement and the Zb�b vertex orretions,will allow the di�erent soures to be disentangled. Replaing �� by the two-loopquantity ���, the next order universal leading terms are orretly inorporated:�f = 11���� + :::�f = 1 + os2 �Wsin2 �W ��� + ::: (2.26)2.4 Standard Model features of the Zb�b vertexCompared with the partial deay widths of light quarks, the partial deay width�(Z ! b�b) ontains an additional and spei� m2t dependene due to the vertex dia-grams of �gure 2.3 in t'Hooft-Feynman gauge, whose main ontributions are shownin �gure 2.5 in the unitary gauge. The omplete one-loop approximation, given byexpressions (2.17), was alulated in referenes [48, 49℄ and it is embedded in thee�etive oupling onstants. Following referenes [44, 50℄, the two-loop order QCDand eletroweak leading terms in the Zb�b vertex are implemented by an additionalrede�nition of universal e�etive ouplings �b and �b of equations (2.26):�b = �d(1 + �b)2�2b = �2d1 + �b (2.27)with the quantity �b = �� (1)b + �� (2)b + �� (�s)b alulated perturbatively, at thepresent level omprising:� the omplete one-loop orretion ontaining the leadingO(�m2t=M2W ) term andalso the logarithmially enhaned term O [� log(m2t =M2W )℄, whose ontributionis omparable to the leading one given by expressions (2.17):�� (1)b = �2GFp2 m2t8�2 � �8� sin2 �W �83 + 16 os2 �W � log m2tM2W ; (2.28)� the eletroweak two-loop ontribution O(�2m4t =M4W ):�� (2)b = �2 GFp2 m2t8�2 � �8� sin2 �W !2 � (2)  m2tM2H! (2.29)where � (2) is a two-loop funtion, with � (2) = 9� �2=3 for MH � mt [51, 45℄;



32 �(Z ! b�b)=�(Z ! hadrons), Standard Model and beyond� the QCD orretions O(��sm2t=M2W ) to the leading term [50℄:�� (�s)b = 2GFp2 m2t8�2 �3�s(m2t ): (2.30)QCD orretions were also alulated for the leading-log termO [�s� log(m2t =M2W )℄[52℄. However, this orretion an be almost ompletely absorbed into the �nal stateQCD orretions. What remains is approximately one hundred times less than theQCD orretion for the leading term of �b.

(a) (b)Figure 2.5: Main Minimal Standard Model ontributions to the Zb�b vertex in the unitarygauge.One feature of the Standard Model alulations is of partiular importane. Theself-energies of the harged and neutral SU(2)L gauge bosons as well as the Zb�bvertex orretions do not go to zero as mt ! 1, that is, the ontribution doesnot deouple in mt. Hene the deoupling theorem does not apply [53℄. The twosoures of non-deoupling have, however, a di�erent nature. The orretions tothe self-energies of the SU(2)L gauge bosons are due to the large splitting betweenthe top and bottom masses produed by the large isospin symmetry breaking ofthe third family. As already desribed, these e�ets are ommon to all neutraland harged urrent proesses and an be inluded in a ommon fator and in arede�nition of the Weinberg angle. However, the mt orretions to the Zb�b vertexhave a di�erent origin: the exhange of longitudinal harged gauge bosons4 (W 's)between the external bottom legs. Therefore, the non-deoupling e�et in the Zb�bvertex o�ers a unique test of the spontaneous symmetry breaking mehanism ofthe Standard Model [48℄, what annot be done by the non-deoupling e�et in theself-energies of the gauge bosons.4In the limit mb ! 0, the Standard Model orretion to the Zb�b vertex does not involve theHiggs boson but only the longitudinal gauge bosons, and the ouplings to tR and bL are proportionalto mt.



2.5 The branhing ratio �(Z ! b�b)=�(Z ! hadrons) 332.5 The branhing ratio �(Z ! b�b)=�(Z ! hadrons)From equations (2.16) and (2.17), one realizes that the vertex orretion is of oppo-site sign and, owing to the non-negligible logarithmi term, of larger size than theoblique orretion. In fat, for mt � 2MZ , the vertex orretion is nearly twie aslarge as the oblique term. This suggests that isolating the full vertex omponentwould be an interesting way in the Minimal Standard Model of searhing for virtualtop e�ets in measurable quantities, ompared with the way of isolating the obliquee�et from asymmetries.The deviation between �(Z ! b�b) and the partial deay widths of light quarksan be parameterized as�(Z ! b�b) = �(Z ! d �d) +NCp2GFM3Z12� �vertexb : (2.31)From equation (2.20), the deviation �vertexb ontains:� the b quark spei� eletroweak ontributions to the Zb�b vertex orretions, ofequations (2.28) and (2.29);� the QCD orretion O(��sm2t =M2W ) to the leading eletroweak one-loop on-tribution, equation (2.30):�vertex;��sb = NCp2GFM3Z12� �1� 23� GFp2 m2t4�2�s�2 � 33 ; (2.32)� the b quark �nite mass terms and QCD orretions through the fators Rfvand Rfa 5:Rbv = 12m2bM2Z (�s� + (6:07� l)�2s�2 + (2:38� 24:29l + 0:083l2)�3s�3) (2.33)Rba = 6m2bM2Z (�1 + (2l � l)�s� +A m2tM2Z ; l! �2s�2 + 13I  M2Z4m2t ! �2s�2) (2.34)where A m2tM2Z ; l! = 17:96 + log m2tM2Z + 14:14l � 0:083l2l = log(M2Z=m2b) (2.35)and I(x) = �9:25 + 1:037x+ 0:0632x2 + 6 log(p2x): (2.36)5QED orretions anel beause at one-loop level they are proportional to 1 + 3�4�Q2f .



34 �(Z ! b�b)=�(Z ! hadrons), Standard Model and beyondSo long as the �rst two ontributions are embodied in the b spei� oupling on-stants, the third one is not part of it. The top dependene of �vertexb is essentiallyontained in the �rst of the above ontributions.Now we are interested in isolating the top mass dependene ourring in �vertexb .This an be done by taking appropriate branhing ratios. As it is disussed indetail in [48℄, the normalization of �(Z ! b�b) to the total hadroni deay width�(Z ! hadrons) is the most interesting one. QCD orretions and top and Higgsdependenes from oblique orretions basially anel in this ratio, meanwhile thetop dependene of �vertexb is basially maintained. However, some of the sensitivityto the top quark mass, with respet to other ratios suh as �(Z!b�b)�(Z!�) or �(Z!b�b)�(Z!s�s) , islost beause the b�b hannel represents an important fration of the hadroni deays.Nevertheless, from the experimental point of view, the hadroni width is muh betterknown. Only the b�b hannel is needed to be separated from the rest of the very learhadroni deays, while for the ratios �(Z!b�b)�(Z!�) and �(Z!b�b)�(Z!s�s) one is onfronted with thediÆult experimental task of measuring the harm and strange frations.2.6 Rb and R0bA quantity whih is losely related to �(Z ! b�b)=�(Z ! hadrons) and loserto experiment is the ratio of ross-setions �(e+e� ! b�b)=�(e+e� ! hadrons).The only di�erene between both quantities is the photon propagation ontributionto the ratio of ross-setions, whih is not present in the ratio of partial deaywidths. However, at Z pole entre-of-mass energy, basially only the Z propagatorontributes and only residual e�ets of photon exhange appear. The e�et anbe estimated with the odes used to ompute radiative orretions, for instaneZFITTER [43℄. The orretion to be applied to the ross-setion ratio in order toobtain the deay width ratio is only +0.00026. For up-type quarks the orretionhas the opposite sign, -0.0002. The quantity whih an �nally be experimentallydetermined is simply the ross-setion ratio, known as Rb:Rb = �(e+e� ! b�b)�(e+e� ! hadrons) : (2.37)The ratio of partial deay widths is known in the literature as R0b :R0b = �(Z ! b�b)�(Z ! hadrons) = Rb + 0:0002: (2.38)All orretions to Rb vary from a little less than 1.5% to a little less than 2.5%as the top mass varies from 150 to 200 GeV/2 (�gure 2.6). Therefore only a preise6This orretion orresponds to the ut p(s� s0)=s > 0:1 on the hadroni event seletion,whih is the one used in the hadroni seletion for this analysis. For a ut p(s� s0)=s > 0:0,the orresponding aeptane orretion is +0.0003. s and s0 are, respetively, the nominal ande�etive entre-of-mass energies at whih the prodution of the Z takes plae.



2.7 E�ets of physis beyond the Standard Model 35measurement, to better than 0.5%, is useful to onstrain the Standard Model andthus to get information from the Zb�b vertex. As laimed in [48℄, although this isertainly not an easy experimental task, the obvious importane of heking theMinimal Standard Model, independently of QCD orretions and top and Higgsdependenes from oblique orretions, asks for a strong e�ort in this diretion. Onlyan exellent self-alibrated identi�ation of bottom quarks and a high luminosityperformane for Lep [54℄ an provide suh an aurate measurement.
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Figure 2.6: The variation of the hadroni partial deay widths Rb and Rd as a funtionof the top quark mass in the Minimal Standard Model. The line width inludes thehange in the Higgs mass from 50 GeV/2 to 1 TeV/2.The preision of the Standard Model predition is very good. Dominant souresof unertainty are: a) the top quark mass error, mt = 175:6� 5:5 GeV/2, leads to�Rb less than 0.0003; b) the unertainty in the b quark mass orretions, �mb = 0.5GeV/2 gives �Rb = 0:0002; ) the QCD orretions essentially anel inRb, residualones are estimated to give an error under �Rb = 0:0001. The total theoretialunertainty is �nally �Rb = 0:0003.2.7 E�ets of physis beyond the Standard ModelAs soon as one onsiders extensions of the Minimal Standard Model, the di�er-entiation between universal and non-universal orretions beomes deeper. A greatvariety of models beyond the Standard Model is at our disposal. One an distinguishbetween the following lasses:



36 �(Z ! b�b)=�(Z ! hadrons), Standard Model and beyond� models in whih new Zb�b ouplings appear at tree level, through Z or b quarkmixing with new undisovered partiles (models with extra families, extragauge vetor bosons, Tehniolor, et.);� models whih introdue 'new physis' at the one-loop level. This type inludestop quark mixing and models with new salars and fermions, suh as two salardoublet models, Supersymmetry and extra families.The possible ontamination by any kind of 'new physis' in the Zb�b vertex is morerestrited and in any ase di�erent than in the self-energy propagator. Models withextra families, non-standard Higgses, extra vetor bosons, et. might all ontribute(both at tree level and radiative orretions) to the single e�etive quantity��� = ���MSM +���new physis: (2.39)However, suh additional terms are independent of mt and thus in models with 'newphysis' a substantial value of ��� does not neessarily imply a large value of mt.Conversely, provided that mt is known from diret observation, one might try toderive, from a measurement of ���, information on its possible novel ontent. Thenumber of possible ontributing models would make this task somewhat diÆult,unless some extra information is added. In the ase of non-universal orretions,non-anonial neutral Higgses and extra Z bosons would not ontribute, whereasharged Higgses would ontribute. Various extensions of the Minimal StandardModel retaining � = 1 at tree level, suh as a fourth generation, a seond Higgs dou-blet and Supersymmetry, ontribute to �� in the same way as a heavy top quark,if large mass splittings in SU(2)L doublets are present. Also, suh ontributionsannot be separated from the top e�et if only the boson mass relation is stud-ied. Therefore, the Zb�b vertex beomes ruial to look indiretly for novel physisontributions.In the following, the highlights of e�ets on Rb for some of the most extendedmodels just beyond the MSM proposed in the literature are briey presented. Fora detailed desription as well as a summary of other models, see referene [55℄.2.7.1 Tree level e�etsTehniolorThe SU(2)LNU(1)Y eletroweak model has many arbitrary parameters assoiatedwith the elementary Higgs �eld, in addition to the oupling onstants of the gaugesymmetry. These parameters are the Yukawa ouplings of the Higgs boson tofermions and the self-ouplings in the Higgs potential. Tehniolor models representan attempt to avoid this arbitrariness by replaing the elementary Higgs salar byomposite ones. The omposite salars are meson bound states of a new stronginteration between new fermions. The gauge group is



2.7 E�ets of physis beyond the Standard Model 37GTCOSU(3)COSU(2)LOU(1)Y (2.40)where GTC is the gauge group of the Tehniolor (TC) interation. The usual quarksand leptons are TC singlets, and the new fermions on whih GTC ats are alledtehnifermions. Their TC singlet bound states are tehnimesons. It is assumed thatTehniolor is on�ned with all physial states being tehniolor singlets, like QCD.In tehniolor theories, the eletroweak symmetry is broken due to the vauumexpetation value of a fermion instead of a fundamental salar partile (dynami-al eletroweak symmetry breaking). In the simplest theory [56℄, one introdues adoublet of massless tehnifermionsTL =  UD !L� U �R � D �R (2.41)whih are members of the tehniolor gauge group SU(N)TC . This doublet is embed-ded in an SU(2)LNSU(2)R hiral symmetry. If with the left-handed tehnifermionsforming a weak doublet, we identify hyperharge with a symmetry generated by alinear ombination of the third isospin omponent in SU(2)R and tehnifermionnumber (similarly to the eletroweak theory), then symmetry breaking will result inthe eletroweak gauge group. The Higgs mehanism then produes the appropriatemasses for theW� and Z bosons if the oupling onstant of the tehniolor theory isabout 246 GeV. However, this mehanism does not aount for the non-zero massesof the ordinary fermions. In order to do that, one introdues additional gauge in-terations, alled `extended tehniolor' (ETC) interations [57℄, whih ouple thehiral symmetries of the tehnifermions to those of the ordinary fermions.The ETC interations produe orretions to the Zb�b branhing ratio whih donot deouple with mt. At energies below the tehniolor hiral symmetry breakingsale, this results in a hange of gbL. Assuming that tehniolor is QCD-like, we anestimate the size of this e�et asÆRbRb = �5:1%�2 � mt175 GeV � (2.42)where � is a model-dependent oeÆient equal to one in the simplest models. For atop quark mass of 175 GeV/2, we �nd ÆRETCb = �0:011�2. For � = 1, this results ina total Rb � 0:205, i.e., a hange of -5.1% [58℄ with respet to the Standard Model.In ordinary tehniolor theories, assuming that the gauge bosons of the ETC theorydo not arry eletroweak quantum numbers, the e�et is about a fator two smallerand in the same diretion [59℄. Reent tehniolor theories ontain ETC bosonswhih arry weak harge [60℄. Suh a theories inlude also extra Z 0 bosons withavour dependent ouplings. In this ase, it is possible for the orretion to be ofthe same order of magnitude, but positive.



38 �(Z ! b�b)=�(Z ! hadrons), Standard Model and beyondExtra gauge bosonsAt tree level, the Zb�b ouplings an also be modi�ed if there is mixing amongstdown quarks or the neutral olourless vetor bosons. Being a tree level e�et, it isrelatively easy to analyze and ompare di�erent senarios.The �rst onsidered senario of possible physis beyond the Standard Modelonerns theories with extra weak gauge bosons. For simpliity, let us onsidertheories with an extra U(1) gauge symmetry, resulting in an extra Z 0 boson whihwill mix with the ordinary Z [61℄. The rotation to the mass basis modi�es thephysial Zb�b ouplings to beomegbL;R = gbZL;R2Z + gbZ0L;Rs2Z (2.43)where gbZL;R is the Standard Model oupling in the absene of Z mixing and gbZ0L;Ris the b quark oupling to the new Z 0 boson. Z and sZ are the osine and sine ofthe orresponding diagonalization mixing angle. In addition, the mixing results in ahange in the width of the Z going to various fermions and in potentially dangeroushanges in the relation between sin2 �W and �, GF and MZ .In extra gauge boson models inspired by Superstring and GUT models, the Z 0 isusually assumed to ouple to up and down quarks in a avour universal way. In thelimitMZ0 !1, the theory redues to the Standard Model. The limits on the mixingangle of the extra gauge bosons oupling universally to the fermions are so strongthat the mixing e�et on the Zb�b vertex annot exeed 1%. However, in ETC/TCmodels the Z 0 an be related to the gauge boson responsible for generating the topquark mass. In this kind of theories, suh a gauge boson ouples more strongly to bL,tL and tR than to the other fermions. Impliations of these models are suh as that itis not possible to take MZ0 !1 sine the mass of the Z 0 is related to the size of mt,and that the ontributions are ompletely non-deoupling. In general, the e�ets ofan extra family gauge boson are model dependent. In theories where the ETC gaugeboson responsible for generating the top quark mass arries eletroweak quantumnumbers, the extra gauge boson follows in a derease of Rb. In some ETC models,the theory does not give rise to an ETC ontribution as desribed previously, andthe extra weak singlet Z 0 boson an inrease Rb [62, 63℄.Extra families: bottom mixingThe seond mixing senario one an onsider are theories with extra families, whereone has pure b quark mixing with no new neutral gauge bosons. Without muhloss of generality, it suÆes to onsider the ase where the Standard Model b quarkmixes with only one new b0 quark. Let us denote the avour eigenstates by b1 andb01 and the mass eigenstates by b and b0. Assuming the b0 too heavy to be diretlyprodued, the mixing modi�es the tree level Zb�b ouplings to begbL;R = gb1L;R2L;R + gb01L;Rs2L;R (2.44)



2.7 E�ets of physis beyond the Standard Model 39where L;R and sL;R are the osine and sine of the two orresponding mixing angles,one for eah heliity state. The di�erentiation between left-handed and right-handedmixing angles is due to the fat that to diagonalize the mass matrix one has to rotatethe left-handed and right-handed �elds separately. Negleting the b quark mass, mb,the Z width to b�b is proportional to�bb / (gbL)2 + (gbR)2 =  �2L2 + sin2 �W3 + s2LI 03L!2 +  sin2 �W3 + s2RI 03R!2 : (2.45)I 03L;R is the third omponent of the weak isospin of the b01 quark. Looking at equation(2.45), to inrease (derease) Rb one either needs to make gbL more negative (positive)and/or gbR more positive (negative). These requirements lead to some onditions onthe third omponent of the b01 weak isospin, di�erent for small and large mixing.In order to �nd all possible solutions, one simply begins by enumerating all weakrepresentations that b01 an have [64, 65℄.2.7.2 Radiative e�etsTwo salar doublet modelsThe simplest extension of the Minimal Standard Model is one in whih the ele-troweak symmetry breaking setor involves two fundamental salar omplex dou-blets, �1 =  �0�1���1 ! ; �2 =  �+2�02 ! (2.46)instead of one [66℄. The neutral members of the doublets aquire vauum expetationvalues v1 and v2. Diagonalization of the mass matries requires two mixing angles(� and �), generating �ve physial Higgs boson states: a pair of harged salarsH�, two neutral salars (one the Minimal Standard Model Higgs state H and theother an additional boson h0) and one pseudo-salar partile A0. The relationshipbetween the harged salar �elds in the mass eigenstate �elds isH� = ���1 sin� + ��2 os � = (H+)�: (2.47)In addition, a harged 'ghost' Goldstone boson appears�� = ��1 os � + ��2 sin � = (�+)�: (2.48)In order for the W� and Z masses to be orret, the expetation values of the twosalars (v1; v2) should verify v21 + v22 = v2 = (p2GF )�1. Given this relation, it isnatural to de�ne an angle � suh thatv1 = v os �; v2 = v sin�: (2.49)



40 �(Z ! b�b)=�(Z ! hadrons), Standard Model and beyondHene, the relation tan� = v2=v1 is veri�ed. The angle � depends on the parametersappearing in the Higgs potential. In the most general model, these angles and thephysial Higgs boson masses are all independent parameters.Conventionally, it is expeted that only one of the original salar doublets (whihwe take to be �1) ouples to the right-handed top to avoid avour hanging neutralurrents. This results in the harged urrent Yukawa oupling to the mass eigenstate�elds (in the limit mb ! 0):mtv sin� �tR h�+ sin � +H+ os �i bL: (2.50)The Goldstone boson �eld �+ ouples to �tRbL with the same strength as in theStandard Model, while the oupling of the H+ di�ers from this by a fator ot �.Sine the oupling of the Goldstone boson �eld is the same as in the MSM, theStandard Model alulations still apply. This is a general result: in the limitmb ! 0,the orretion to the Zb�b vertex does not involve the Higgs boson, only longitudinalgauge bosons.There are, however, additional ontributions oming from the exhange of theextra harged salars. These orretions are shown in �gure 2.7. These diagrams

(a) (b) ()Figure 2.7: Contributions from two doublets of Higgses to the Zb�b vertex.are, in fat, a subset of the diagrams shown in �gure 2.3 with the replaement�+ ! H+. This results in the hange of the oupling by a fator ot2 � and in thereplaement of MW by MH+. For tan � � 1 and MH+ �MW , we expet an impatof the same order of magnitude as in the top quark MSM e�et [67℄. Note that, as inthe MSM, it tends to redue the width Z ! b�b. This tendeny holds exept in thelimit where tan � is very large (tan � � mt=mb). There, the Yukawa oupling of theb quark an be omparable to that of the top quark. Therefore the proess involvingintermediate b quarks and neutral salars beomes important, and an result in aninrease of Rb [68℄.



2.7 E�ets of physis beyond the Standard Model 41Two features are of partiular interest. First, beause the Yukawa oupling ofthe harged salar is proportional to mt, � mtv tan� , the e�et on Rb does not deouplein mt. Seond, the e�et of Rb does vanish in the limit mH+ ! 1. Consequently,the extra ontributions an arbitrarily be small, independent of the top quark andW� masses.SupersymmetryMaybe the most popular extension of the Standard Model is Supersymmetry (SUSY)[69℄. SUSY is a kind of symmetry whih interrelates fermions and bosons. In theminimal version of this senario (Minimal Supersymmetri Standard Model, MSSM),one introdues superpartners (a fermioni partner for every boson and vie versa)for all the ordinary Standard Model partiles. In addition, Supersymmetry requiresthat the theory involves (at least) two weak doublet super�elds to perform the roleof the Standard Model Higgs doublet. In a supersymmetri world, the numberof fermion and boson degrees of freedom must math. At MW sale, the SU(2)Land U(1)Y gauginos (superpartners of the gauge bosons) mix with the higgsinos(superpartners of the salar bosons), reeiving additional mass ontributions fromthe Higgs vauum expetation values (v1,v2) and from a supersymmetri higgsinomixing mass term. The mass eigenstates are alled neutralinos and harginos, forthe neutral and harged setors respetively. In the MSSM, the onditions on theHiggs potential imposed by Supersymmetry redue the number of parameters (withrespet to the general two salar doublet model) to three, whih may be hosen tobe MW , v2=v1 and MH�. The other masses and the angle � are given in terms ofthese three parameters. A loal Supersymmetry is alled Supergravity (SUGRA).If Supersymmetry were exat (unbroken), the spartile states would have the samemass as their orresponding partile states. None of the extra partiles requiredby the model have been observed. Therefore, Supersymmetry annot be exat. IfSupersymmetry is softly broken, the radiative orretions to the Higgs masses areproportional to the masses of the supersymetri partners. Sine one wishes the Higgsto 'naturally' have a mass below 1 TeV/2, Supersymmetry is relevant if the massesof the superpartners are below 1 TeV/2.In SUSY theories, besides the ontributions of the Minimal Standard Model andthe two salar doublet models, we have ontributions oming from intermediatestates involving the superpartners. The relevant verties, whih inlude loops withharginos and stop quarks, are shown in �gure 2.8. These verties have two kinds ofontributions depending on the weak eigenstate omponent. For gaugino omponentto the hargino mass eigenstate, the ontribution is proportional to mt=v, while forthe higgsino omponent it is proportional to mt=v tan�. These ouplings are non-deoupling in mt, but deoupling in the superpartners (top squark and hargino)masses. In the limit where the superpartner masses are large, but the harged salarmasses are small, the total e�et on Rb an approah that of the two salar modelpresented above. The overall ontribution ould be anywhere between the two salar



42 �(Z ! b�b)=�(Z ! hadrons), Standard Model and beyondand MSSM genuine ontributions. For relatively light superpartner masses (of theorder of MW ), the results are of the same order of magnitude as the orretion inthe Standard Model, but have opposite signs. The e�ets of radiative orretionsinvolving superpartners tend to inrease Rb.
∼

(a) ∼

∼
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∼

()Figure 2.8: Genuine Minimal Supersymmetri Standard Model ontributions to the Zb�bvertex, inluding loops with harginos and stop quarks.Finally, we should note that there are other ontributions to Rb in Supersymme-try, even some strong orretions involving the gluino. They have been alulatedand are very small: the ontributions are entirely deoupling and vanish in thelimit where there is no ~bL � ~bR mixing, whih is the only SU(2)LNU(1)Y breakingontribution to this proess [70℄.For a full analysis of the Rb values inside the MSSM framework see [63, 71, 72℄.Extra families: top mixingIn a very analogous way to the bottom mixing, one an list all possible models oftop mixing, depending on the weak isospin quantum numbers of the t0 as well ason the left-handed and right-handed mixing angles. A new aspet arises from thepresene of a b01 in these models, sine tree level b mixing ould potentially dominateany loop indued by the orretions due to top mixing. Aording to the nature ofthe involved b01, models for top mixing fall into four ategories: a) those in whihthe B0 is SM-like (i.e. it has the same quantum numbers as the Standard Model b1)and hene does not a�et Rb; b) those in whih the b01 is exoti (not SM-like) but inwhih gauge invariane imposes a onstraint on the b1� b01 mass matrix that forbidsb mixing; ) those in whih the b01 is exoti and mixes, in whih ase one imposes thatb mixing vanishes in order to isolate the loop e�et; and d) those models that do notontain a b01. For a detailed disussion and omplete list of models see referene [64℄.As for b mixing, Rb an �nally inrease or derease aording to the third omponent



2.8 Rb and QCD 43of the weak isospin of the t0 and the left-handed and right-handed mixing angles,whih depend on the assumed model.2.8 Rb and QCDRb is also important in the ontext of QCD. All determinations of the strong ouplingonstant �s su�er from one of the following weakness: non-perturbative orretions,hadronization e�ets, missing higher orders and impreision of experimental data.However, Rl = �had=�ll o�ers a lean, high statistis and low systematis third orderdetermination of �s [73℄:Rl = R0l  1 + 1:06�s� + 0:9�2s�2 � 15�3s�3 + :::! : (2.51)R0l is the value of Rl inluding eletroweak orretions but without the QCD or-retions. Considering all observables onneted with the hadroni width of the Z,i.e. Rl, �0had and �Z, the best Standard Model �t gives �s = 0:123 � 0:003 for aHiggs boson mass of 300 GeV/2 [6℄. The entral value shifts to 0.121 for a Higgsmass of 60 GeV/2, and 0.125 for a Higgs boson mass of 1 TeV/2. The resultis in good agreement with the world average �s(M2Z) = 0:118 � 0:003 [7℄. Thestrong oupling onstant an also be determined from the parameter Rl alone. ForMZ = 91:1867 GeV/2, and imposing mt = 175:6 � 5:5 GeV/2 as a onstraint,�s = 0:126 � 0:004 � 0:002 [6℄, where the seond error aounts for the variationof the result when varying the Higgs mass in the range 60 GeV/2 � MH � 1000GeV/2. The sensitivity to the top quark mass is muh smaller beause of a an-elation between the radiative e�ets on the Z ! b�b vertex and those of the Zpropagator. This determination of �s is largely independent of fragmentation mod-els, jet algorithms, et., in ontrast with other methods suh as, for instane, therate of 3-jet events [74℄.However, if Rb is a�eted by 'new physis', so is Rl, and the preise measurementof �s from Rl beomes unreliable. Aording to this senario, the relative hangesof Rb and Rl due to this potential new e�et are [63℄:ÆRbRb = Æ�bb�bb �Rb; ÆRlRl = Æ�bb�bb Rb: (2.52)From equations (2.51) and (2.52), the orresponding hange in �s isÆ�s = +4:005ÆRb: (2.53)If a reliable �s value (whih does not inlude Rl) were available, one ould test theRb value with Rl. From the di�erene between the �s determination inluding andnot inluding Rl, one ould ompute a value of Æ�s and then estimate a possibledeviation in Rb beyond the Standard Model and QCD. Suh an evaluation of �s isavailable from � deays and lattie QCD alulations of the Quarkonium spetra.



44 �(Z ! b�b)=�(Z ! hadrons), Standard Model and beyondThe disrepany between �s = 0:123� 0:004 obtained from the hadroni width andthe world average 0:118 � 0:003 an be translated into a possible deviation of Rb.Using equation (2.53),Æ�s = 0:005� 0:005) ÆRb = 0:0012� 0:0013: (2.54)With the urrent available data and QCD alulations, this value orresponds tothe possible deviation of Rb due to new e�ets with respet to the Standard Modelpreditions (ompatible with QCD) [63℄.One realizes therefore that the measurement of Rb together with the determina-tion of Rl provides a powerful test of the following question: is there something newin the Z ! b�b vertex?2.9 Comments and remarksFrom the previous disussion, it appears that after the top quark disovery, Rbis a very powerful test of the Minimal Standard Model and an exiting windowfor possible 'new physis'. That implies a strong e�ort in the diretion of a preisedetermination of Rb. Nevertheless, if �nally some signi�ant deviation of Rb is foundwith respet to the Standard Model predition, all theories beyond the standardeletroweak theory need to be studied in great detail to be able to determine whetherthey an be onsistent with the experimentally measured value of Rb.It should be stressed here that sine the �rst preision measurements, Rb wasabove the Standard Model predition, showing some evidenes of novel vertex or-retions [63℄ (see hapter 7 and appendix B for more details about the time evolutionof Rb). However, although the analyses from the experiments did not exploit thefull available Lep 1 statistis, the preliminary results were systematially limited.For this reason, to resolve the question of whether this deviation was real or onlyan experimental e�et, speial e�orts were made by the experiments to redue asmuh as possible the errors, in partiular the rather large and dominant systematierrors. This thesis is part of these e�orts performed over the past �ve years withinthe Delphi Collaboration.



Chapter 3The experimental setup
3.1 The Lep olliderLep is the Large Eletron Positron ollider [75℄ loated between the Jura mountainsand the Geneva lake, on both sides of the border between Frane and Switzerland(�gure 3.1), at CERN, the European Laboratory for Partile Physis. The main ringis situated in an underground tunnel with a irumferene of 26.7 km, and has beenin operation sine 1989. Two beams onsisting of bunhes of eletrons and positronsmove in opposite diretions in one beam pipe, whih is kept at high vauum.The Lep ollider is used to produe e+e� ollisions at high energy and withhigh luminosity. From 1989 to 1995, Lep has been operating at the entre-of-massenergy of the Z resonane, orresponding to about 91.2 GeV (Lep 1 phase). SineNovember 1995, the aelerating power is being inreased progressively with theaddition of superonduting avities (Lep 2 phase). In the last period of the 1995run, the energy was inreased up to about 136 GeV. In the 1996 run the energywas about 161 GeV (just the threshold for the prodution of W� pairs) and also172 GeV. For the 1997 run, more avities were added to reah a entre-of-massenergy of about 185 GeV. At the energy of the Z resonane, Lep has providedabout 16M Z bosons to the experiments. Among other things, Lep has been anexellent laboratory for the study of bottom physis, whih is abundantly produedthrough Z ! b�b deays.Before the partiles are injeted into the Lep ring, they are aelerated up to anenergy of 20 GeV by a hain of preaelerators (�gure 3.2):� the LIL1, a 200 MeV eletron LINAC, produes positrons through the bom-bardment of an e� ! e+ onverter;� the LIL2, a seond LINAC, aelerates the eletrons and positrons (injetedwith a mean energy of 10 MeV) up to 600 MeV;� the 600 MeV eletrons and positrons are then injeted in the eletron-positronaumulator (EPA), where the beams are stoked to inrease their intensity
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Figure 3.1: Geographial situation of Lep, the CERN Large Eletron Positron ollider.



3.1 The Lep ollider 47and to redue their dimensions;� the Proton Synhrotron (PS) and Super Proton Synhrotron (SPS) inreasethe energy up to 3.5 GeV and 20 GeV respetively, for the �nal injetion intoLep.

Figure 3.2: The Lep injetor system.After this injetion, the beams are aelerated to an energy of about 45 GeV(Lep 1 phase) or higher (Lep 2 phase). This aeleration is done in the straightsetions of the tunnel, using radio-frequeny avities, while dipole magnets guidethe beams through the urved setions (ars). Quadrupole and sextupole magnetsare used to fous the beams. At four points in the ring (loated in four of theeight right setions of 2 km eah one) the beams ollide with a frequeny of about45000 Hz, whih means a beam rossing eah 22 �s (assuming a on�guration offour bunhes per beam). At these interation points huge detetors have been built,in large underground averns, to reord the produt of the ollisions (�gure 3.3):Aleph (Apparatus for LEp PHysis), Delphi (DEtetor with Lepton, Photonand Hadron Identi�ation), L3 (Letter of intent 3) and Opal (Omni PurposeApparatus for Lep).The data used in this work were olleted with the Delphi detetor from 1991to 1995 around the Z resonane. Over the ourse of these years the luminosity ofLep has been ontinuously improved, inreasing the number of events onsiderably.The luminosity of an e+e� storage ring is often written in the form
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SuisseFigure 3.3: The Lep ollider and the di�erent experiments: Aleph, Delphi, L3 andOpal. L = N2enbf4��x�y (3.1)where Ne is the number of partiles per bunh, nb the number of bunhes per beam, fis the rotation frequeny and 4��x�y is the transverse beam area. Superondutingquadrupole magnets are installed around the experimental regions to redue thesize �x and �y of the beams and therefore to inrease the luminosity ('Squeezing').Typial values of the interation size region are 150 �m and 10 �m in the transverseplane (x and y respetively) and 1 m in the longitudinal diretion to the beam (z).At the beginning of Lep, nb was four and the mean luminosity was 3�1030 m�2s�1,far beyond the nominal luminosity of the mahine at the Z peak, 1:7�1031 m�2s�1.With the nominal luminosity, the expeted number of reorded Z bosons is 3 millionsby experiment per year running 1500 hours. However, in 1991, the reorded statistiswere only about 275K Z deays, and 125K events in 1990. At that time, muhativity was devoted to raising these numbers while avoiding unwanted ollisions.As stated in hapter 1, the high luminosity is one of the fundamental points for apreise measurement of Rb.In pratie, the only way to improve the luminosity is to inrease the number ofbunhes stored in the ring [76℄. But with nb bunhes per beam, spaed equidistantlyaround the irumferene, there are 2nb points where bunhes enounter eah otherand will ollide, unless the e+ and e� bunhes are separated. With the nb = 4 on-



3.1 The Lep ollider 49�guration there are eight rossing points, four are oupied by experiments requiringtherefore head-on ollisions. At the other four rossing points, the beams are sepa-rated vertially by loal, losed and vertial orbit bumps generated by eletrostatiseparators1. If more bunhes are added, unwanted ollisions will take plae also inthe ars of the ring. The vertial separation in the ars is impratial for tehnialreasons, inluding the serious limitations of physial spae in the ars. The solutionfound was a 'pretzel' on�guration [76℄ with eight bunhes. It started at the end ofthe 1993 run and was used throughout the 1994 run, providing a luminosity up to2:2 � 1031 m�2s�1. In this way, the luminosity exeeded the design value. In thepretzel tehnique, bunhes of eletrons and positrons are deviated on the trajetoryplane by installing horizontal eletrostati plates where there are neither experi-mental areas nor aelerating avities, generating a losed orbit distortion in eahar of opposite sign for eah beam so that bunhes miss eah other exept at theinteration points (�gure 3.4). In priniple, the pretzel sheme an be extended tomore bunhes but it was restrited to eight. With eight bunhes the beam rossingis already 11 �s and a higher olliding frequeny would impose limitations on thetrigger rates of the Lep detetors. With the pretzel tehnique, the ollisions are nomore head-on as for the initial nb on�guration, and take plae with a given angle(see �gure 3.4). During aumulation and aeleration any ollision in the eightinteration points of Lep is avoided with the help of the eletrostati vertial sepa-rators. At top energy, the bunhes will be brought into ollision in the experimentalinteration points, whereas they will be kept separated elsewhere via the ombinede�et of the pretzel separators and the eletrostati vertial separators. In 1994, theintegrated luminosity was 65 pb�1 per experiment.Sine 1995, a bunh train solution was again used to inrease luminosity, withnb = 4� n, n = 2; 3; 4. In this tehnique, eletrons and positrons are grouped intonb trains of n bunhes inside the same losed orbit. For n = 4, the time separationbetween bunhes is 248 ns, whih is almost negligible when ompared with the timeseparation between trains. To redue parasiti ollisions, the bunh train methodrequires the dupliation of the vertial eletrostati separators in the straight regionsof the ring. The ollision is performed between the same bunh number of eletronsand positrons inside a train. Other ollisions are onsidered parasiti ollisions.Aurate energy alibration of the mahine has been a key fator for the au-rate measurement of MZ and �Z. It has been done using a high preision resonantdepolarization method based on the transverse polarization of the beams [77℄. Suha preise alibration has shown some spetaular orrelations between the Lep en-ergy and: a) the tidal fores, b) the level of water in the Geneva lake, and ) thetimetable of the eletri trains passing through the Lep region. However, for the Rbdetermination suh an aurate alibration has no major impat: the ratio of theZ ! b�b to the total hadroni ross-setions varies very little at the entre-of-massenergy around the Z pole.1This reates a fully ompensated loal deformation of the losed orbit.
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Figure 3.4: Orbits desribed by the eletrons and positrons inside Lep with the 'pretzel'tehnique.3.2 The Delphi detetorDelphi is one of the four detetors operating at Lep ollider sine 1989. It wasdesigned as a general purpose detetor for e+e� physis with speial emphasis onpreise traking and vertex determination and on powerful partile identi�ation.The number of hadroni Z deays reorded eah year at Lep 1 is summarized intable 3.1.Table 3.1: Number of hadroni Z deays reorded by Delphi in eah year of operationat Lep 1, in a running period normally lasting from May to November.Year 1989 1990 1991 1992 1993 1994 1995 Total13K 125K 275K 751K 755K 1484K 750K 4153KIn the standard Delphi oordinate system, the z axis is along the eletronLep beam diretion, the x axis points towards the entre of Lep, and the y axispoints upwards. The polar angle to the z axis is alled � and the azimuthal anglearound the z axis is alled �; the radial oordinate is R = px2 + y2.Delphi is installed in a avern 100 m underground. The ensemble onsists of aylindrial setion overing the 'barrel' region of � (typially from 40Æ to 140Æ) and



3.2 The Delphi detetor 51two endaps overing the 'forward' regions. The endaps an be moved allowing a-ess to the subdetetors. Figure 3.5 shematially shows the layout of the barrel andone endap. A detailed desription of all the omponents (subdetetors) of Del-phi and its performane has been made in [78℄. In the following we shall give only asummary of the detetor harateristis from 1989 to the end of 1995, orrespondingto the experimental setup of the data taking during the Lep 1 phase. Moreover,only the details most relevant to the analysis reported here will be desribed, inpartiular, detetors and algorithms onerning the traking.
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Figure 3.5: Shemati layout of Delphi.The superonduting solenoid (7.4 m long, 5.2 m inner diameter) provides ahighly uniform magneti �eld of 1.23 T (5000 A) parallel to the z axis through theentral traking volume, namely: the mirovertex detetor (VD), the Inner Detetor(ID), the Time Projetion Chamber (TPC) and the Outer Detetor (OD) and alsothe forward traking hambers (Forward Chambers A and B). The superondutingable onsists of 17 wires made of 300 Nb-Ti �laments (25 �m �) embedded inopper and ooled by liquid helium at 4.5 K. There is a seond short end layer ofable (35 m) to improve �eld homogeneity at the ends. The goal of the magneti



52 The experimental setup�eld is twofold: to urve the trajetory of harged partiles, allowing the momentumtrak measurement, and to insure the orret performane of the TPC.3.2.1 Traking deviesThe traking detetors are responsible for reonstruting the trajetories of the par-tiles, allowing the evaluation of their momenta and impat parameters. They arelose to the interation region to avoid the e�ets of the material, being the mostrelevant subdetetors for the Rb analysis reported here. We shall desribe the de-tetors and their performanes in an ordered way, starting from the innermost tothe outermost.Mirovertex detetor (VD)The purpose of the VD in Delphi is the study of heavy avour physis ontainingshort lived partiles (lifetimes in the order 10�12 to 10�13 s), by means of improvingthe determination of both primary and seondary verties as well as the trak impatparameters. It is by far the detetor with the greatest impat on the analysispresented here. Its intrinsi resolution has to be as high as possible. This is madepossible with mirostrip silion detetors [79℄. In addition, the �rst detetor layerhas to be as lose as possible to the interation point.For the startup in 1989, the VD was installed with two silion strip layers in thebarrel region, at radii 9 m (Inner layer) and 11 m (Outer layer) around the beampipe. Eah layer was formed by 24 modules (23.6 m long) ontaining four detetorplates eah, with about 10Æ overlap in �. The modularity was hosen to avoid theintrinsi resolution degradation by inlined traks. The overlap region was designedto improve the relative alignment of neighboring modules. In April 1991, the 8 mradius aluminium Lep beam pipe was replaed by a 5.6 m radius berilium one,and the VD was upgraded [80℄ by adding a third (Closer) layer of silion strips.The strips are parallel to the beam diretion and the readout pith is 50 �m inthe R� plane perpendiular to the beam diretion. The polar angle overage forharged partiles hitting all three layers of the detetor is 44Æ to 143Æ. The averageassoiation eÆieny of VD points to reonstruted traks by other Delphi trakinghambers in multihadroni events is about 96%.In April 1994, the VD was further upgraded [81℄ by adding z readout to the Outerand Closer layers, provided by diodes on the n side of the detetors orthogonallyoriented to those on the p side. On the n side, the signals are arried to the endsof the modules by an extra layer of metal strips parallel to those on the p side.With this arrangement there is negligible extra material in the sensitive region ofthe detetor, and both oordinates may be read out at the end of the detetor.At the same time, the polar angle overage of the Closer layer was extended to25Æ � � � 155Æ. For the z oordinate in the Closer layer, the readout pith of 49.5�m used near � = 90Æ is inreased to 99 and 150 �m for larger j z j values, in order



3.2 The Delphi detetor 53to optimize the number of eletroni hannels. Similarly, the pith values for theOuter layer are 42 and 84 �m. The geometrial layout of this double sided detetoris shown in �gure 3.6. The large overlap of detetors in the same layer an be seen inthe transverse view. These overlaps amount to about 10% of the sensitive region inthe Closer and Outer layers and about 20% in the Inner layer. A partile traversingthe detetor an therefore register up to 6 (4) hits in R� (Rz). This design resultsin a high detetor eÆieny, as well as providing extra onstraints for the softwarealignment of the detetor [82℄.

(a) Transverse R� view. (b) Three dimensional view.Figure 3.6: Shemati ross-setions of the Delphi double sided vertex detetor in the1994-1995 on�guration.Intrinsi resolution for a single hit of the detetor an be estimated from theresidual distributions of hits from the �t in the overlap regions. Suh a distribu-tions inlude ontributions from remaining alignment unertainties. They ontain aentral Gaussian together with non-Gaussian tails whih are due to di�erent lusterharateristis (size, pulse height, noise) and inidene angles. For all layers, the mi-rostrip detetors provide hits in the R� plane with a measured intrinsi resolutionof about 8 �m. The single hit resolution in z is a funtion of the inidene angle ofthe trak, reahing a value of 9 �m for traks perpendiular to the modules.The alignment of the VD uses partile traks from Z deays, taking as startingpoints the results of a mehanial survey and a very preise optial measurement ofthe individual modules, whih leads a preision of 25 �m. The rest of the alignmentuses hadron traks passing through the overlap regions, isolated traks with 3 hitsontained within a setor, and traks from Z ! �+�� (dimuon events). Traks in



54 The experimental setupthe overlaps are used to re�ne the R� rotations and translations of the modules ina layer; traks in dimuon events and 3-hit traks onstrain the relative positions ofmodules in di�erent layers. A similar proedure is used for the z alignment. Withthis proedure, only the momenta of the hadrons are taken from measurements ofother detetors. A full desription of the alignment proedure may be found in[80, 81, 82℄.Inner detetor (ID)Up to the 1994 run, the ID onsists of two onentri parts: a drift jet-hamberto aurately measure the trajetory of outgoing partiles in the R� plane and �velayers of MWPC whih also measure the z oordinate. The inner jet-hamber has24 azimuthal setors, eah providing up to 24 R� points per trak between radii12 and 23 m. For polar angles in the range 23Æ � � � 157Æ, a trak rosses avolume of the detetor sensed by a minimum of 10 wires. Eah MWPC has sensewires spaed by about 8 mm (192 wires per layer) and with irular athode stripsgiving Rz information. The R� measurements are mainly used for triggering, butalso provide the possibility of resolving the left/right drift ambiguities inherent inthe jet-hamber. The polar angle overage is 30Æ � � � 150Æ. The preisions ofthe parameters for the loal trak element in dimuon events are �(R�)=50 �m and�(�)=1.5 mrad. The two trak resolution is about 1 mm. The z preision from asingle MWPC layer for an isolated trak varies from 0.5 to 1 mm, depending on �.Sine the beginning of 1995, a new longer ID has been operational. The innerdrift hamber has exatly the same wire on�guration as the previous one, butthe polar angle aeptane is now 15Æ � � � 165Æ. The old �ve MWPC havebeen hanged by �ve ylindrial layers of straw tube detetors (192 tubes per layer)measuring R�. The polar angle aeptane is now 15Æ � � � 165Æ, but there is nolonger any z measurement. The preisions of the loal trak parameters are now�(R�)=40 �m and �(�)=0.89 mrad.Time projetion hamber (TPC)The TPC is the entral traking detetor inDelphi, and has the main responsibility(together with the VD) for trak reonstrution and for measurement of partilemomenta. A shemati layout of the TPC is shown in �gure 3.7. Both end-platesof the TPC are divided into 6 azimuthal setors, eah with 192 sense wires and16 irular pad rows with onstant spaing (with a total of 1680 pads per setor).The size of the TPC is limited (R=120 m, L = 2 � 150 m) by the inlusion ofthe RICH detetor, but other trak hambers were added (OD, FCA and FCB) toimprove momentum resolution. The detetor provides up to 16 spae points perpartile trajetory at radii of 40 to 110 m between polar angles of 39Æ � � � 141Æ.At least three pad rows are rossed down to polar angles of 20Æ � � � 160Æ.The single point resolution is determined by extrapolating traks from dimuonevents from the VD to the TPC pad rows. The width of the distributions of dis-
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Figure 3.7: Shemati layout of the Delphi TPC.tanes between reonstruted and extrapolated points is a diret estimate of the hitresolution. Sine 1994, eah muon trak is separately extrapolated from the two Rzhits in the VD, while for previous years the z information of the athode strips inthe MWPC layer of the ID was used. The quoted values are 250 �m in the R�plane and 880 �m in the Rz plane. The two point resolution is about 1 m in bothdiretions.The magneti �eld of Delphi (whih is parallel to the eletri �eld in the TPC)serves to on�ne the drifting eletrons along the �eld diretion, reduing the di�usionin the perpendiular diretion.Outer detetor (OD)The OD onsists of �ve layers of drifts tubes, operated in the limited streamermode, loated between radii of 197 and 206 m. Suessive layers are staggeredand adjaent modules of the 24 azimuthal setors overlap, giving full azimuthaloverage. Three layers read the z oordinate by timing the signals at the ends ofthe anode wires. The ative length of the detetor orresponds to polar angles of42Æ � � � 138Æ. The single point preision is �(R�)=110 �m, independent of thedrift distane. The OD is omplementary to the TPC beause in front of eah dead



56 The experimental setupzone of the TPC an OD module is plaed, improving the geometrial aeptane.Forward Chambers (FCA and FCB)The FCA is plaed at both ends of the TPC at a distane from the interationpoint of about �160 m in z. On eah side there are three hambers, eah onewith two staggered layers and split into half diss with an outer radius of 103 m,operated in the limited streamer mode. The hambers are rotated with respet toeah other by 120Æ, thus providing 2 � 3 oordinates. The hambers over polarangles of 11Æ � � � 32Æ and 148Æ � � � 169Æ. The reonstruted trak elementshave preisions of �(x)=290 �m, �(y)=240 �m, �(�)=8.5 mrad, and �(�) averagedover � is 24 mrad.The FCB is a drift hamber also segmented in two half diss (of dodeagonalshape) in eah arm, with an inner radius of 48 m and outer radius of 211 m,and is plaed behind the Forward RICH, at an average distane of z = �275 mfrom the interation point. It onsists of 12 wire planes separated by 1.1 m androtated in pairs by 120Æ with respet to eah other. The hamber overs polarangles of 11Æ � � � 36Æ and 144Æ � � � 169Æ. The preision ahieved on theparameters of the reonstruted trak elements are �(x; y)=150 �m, �(�)=3.5 mradand �(�) = 4:0= sin � mrad.3.2.2 Other detetorsMuon hambersThe muon detetion system onsists of hambers in the barrel (MUB) and in theforward region (MUF). In the barrel there are three layers: the inner one inside aniron surfae (after the hadron alorimeter), the outer one on the surfae of the ironand one peripheral. Eah detetor layer is onstruted from two staggered planesof at drift hambers operated in proportional mode with a entral anode. A delayline determines the oordinate along the anode wire. In the forward region there aretwo planes of hambers, one behind the hadron alorimeter and the other behinda layer of iron and the forward hodosope (HOF). The hambers are operated instreamer limited mode. In 1994, a layer of Sourronding Muon Chambers (SMC) wasinstalled outside the endaps to �ll the gap between the barrel and forward regions.The reent addition of the SMC has improved the hermetiity of the Delphi muonidenti�ation.CalorimetersThe energy reonstrution arried out by the outgoing harged partiles and thedetetion of neutral partiles is done in Delphi by the eletromagneti and hadronalorimeters. The eletromagneti alorimetry system of Delphi is omposed of



3.2 The Delphi detetor 57a barrel alorimeter, the High Projetion Chamber (HPC), a Forward Eletromag-neti Calorimeter (FEMC) and two very forward alorimeters, the Small angle TIleCalorimeter (STIC) -whih replaed the Small Angle Tagger (SAT) in April 1994-and the Very Small Angle Tagger (VSAT).The aim of the HPC is to measure the three-dimensional harge distribution in-dued by eletromagneti showers and by hadrons with very high granularity in alloordinates, with an aeptable number of readout hannels. It onsists of azimuthalmodules arranged in rings inside the magneti �eld. Eah module is a small TPCwith layers of high density material (lead) in the gas volume. The FEMC onsistsof two diss of Cherenkov lead glass ounters. The ounters are bloks of trun-ated pyramidal shape arranged in an appropriate way to provide a quasi-pointinggeometry towards the interation region, allowing the reonstrution of the eletro-magneti showers. The SAT was optimized for luminosity measurements ountingBhabha events and onsists of a trak detetor and a alorimeter. The alorimeteronsists of lead layers and plasti sintillation �bres parallel to the beam. The STICis a sampling lead sintillator alorimeter formed by two ylindrial detetors plaedon either side of the Delphi interation point having a geometry quasi-projetive.The VSAT is made of four retangular alorimeter modules on either side of theDelphi interation point. The alorimeter modules are assembled of tungsten ab-sorbers interspaed with three silion detetors planes for energy measurement. TheVSAT detetor is also designed to measure the bakground of beam gas produedby o�-momentum eletrons and by synhrotron radiated X rays. These measure-ments provide heks of orbit alulations for the Lep mahine and a measure ofthe bakground to the Bhabha proess. Before 1994, the absolute luminosity wasmeasured using the SAT detetor and the VSAT was used to measure the relativeluminosities at di�erent energies. Sine 1994, after installation of the STIC, theluminosity measurement is based ompletely on STIC measurements. The STIC(SAT) and VSAT are also essential for deteting e+ and e� from  proesses.The HCAL is installed in the return yoke of the Delphi solenoid. Its geometryis projetive: the alorimeter is arranged in small towers pointing to the interationregion in order to be optimized for neutral detetion and to give good energy owestimate. The HCAL has the same modularity in � as the HPC and its sensitivepart is based on limited streamer tubes.SintillatorsThe time of ight ounter in the barrel (TOF) onsists of a single layer of sintillatorounters and oupies the small region between the external surfae of the magnetand the hadron alorimeter. It serves as fast trigger for beam events and osmisand may be used to veto osmi muons during beam rossings. The TOF ountersare also used to provide information for those partiles (mainly photons) that goin the dead regions of the inner-most detetor layers of Delphi. The forward ho-dosope (HOF) is also used in the muon detetion and trigger for beam events and



58 The experimental setuposmis, in partiular for trigger on beam related halo muons whih are very usefulfor alignment. It onsists of a single layer of plasti sintillators plaed just behindthe end-ap hadron alorimeter. Reently, in order to ahieve omplete hermetiityfor high energy photon detetion, important at Lep 2, additional lead sintillatorshave been installed to over the gap between the HPC and the FEMC at � � 40Æand 90Æ and also � raks ('� taggers') between the HPC modules not overed forthis purpose by the Time of Flight (TOF) sintillators.RICH detetorsThe Ring Imaging CHerenkov (RICH) detetors of Delphi provide harged partileidenti�ation in both the barrel (BRICH) and forward (FRICH) regions. Theyontain two radiators of di�erent refrative indies. The liquid radiator is usedfor partile identi�ation in the momentum range from 0.7 to 8 GeV/. The gasradiator is used for partiles from 2.5 GeV/ to 25 GeV/. With both radiatorsthe identi�ation of harged partiles over most of the momentum range at Lep 1is pratially assured. Though the main strutures were installed before startupin 1989, the radiators, uid systems, hambers and eletronis were installed andbrought into operation in stages during 1990 to 1993. The BRICH beame fullyoperational during 1992 and the FRICH at the beginning of 1994. The positions ofthe mirrors and drift tubes of the RICH ounters are determined after alignment ofthe full traking system (setion 3.2.6), using extrapolated traks from the dimuonsample.3.2.3 Partile identi�ationThe ombination of the Delphi subdetetors allows a good lepton, photon andhadron partile identi�ation. This is briey desribed below.Identi�ation of eletrons in the barrel of Delphi is performed using the spei�ionization energy loss per unit length (dE/dx) in the TPC and the energy depositionin the HPC. The identi�ation of eletrons is ompliated beause of eletromagnetiinterations in front of the alorimeters. The iron of the hadron alorimeter providesa �lter whih gives a �rst level of separation between muons and hadrons. Mosthadrons are stopped by this material, whereas all muons of momenta above 2 GeV/are expeted to penetrate into the muon hambers. Muon identi�ation is ahievedby omparing the extrapolations of the reonstruted traks with the hits in theBarrel (MUB), the Forward (MUF) muon drift hambers and the Sourronding MuonChambers (SMC).Photons produed before the eletromagneti alorimeters (about 40%) are iden-ti�ed using showers in the HPC and FEMC whih annot be assoiated to traks(neutral partiles). Photons onverted in front of the TPC (about 7%) reating e+e�pairs are reonstruted with good eÆieny using traking tehniques. �0's are re-onstruted either by pairing photons and by alulating the invariant  mass or



3.2 The Delphi detetor 59by analyzing the internal struture of the energy depositions in the alorimeters,taking advantage of the very �ne granularity of the HPC.The identi�ation of harged partiles in Delphi relies on the dE/dx measure-ment in the TPC, on the RICH detetors and on the eletron and muon identi�a-tion. Partile identi�ation in the RICH detetors is based on the fat that hargedpartiles traversing a dieletri medium faster than the speed of light in that mediumprodue a one of Cherenkov light. The emission angle � depends on the mass mand momentum p of the partile via the expression os � = 1=n�q1 +m2=p2. Thenumber of photons emitted per unit length is proportional to sin2 �. Both informa-tions together with the momentum of the reonstruted trak are the informationused for identifying the partile mass.3.2.4 The trigger and data aquisition systemsAs said in setion 3.1, the time between beam rossings at Lep 1 is 11 �s (22 �s)when operating at eight (four) bunhes. But only a small fration � 10�5 of thebeam rossings produes an e+e� annihilation. The goal of the Delphi triggersystem [83℄ is to selet these events with high eÆieny through four suessivetrigger levels (T1, T2, T3 and T4). T1 and T2 operate synhronously with theBeam Cross Over signal (BCO) provided by Lep, seleting on-line andidates toZ deays. These triggers use a ombination of individual fast subdetetor signals,providing suÆient redundany and geometrial overlap to ahieve an eÆienylose to one and making possible to determine both the trigger eÆieny and itsmaximal error with good preision. The T1 and T2 trigger deisions are taken3.5 �s and 39 �s after the BCO respetively, and they have been ative sine theLep startup. T3 and T4 are software �lters performed asynhronously with respetto the BCO, and their aims are to rejet bakground. T3 has a similar logi to T2but uses more detailed information from the detetors. T4 is a tailored version ofthe Delphi reonstrution program DELANA (see setion 3.2.5) basially rejetingevents with no trak pointing towards the interation region and no energy releasein the alorimeters. T3 was implemented in 1992 and T4 in 1994. After the T3and T4 triggers, the Data Aquisition System (DAS) [78℄ reads out asynhronouslythe digitized data from the detetors and reords it on data tapes with a frequenyof about 2 Hz. The Delphi DAS is based on standard Fastbus onneted over anEthernet network to a VAX luster. An on-line monitoring via event reonstrution(DelPit) is also available for ontrol of data quality.In addition to the trigger and data aquisition systems, the slow ontrol sys-tem monitors and ontrols the operation of the detetor (voltages, fastbus powersupplies, et.) reporting and ating on hanges in the detetor or its environment(temperatures, pressures, et.), reording suh hanges and maintaining the safetyof the equipment.



60 The experimental setup3.2.5 Reonstrution pakagesThe resulting raw data tapes reorded by the DAS system are proessed o�-line bythe DELphi ANAlysis pakage DELANA [84℄, based on the Trak ANAlysis andGRAphis pakage TANAGRA [85℄ whih provides a well de�ned data struture forstoring trak and vertex information in a format independent of the subdetetors.DELANA, running on the 'Delphi farm', performs loal pattern reognition forevery subdetetor to reonstrut trak elements (for instane, single two-dimensionalpoints in R� or Rz for the VD and fully reonstruted trak segments for theTPC) and energy lusters from the alorimeters. A database (CARGO) providesalibration and alignment onstants for eah subdetetor.The individual trak elements and energy lusters are then linked to form traks[86℄. The main searh algorithm in the barrel region starts with TPC segment traksand extrapolates them inwards and outwards to form andidates of traks with theID and OD elements. Algorithms ombining ID and VD or VD and TPC trakselements are also used. After this trak searh, all strings found are passed throughthe full trak �tting algorithm [87℄ and any remaining ambiguities are resolved.Traks are then extrapolated through the detetor and VD hits are assoiated tothe traks using a �2 method. Traks are �nally re�tted inluding assoiated hitsfrom all traking detetors. A new algorithm has been reently implemented withthe main di�erene that it starts the trak searh using both TPC and VD hits. Thisalgorithm greatly enhanes the traking eÆieny and resolution [88℄. Calorimetrilusters are then assoiated to traks, as well as hits in the muon hambers to providethe muon identi�ation.After reonstrution, a new event �lter is used to selet interesting events. Theresulting data are written to Full Data Summary Tapes ('full' DST [89℄) whihontain detailed information of the event. At this stage, the average size of anhadroni event is 60 kbytes. To improve the quality of the real data, a new proessingis performed by DSTANA [90℄, the DST ANAlysis and �xing pakage, whih usesthe results of the �rst alibration and alignment. This reproessing ('DSTFIX') anbe done on the detailed DST without reproessing the raw data. In addition, thisrerun on DST instead of raw data allows the preision of the simulated data to beimproved. The DST size is later redued by a fator three or ten by summarizingthe information of individual detetor omponents ('short' DST [91℄ or 'mini' DST[92℄ respetively). The 'short' and 'mini' DSTs are produed by PHDST [93℄, theDelphi pakage for DST produtions. This redution is suÆient for most of physisanalysis and allows a faster analysis of the physis data. In the analysis presentedhere the 'Short' DST was used.The physis analysis presented here is performed ompletely at the Delphi om-puter failities on SHIFT at CERN (Geneva, Switzerland), at the Lyon ComputerCentre (Frane) and at IFIC (Valenia, Spain). They are powerful lusters of HPand AIX workstations. Running on both lusters, the events used in this work areproessed using the PHDST and SKELANA [94℄ pakage environments. Event infor-



3.2 The Delphi detetor 61mation is extrated, proessed aording to the physis requirements of the analysisand �nally ompated in ntuples [95℄. Ntuples an be manipulated interatively bythe Physis Analysis Workstation pakage PAW [96℄ and in bath by Fortran odesusing the HBOOK environment [95℄. All these steps are desribed in hapter 4.The information ontained in the ntuples is �nally onverted into diret physialobservables whih are the input of a global �t allowing the diret determination ofRb (hapters 5 and 6).3.2.6 Global traking quality and global alignmentThe momentum preision of the global traking system in the barrel region is il-lustrated in �gure 3.8.a, whih shows the measured inverse momenta (whih havea good Gaussian behaviour) in dimuon events with aollinearity below 0:15Æ (45.6GeV/ muons) and whose traks ontain information from all the barrel detetors(VD, ID, TPC, OD). The distribution is �tted to the sum of two Gaussians. Awidth of �(1=p) = 0:57 � 10�3 (GeV=)�1 is obtained for the narrower Gaussian.The tails of the distribution require the wider Gaussian with a width �(1=p) =1:04�10�3 (GeV=)�1 and with a peak value of about 8% with respet to the totalpeak. A similar plot for the forward region omputed from traks ontaining hits inat least the Closer layer of the VD and in FCB is shown in �gure 3.8.b, where themeasured preision is �(1=p) = 1:31� 10�3 (GeV=)�1.

Figure 3.8: Inverse momentum distributions for ollinear dimuon events: (a) traksontaining hits from VD, ID, TPC and OD; (b) traks ontaining hits from VD and FCBat least.



62 The experimental setupThe preisions obtained on the trak parameters at other momenta an be es-timated by omparing the simulated and reonstruted parameters in a sample ofgenerated Z hadroni deays. The preision remains essentially onstant over thebarrel region for a given momentum but deteriorates in the forward regions of thedetetor [78℄.The global alignment of the traking hambers is performed mainly using dimuonevents. For the barrel detetors, the OD is hosen as starting point sine the wirepositions are known to a preision of 30 �m from optial and mehanial surveysand the detetor has a good time stability and a long lever arm with respet tothe interation point. The position of the VD with respet to the OD is thendetermined assuming the two muons from a single trak. Then the ID and TPCare aligned using referene traks formed by the VD and OD, imposing a �xedmomentum but relaxing the ollinearity onstraint. FCA and FCB are aligned fromthe extrapolation of muon reonstruted traks in the TPC to the forward region.Figure 3.9 shows a typial hadroni Z deay reonstrution in Delphi using thetraking hambers. The plot shows the VD, ID and TPC detetors in the R� andyz planes in four di�erent views of the same event.3.2.7 Physis and detetor simulationIn almost all of the high energy physis analyses, Monte Carlo studies play animportant role. That is the ase of the measurement presented here. As it will beshown through this report, although the dependene of the analysis on the MonteCarlo simulation is small, it is important in order to evaluate some bakgrounds andsmall orretion fators, as well as the systemati signi�ane of the measurement.Therefore, the simulation program should provide events as lose as possible to realraw data. In the standard Delphi simulation program, DELSIM [97℄, Z deaysare �rstly generated aording to a partiular physis proess, e+e� ! q�q in ourase. This is done using external generators, like JETSET [32℄, HERWIG [33℄ andARIADNE [34℄. The generators are tuned using the big amount of relevant dataolleted in the past years in the experiments at Lep and the information on bottomand harm hadrons is updated to aount for the new experimental measurements.In this way, it is possible now to tune the event generators whih simulate thehadronization and deays of di�erent quarks with high preision. The orrespondingstudy performed by the Delphi experiment is desribed in [98℄. Seondly, generatedpartiles are passed through the Delphi detetor produing hits in ative detetoromponents, taking into aount the information from the Delphi detetor database CARGO, the magneti �eld and the possibility for seondary interations.At this level, simulation data has the same struture as raw data and an thenbe proessed with DELANA to produe the DST by following exatly the sameproedure as for the real data. All these e�orts will result in a good observedagreement between data and simulation in all the distributions relevant for the Rbanalysis reported here.
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Figure 3.9: Multihadroni event display showing the trak �tting (solid lines) throughVD, ID and TPC together with the trak extrapolation to the interation point (dashedlines). Squares and points are single hits in the detetors. The Cartesian views orrespondto: (1) R� plane, (2) yz plane, (3) zoom in the R� plane of the VD region, (4) zoomin the yz plane of the VD region.



64 The experimental setup



Chapter 4Tagging Z ! b�b events in DelphiAs pointed out in hapter 1, one of the key points for the preise determinationof Rb is the design of an eÆient and pure lassi�er of the Z ! b�b deays in theomplex mixing of Z ! hadrons produed at Lep 1. Tagging events ontainingb quarks is based on reonstruting as preisely as possible the position of the pri-mary Z boson deay, the trak parameters of the outgoing partiles with respetto the reonstruted vertex or the position of the weakly deaying heavy hadronand applying an algorithm optimizing the use of this information provided by theexperimental setup. This hapter explains in detail all these steps, giving a detaileddesription of the lassi�ers developed by Delphi to measure Rb.4.1 Trak and event seletionThe starting point for avour tagging is the seletion of good hadroni Z deays. Inorder to perform this seletion, we have adopted standard uts (namely TEAM 4)of the Delphi experiment [99℄. Firstly, harged partiles are aepted if:� their polar angle is between 20o and 160o,� their trak length is > 30.0 m in the TPC,� their momentum is > 200 MeV/ with a relative error less than 100%,� their impat parameter (see setion 4.4) relative to the interation point is <4.0 m in the plane perpendiular to the beam diretion, and < 10.0 m alongthe beam diretion.Events were seleted by requiring:� at least 5 reonstruted harged partiles,� the summed energy of the harged partiles had to be greater than 12% of thetotal entre-of-mass energy,



66 Tagging Z ! b�b events in Delphi� thrust axis satisfying j os �thrust j< 0:95, where �thrust is the polar angle of theevent thrust axis (setion 4.3).With these uts the eÆieny to selet hadroni events was about 95% with all bak-grounds (mainly from �+�� pairs but also from  ollisions) below 0.1%, withoutany signi�ant bias in the avour omposition of the sample. Additional require-ments on detetor availability (provided by the slow ontrol system) were required.The ratio of the Z ! b�b ross-setion to the total hadroni ross-setion variesvery little at entre-of-mass energies around the Z mass. Thus no seletion on theentre-of-mass energy has been made.The tagging is de�ned only from a subsample of physial two-dimensional tight(2D-tight) and three-dimensional tight (3D-tight) traks required to have been pro-dued near the interation point. In addition to the TEAM 4 uts, 2D-tight trakshave to satisfy the following onditions:� hits in at least 2 of the 3 R� layers of the VD;� the R� impat parameter (setion 4.4) with respet to the main event vertex(setion 4.3) less than 0.30 m;� the trak was not assoiated to a reonstruted K0, � or e+e� pair from photononversion (see below).3D-tight traks require further the following onditions:� hits in at least 1 of the 2 z layers of the VD;� the impat parameter with respet to the main event vertex in z less than 1.0m;� no error ode in the three-dimensional impat parameter routine (setion 4.4);� the trak-jet absissa (setion 4.4.2) less than 2.0 m.It happens that for a small fration of the aepted events (around 0.1%) notight traks are found in none hemisphere. The event is then rejeted beause notagging information is available in that ase.Finally, due to the limited angular aeptane of the mirovertex detetor, anadditional event polar angle aeptane ut is needed. A ut at 0.65 on j os �thrust jwas imposed. The physial reason for this hard ut instead of a softer ut (forinstane at 0.75) is to redue and ontrol as muh as possible hemisphere taggingorrelations from VD edge e�ets (hapter 6). No additional ut on the number ofjets in the event is performed. With all these uts the global eÆieny to selethadroni events was about 60%.As said above, seleted traks are required not to be assoiated to a reonstrutedK0, � or e+e� pair from photon onversion (V 0's). Candidate V 0 deays in hadroni



4.1 Trak and event seletion 67events are found by onsidering all pairs of oppositely harged partiles and thenreonstruting the vertex using similar tehniques to the ones desribed below inthis hapter. V 0 andidates are found aording to the standard Delphi algorithmdesribed in the �rst referene of [78℄. The reonstruted invariant mass distributionsfor the 1994 sample of 'tight' K0 and �(��) are shown in �gures 4.1.a and 4.1.brespetively. The eÆieny reonstrution depends on the V 0 momentum, as it anbe seen in �gures 4.1. and 4.1.d. The average over momentum spetrum of 'tight'K0 seletion is about 36% with a ontamination of 3%. The same for 'tight' �(��)seletion is 30% with a ontamination of about 10%. There is no protetion againstshort range �+ and ��. There is also a small but non-vanishing probability thatharged pions and kaons deay inside the beam pipe.
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Figure 4.1: Invariant mass distribution for the tight (a) K0 and (b) �(��) samples,normalized to the total number of hadroni events. The line shows a �t to a Breit-Wigner shape for the mass plus a linear bakground. EÆieny (losed irles) andbakground fration (open irles) as a funtion of � lnxp = � ln p=pbeam for tight() K0 and (d) �(��) samples. The mass uts are 0:35 < m�� < 0:65 GeV/2 and1:3 < mp� GeV/2 for �0, with 0:02 < probability to have deayed within the �tteddistane < 0:95 for both ases.



68 Tagging Z ! b�b events in Delphi4.2 The data and Monte Carlo samplesThe total number of aepted hadroni Z deays from the 1991 to the 1995 runsof the Lep ollider1, before and after the angular aeptane ut, is summarized intable 4.1. The 1994 and 1995 data have been reproessed with a new version of thereonstrution program (DELANA) that greatly enhanes the traking eÆieny andresolution ompared with those obtained with the older version [88℄. The data fromearlier years (1991-1993) are still under reproessing with this new reonstrutionprogram, and therefore the old reonstrution algorithm was used for these data.Table 4.1: Number of hadroni Z deays aepted for the analysis in eah year ofoperation, before and after j os �thrust j< 0:65 ut.Year 1991 1992 1993 1994 1995 TotalBefore j os �thrust j ut 247277 691658 698557 1370354 664676 3672522After j os �thrust j ut 150635 421741 425796 828168 400482 2226822Samples about twie the data statistis of Z ! q�q events have been simulatedusing the Lund parton shower Monte Carlo JETSET 7.3 [32℄ and the Delphi de-tetor simulation DELSIM [97℄. The simulated events have been passed throughthe same analysis hain as the real events. The total number of aepted simulatedhadroni Z deays is shown in table 4.2. In addition, dediated samples of Z ! b�bevents have been generated (table 4.3).Table 4.2: Number of hadroni Z deays aepted after j os �thrust j< 0:65 ut insimulation for the analysis in eah year.Year 1991 1992 1993 1994 1995 Total210013 1599895 1217802 2465416 557850 6050976
Table 4.3: Number of equivalent hadroni Z deays aepted after j os �thrust j< 0:65ut of dediated Z ! b�b events for eah year.Year 1991 1992 1993 1994 1995 Total- 1420295 1451752 2371936 949487 61934701The data proessing used are the last available at the moment when this work was written:91F1, 92D2, 93C1, 94C2 and 95D2.



4.2 The data and Monte Carlo samples 69The event seletion was designed to have the same aeptane for any quarkavour. There is, however, a small bias aused by the harged trak multipliityrequirement: b quark events have a higher average multipliity, and hene a highereÆieny for seletion, than the other avours. This avour bias inreases the valueof Rb in the seleted event sample. The bias towards Z ! b�b events in the seletedsample was estimated from simulation and was found to be small (table 4.4). Toestimate this bias, the following expression was used:ÆRb = RbfbRbfb + (1�Rb)fuds � Rb (4.1)where Rb here is the input value in the simulation and fb and fuds are the eÆieniesto selet b and uds events respetively. In order to redue Monte Carlo statistialerrors in the evaluation of ÆRb, Z ! q�q samples were used to evaluate fuds, butalso dediated Z ! b�b samples were used to estimate fb. To ompute the statistialsigni�ane of ÆRb, error propagation on expression (4.1) was applied.The bakground in the hadroni event seletion is dominated by �+�� pairs,hanging the fration of b�b events in the seleted sample. The bias towards Z ! b�bevents, as estimated from simulation, depends mainly on the number of hargedtraks required in the hadroni seletion. For 5 traks, it is -0.00046, where theorresponding error is dominated by systematis, being negligible ompared with theaeptane bias error. The bias and bakground are orreted for when measuringRb, and the systemati error is due to the unertainty in the simulation of thetrak multipliity distribution and to the limited amount of Monte Carlo simulation.However, the former is negligible ompared with the latter, whih is given in table4.4 for the di�erent data samples.Table 4.4: The bias towards Z ! b�b events in the seleted sample estimated fromsimulation. This bias is de�ned as the di�erene of the fration of b�b events in theseleted events with respet to its true value.Year 1991-1993 1994 1995(0:66� 0:12)� 10�3 (0:69� 0:13)� 10�3 (1:18� 0:26)� 10�3The parameters used in JETSET were optimized by Delphi [98℄, in partiular,some parameters to whih the determination of Rb is sensitive. Between them are:� fragmentation funtion for heavy avours, taken as Peterson et al. [36℄;� the prodution frations of weakly deaying harm and bottom hadrons in �and b�b events respetively;� the lifetimes of harm hadrons;



70 Tagging Z ! b�b events in Delphi� the average harged deay multipliities of harm and bottom hadrons;� the prodution rates of b and  quarks via gluon splitting;� the prodution rates of K0's and hyperons.Other fundamental parameters suh as the prodution frations, lifetimes and theaverage harged deay multipliities of the B hadrons were also optimized, althoughthe determination of Rb reported here has a small sensitivity to them. The en-tral values for all these parameters and their unertainties used when evaluatingsystemati errors are given in hapter 6.4.3 The hemisphere primary vertex �nderA primary vertex �t serves to estimate the position of the e+e� interation point.In a �rst step we determine an event vertex, whose purpose will be to see if a trakoriginates from the prodution point region and an be seleted as a tight trakas desribed in setion 4.1. The position of the event vertex is omputed using aniterative proedure whih starts with all the seleted harged partiles of the event,by minimizing the full three-dimensional least squares ansatz [100℄:M =Xj=1~Æ Ta;j ~Gj~Æa;j +Xj=1((bx;j � Vx)2�2bx;j + (by;j � Vy)2�2by;j ) : (4.2)In equation (4.2), ~Æa;j is the vetor of losest approah distane in spae of the trakto the andidate vertex ~V and ~Gj is the weight matrix of trak j. The seond term of(4.2) orresponds to the inlusion of the beam spot position (bx;j,by;j) and dimensions(�2bx;j ,�2by;j ) as a onstraint of the vertex �t. This onstraint is meaningful only in theR� plane. At eah iteration, a searh for the trak with maximum ontribution tothe full three-dimensional least squares ansatz above a threshold of 10.0 is performed.If found, the trak is removed and a new vertex �t is attempted until no trak isremoved. If no traks are �nally left, the beam spot position is used as estimate ofthe vertex. Sine the beam spot position is used as a starting referene point, inpriniple all the traks an be rejeted from the �t. For these events the beam spotentre is taken as the event main vertex and the ovariane matrix orresponds tothe beam spot size. The fration of suh events is around 1%.The beam spot is de�ned as the interation region of the eletron and positronbeams. To follow variations during the Lep �ll, its position is determined for everyartridge written by the DAS orresponding to about 200 sequential hadroni events.The x and y positions are found with typial unertainties of about 9 �m and 4 �mrespetively. The width along the x oordinate varies with time but a typial valueis 100 to 120 �m with an error of 7 �m. The beam spot is small, whih improvesthe auray of the event by event primary vertex �t and therefore the eÆieny fortagging b quark events.



4.3 The hemisphere primary vertex �nder 71However, the fat that this primary vertex shares traks from both hemispheresintrodues sizeable tagging orrelations between the hemispheres:� if one B hadron has a long deay length, it will be almost ertainly tagged.However, it will degrade the resolution of the primary vertex, making it lesslikely that the seond B hadron will be tagged;� if two hemispheres share a ommon primary vertex and if its error happens tobe large, the B hadrons will be less likely to be tagged as b;� if the primary vertex is pulled towards one of the B hadrons (beause it in-ludes deay traks), the deay range of that B hadron will be underestimated,while that of the other B will be overestimated.These problems an almost be eliminated if a primary vertex is omputed separatelyfor eah hemisphere. It should be remarked that the prie to pay for this indepen-dene is a small derease in tagging eÆieny. However, the redution of hemisphereorrelations has been proven to be one of the most important points of the analysis.Bak-to-bak hemispheres are de�ned by lassifying partiles into two subsetsusing the event thrust axis. The thrust axis ~T is de�ned to maximize the ratio [32℄Pa j ~pa � ~T jPa j ~pa j (4.3)where j ~T j= 1. Index a runs over all the �nal state partiles and ~pa is the momentaof eah partile. The maximal value found is known as event thrust. Partilesare distributed into jets using the JADE algorithm [32℄ with yut = 0:01, and thejet diretion was given by the jet thrust axis. Then partiles are assigned to thehemisphere of the jet they belong to.The JADE algorithm proeeds by onsidering all pairs of partiles, i and j, andalulating the invariant mass squared of eah pair, M2ij, de�ned byM2ij = 2EiEj(1� os �ij) (4.4)where Ei, Ej are the energies of the two partiles, and �ij is the angle betweenthem. The pair with the lowest mass is merged into a single \pseudo-partile" withfour-momentum equal to the sum of the four-momenta of the two onstituents. Theproedure is repeated until the masses of all partile and pseudo-partile pairs aregreater than a ut-o� yut, on the mass squared saled by the visible energy in theevent.From this list of partiles, an hemisphere primary vertex is now evaluated. Trakswith wrong assoiations to hits in the VD, from seondary deays of long livedpartiles or from interations in the detetor material, may spoil the reonstrution ofthe vertex. To minimize the presene of these traks, in a �rst step all the previouslyidenti�ed tight traks of the hemisphere are used for the hemisphere vertex �t, taking



72 Tagging Z ! b�b events in Delphias approximative solution the global event vertex previously omputed. Then, aseletion of traks is performed by requiring a R� impat parameter less than 0.30m and less than 2.5 m in z with respet to the vertex obtained in this �rst step.In the seond step, with the seleted traks a new vertex �t is performed. If the�t probability of the full three-dimensional least squares ansatz of equation (4.2) isless than 0.05, the partile with the most important ontribution is removed, and anew vertex iteration is attempted. If no traks are left in the �t (this happens onsimulation in about 4% of hemispheres) the event vertex is taken. From this fastalgorithm the hemisphere vertex position, as well as the full ovariane matrix, aredetermined.Figure 4.2 shows the di�erene between the reonstruted and generated vertexpositions in the x, y and z diretions for light, harm and b hemispheres for the1994 simulation. By omparison, table 4.5 summarizes the RMS of the obtaineddistributions for the 1994 and 1993 simulations. In 1994, the RMS of the distributionin the x diretion is about 60 �m for light quark events and for b quarks it is around125 �m; in the y diretion it is around 10 �m for both, uds and b quarks. Therefore,the y primary vertex resolution is similar for uds and b quarks, beause of the tightbeam spot onstraint in that omponent (�by;j � 20 �m). However, ompared withuds hemispheres, the x resolution for b quarks shows: a) higher RMS, whih isthe result of the exlusion in the vertex �t of seondary traks reduing the trakmultipliity of the �t together with a poorer beam spot determination (omparedwith the y omponent); b) larger tails, owing to the inlusion in the �t of someseondary traks. In the z omponent similar arguments to the x omponent anbe applied, with the additional onsideration that the beam spot in z is not a realonstraint in the vertex �t. Before 1994 the VD did not provide measurements ofthe z oordinate. Table 4.5 shows the fator about ten of gain in z resolution for udshemispheres from 1993 to 1994, as a onsequene of the upgrade of the mirovertexdetetor with z readout. In the x oordinate the resolution before 1994 is slightlypoorer and it is similar for the y oordinate.Figure 4.3.a- shows the di�erenes between the reonstruted hemisphere pri-mary vertex and the beam spot. For the 1994 data, the RMS of the x, y and zdistributions are 133.1 �m, 3.3 �m and 7050 �m respetively, ompared with 130.9�m, 3.0 �m and 7109 �m obtained from the Monte Carlo simulation of the exper-iment. Figure 4.3.d-f also shows the error obtained from the hemisphere vertex �t.The large tail of the z omponent is mainly due to badly measured traks in z andthe poor beam spot determination in that omponent.Finally, �gure 4.4 shows the di�erenes between the two hemisphere vertex po-sitions in data and simulation for 1994, and table 4.6 summarizes the RMS of thedistributions. As previously, the x and z distributions have larger tails beause ofthe inlusion of seondary traks and the poorer beam spot onstraint.



4.3 The hemisphere primary vertex �nder 73
Table 4.5: RMS of the distributions of di�erenes between the reonstruted and gen-erated vertex positions in the x, y and z diretions for light, harm and b quarks for the1994 and 1993 simulation.Distribution 1994 Simulation 1993 SimulationPVx-PVx(true) uds 56:6 �m 69:5 �mPVx-PVx(true)  73:8 �m 87:9 �mPVx-PVx(true) b 125:3 �m 144:7 �mPVy-PVy(true) uds 9:8 �m 9:9 �mPVy-PVy(true)  10:0 �m 10:0 �mPVy-PVy(true) b 10:3 �m 10:3 �mPVz-PVz(true) uds 75:2 �m 783:0 �mPVz-PVz(true)  89:0 �m 803:5 �mPVz-PVz(true) b 137:4 �m 875:0 �m

Table 4.6: RMS of the distributions of di�erenes between the two reonstruted hemi-sphere vertex positions in the x, y and z diretions for the 1994 simulation and realdata. Distribution 1994 Simulation 1994 DataPVx1-PVx2 91:1 �m 90:3 �mPVy1-PVy2 3:8 �m 4:3 �mPVz1-PVz2 155:4 �m 161:6 �m
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Figure 4.2: Di�erene between the reonstruted and generated hemisphere vertex po-sitions in the x, y and z diretions for light, harm and b quarks in the 1994 simulation.Horizontal sale is in m.4.4 Impat parameter reonstrutionSine the experimental trak preision in the three spatial dimensions is omparable(when VD hits in R� and z have been assoiated with the trak), normal three-dimensional metri for impat parameter reonstrution an be used. It has beenfound that weighting the R� and z oordinates to take into aount the di�erenesin auray do not bring sizeable improvements with respet to the standard three-dimensional alulations.Coneptually, the impat parameter is the distane of losest approah be-tween a trak and the interation point. The trak trajetory is represented byan helix in spae. The usual onvention is to take as starting point of the helixa point ~P0 whih is the perigee with respet to the origin of the Delphi refer-ene frame. The trajetory is then de�ned through the usual �ve helix parameters(hxy0 ;�0z; �0; �0; 1=�) taken at perigee ~P0 [87℄. The oordinates of ~P0 are therefore(hxy0 sin�0;�hxy0 os�0;�0z). The point ~P0 de�nes an origin on the helix. The po-sition of another point of absissa s (path length of the helix) an be alulated
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Figure 4.3: Vertex positions with respet to the beam spot and their errors in the x, yand z diretions for the 1994 data. Horizontal sale is in m.diretly knowing the diretion ~T0 (de�ned by �0 and �0) at ~P0 and the urvature1=�.One an approximate the interation point by the hemisphere primary vertex,represented on �gure 4.5 by the point ~V . The value of s = (~V � ~P0) � ~T0 de�nesa new point ~Pa whih is the point of losest approah of the trak with respet tothe interation point ~V . The three-dimensional impat parameter magnitude will beÆa =j ~Pa � ~V j.4.4.1 Signed impat parameterThe deay point of the b quark must lie along the ight path of the heavy hadron.The purpose of attributing a sign to the impat parameter is to reognize thatsituation. One assumes that the diretion ~J of the most energeti jet represents thequark diretion. The line of diretion ~J , attahed to the vertex ~V , approximatesthe line of ight of the quark. A �rst interesting quantity is the projeted impatparameter on the jet axis
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Figure 4.4: Di�erene between the two hemisphere vertex positions in the x, y and zdiretions for 1994 simulation (a,b,) and data (d,e,f). Horizontal sale is in m.qJ = ��!PaV � ~J: (4.5)However, it is more useful to alulate the losest approah distane between thequark line of ight and the trak. This an be done by minimizing the squared dis-tane j �!RQ j2 between two points ~Q and ~R belonging to the quark and partile linesrespetively (�gure 4.5). At the minimum, ~Q and ~R are onveniently represented bytheir absissas sJ and st eah one taken relatively to their origin: ~V for the quarkline and ~Pa for the trak. When the partile is a b produt, the values of sJ and stare positive. For that reason, we assign to the trak impat parameter Æa the signof sJ . The expression of sJ is derived in setion 4.4.22.4.4.2 Trak-jet distane in spaeThe quantity ÆJ =j �!RQ j is the losest approah distane between the quark lineand the trak. The interest of ÆJ is to be sensitive to asade deays of the b quark.2We may have taken st as well.
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Figure 4.5: De�nition of the signed impat parameter and the trak-jet distane.In the limit of no errors, the quark and the trak would interset exatly when thepartile is produed either at the interation point or at the �rst generation deay.Therefore, only seond generation deays would produe non-vanishing values of ÆJ .Mathematially, the problem of �nding the point of losest approah betweena line and a helix in spae is transendental and an iterative proedure is needed.The proedure has only been applied to 3D-tight traks. For 2D-tight traks, it ismeaningless.We start by approximating the trak as a line de�ned by the point ~Pa of losestapproah of the trak to the hemisphere vertex, plus its diretion, ~Ta. The same forthe line of the jet axis, where the origin is the hemisphere primary vertex ~V . Wethen solve for the ar length st along the trak whih orresponds to the point oflosest approah between the linearized trak and the jet axis. The solution is givenby the expression st = (~V � ~Pa) � 264 ~Ta � ~J �~Ta � ~J�1� �~Ta � ~J�2 375 : (4.6)The assumption of the helix to its tangent may beome inaurate when st is notsmall ompared with the radius of urvature. In this ase, a new origin ~P of absissast with tangent ~T replaes the old point represented by ~Pa and ~Ta. The hange oforigin is explained in setion 4.4.3, and equation (4.6) is again solved. The totalpath from ~Pa is updated and the proess is iterated until the path length hange issmall. This takes generally one iteration and a maximum of four. By following thisproedure, the trak point ~R of losest approah trak-jet is obtained as ~R = ~P+st ~Twith ~P , ~T and st taken from the last iteration. The orresponding point ~Q on thejet axis is then determined from the relation ~Q = ~V + sJ ~J , where sJ is de�ned by
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sJ = (~V � ~Pa) � 264 ~T �~T � ~J�� ~J1� �~T � ~J�2 375 : (4.7)The quantity sJ is just the distane on the jet line between ~V and ~Q, and it is alledtrak-jet absissa. The vetor �!RQ an then be written as�!RQ = ~Æa � 24 ~Æa~Uj ~U j ~U + ~Æa~Vj ~V j ~V 35 (4.8)where ~U = (~T + ~J)=2 and ~V = (~T � ~J)=2. The trak-jet distane ÆJ is then givenby the simple formula Æ2J = Æ2a � h~Æa � ~Ui2j ~U j2 � h~Æa � ~V i2j ~V j2 : (4.9)The ÆJ distane veri�es the ondition ÆJ <j Æa j.4.4.3 The trak helix linearizationFor the three-dimensional determination of the impat parameter and the trak-jetdistane, it is neessary to propagate the trak parameters to a new point at the arlength s in spae, using a linear approximation of the trak.Given the unitary vetor of the tangent ~T0 = (Tx;0; Ty;0; Tz;0) at the point ~P0 =(Px;0; Py;0; Pz;0), the tangent parameters ~T1 of the same helix at the ar length s inspae are given by the formulaeTx;1 = Tx;0 os � � Ty;0 sin �Ty;1 = Tx;0 sin� + Ty;0 os �Tz;1 = Tz;0: (4.10)� = sqT 2x;0 + T 2y;0=� represents the rotation of the helix in the R� projetion between~P0 and ~P1 and � is the projeted signed radius. The point ~P1 is de�ned byPx;1 = Px;0 + �Tx;0 sin� � Ty;0(1� os �)qT 2x;0 + T 2y;0Py;1 = Py;0 + �Ty;0 sin� + Tx;0(1� os �)qT 2x;0 + T 2y;0Pz;1 = Pz;0 + sTz;0: (4.11)



4.4 Impat parameter reonstrution 794.4.4 Signed impat parameter in two dimensionsWhen the experimental trak preision in R� is muh higher than in z (whihorresponds to the ase when R� VD hits have been assoiated to the trak but notin z), a standard two-dimensional impat parameter reonstrution must be adopted,whih is the ase for all data taken in 1991, 1992, 1993 and a small fration of traksin 1994 and 1995.Taking as starting point the trak parameters at perigee (point of losest ap-proah to the Delphi origin), the two-dimensional impat parameter with respetto the hemisphere vertex projeted on the R� plane is�a = hxy0 + (Vy os�0 � Vx sin�0)� (Vx os�0 + Vy sin�0)22� (4.12)where � is the signed urvature of the trak projeted on the R� plane. The notation�a is adopted to avoid onfusion with the three-dimensional impat parameter Æa.The �rst term of expression (4.12) orresponds to a oordinate hange from theorigin of Delphi to the reonstruted hemisphere primary vertex and the seondone is a orretion due to the trak urvature. Similarly, the impat parameter in zan be estimated aording to the expression�az = �0z � Vz + Vx os �0 + Vy sin�0tan �0 : (4.13)The priniple of signing the impat parameters in two dimensions is similar tothe ase of three dimensions. The impat parameter in R� projeted on the jet axisan be estimated as qJ = �a sin �J (4.14)where �J is the angle (projeted on R�) of the trajetory at perigee with the jetdiretion. Note that qJ is positive for deay produts of B and D hadrons travelingin the downstream diretion of the jet.4.4.5 Impat parameter errorsAs the impat parameter is the minimal distane from the trajetory to the primaryvertex, the error on this quantity has two omponents. The �rst one is due to thetrak extrapolation error at the Delphi origin. The seond one, whih has a smallerontribution, is due to the primary vertex itself. The auray on the primary vertexdepends on the beam spot size and the auray of the traks inluded.Soures of errors on the trak parameters at perigeeThe ontribution of the trajetory measurement and its extrapolation to the in-teration region an be estimated from the apparent distane between the traks



80 Tagging Z ! b�b events in Delphifrom Z ! �+�� deays, where multiple sattering is negligible (in this ase thereis no primary vertex ontribution). In the R� plane a trak extrapolation error of20 �m is measured. In the Rz plane, the preision varies as a funtion of �. For� = 900 traks, the extrapolation error is 34 �. At lower momenta, the trak �t andextrapolation error an be estimated using traks with negative impat parameters,whih have little ontamination from partiles produed in b deays. This is done bysubtrating the vertex position unertainty in quadrature. The errors on the impatparameters hxy0 and �0z are parameterized as�2hxy0 =  �MSp sin3=2 �!2 + �20;R� �2�0z =  �0MSp sin5=2 �!2 + �20;Rz (4.15)where �MS (�0MS) is a multiple sattering oeÆient (in �m GeV/) and p is thetrak momentum. In both expressions, the �rst term is the multiple satteringontribution and the seond one the intrinsi resolution of the traking system inthe absene of multiple sattering. Figure 4.6.a shows the �t of �2hxy0 as a funtion ofp sin3=2 �. The ontribution of the event vertex position unertainty is shown by thelower urve. Parameterizing the extrapolation unertainty as above gives �MS = 60�m GeV/ and �0;R� = 20 �m.The extrapolation in Rz depends strongly on the polar angle of the trak. Twoe�ets ontribute to the preision for non-perpendiular traks. The �rst one is thevarying point preision hit in z whih a�ets the measurement error; the seondone is the larger path through the material whih inreases the multiple satteringerror. Figure 4.6.b shows the extrapolation error in Rz as a funtion of momentumfor 45Æ < � < 55Æ (upper urve) and 80Æ < � < 90Æ (lower urve). The measurementerror values are 96 �m and 39 �m respetively, mathing well with the result obtainedfrom the dimuon miss distane at the same angles. The multiple sattering oeÆient�0MS is 151 �m GeV/ and 71 �m GeV/ respetively. The low amount of material(about 0.5X0) per layer in the VD redues the degradation of the preision for lowmomentum traks.The improvement ahieved by adding the z VD information in 1994 and 1995an be seen by omparing the impat parameter resolution in the Rz plane foralmost perpendiular traks (70Æ < � < 110Æ) above 6 GeV/, without and with zhits. Adding the z hits gives an improvement fator of approximately 20 in the Rzimpat parameter preision.Two-dimensional impat parameter errorsAt the level of individual traks, the error on the impat parameters �a and �azare obtained by di�erentiating equations (4.12) and (4.13). The alulation requiresthe propagation of the trak impat parameters at perigee (hxy0 and �0z) to the newreferene point, the hemisphere primary vertex ~V . As this point is lose to theDelphi origin, the propagation has little e�et and equation (4.12) an be taken



4.4 Impat parameter reonstrution 81

(a) (b)Figure 4.6: (a) Error on the R� impat parameter hxy0 (�hxy0 ) measured as a funtion ofp sin3=2 �, where p is the partile momentum. The full line is a �t to 60=p sin3=2 �� 20.The ontribution due to the vertex position unertainty was already subtrated and isshown by the bottom urve. (b) Error on the z impat parameter �0z (��0z), measuredas a funtion of p. The two urves orrespond to traks with 80Æ < � < 90Æ and with45Æ < � < 55Æ, respetively. The full lines are a �t to 71=p� 39 and 151=p� 96.at �rst order. For the R� omponent, the error on hxy0 must be added to theontribution due to the error on the (x; y) oordinates of ~V :�2�a = �2hxy0 + sin2 �0�2Vx + os2 �0�2Vy � 2 sin�0 os�0ov(Vx; Vy): (4.16)The z omponent error ��az is derived from equation (4.13):�2�az = �2�0z + �2Vz(os2 �0�2Vx + sin2 �0�2Vy)= tan2 �0 + sin 2�0ov(Vx; Vy)= tan2 �0+2[os �0ov(Vx; Vz) + sin�0ov(Vy; Vz)℄= tan �0: (4.17)A similar equation is derived for the ovariane ov(�a;�az). The orrelation due tothe fat that the trak ould be inluded in the vertex �t is negleted. The erroron qJ is then straightforward. There is an additional error oming from the angularunertainty on the jet axis diretion.



82 Tagging Z ! b�b events in DelphiThree-dimensional impat parameter errorsOne advantage to ompute the impat parameter in spae, instead of in R� andRz projetions separately, is that the potential R� � Rz orrelation in the trakparameters is automatially inluded. However, the error of the impat parameterin spae is more ompliated to estimate. For onveniene, we express ~Æa in a loalhelix frame in the viinity of the reonstruted hemisphere primary vertex ~V , de�nedby three unitary vetors: t̂ and n̂ are the tangent and normal (on the R� plane) tothe trak in the R� projetion and k̂ is a vetor along the z diretion. The vetor~Æa an be expressed as a funtion of �a and �az :~Æa = �an̂ +�az k̂: (4.18)It is onvenient to de�ne a unit vetor d̂a in the diretion of ~Æa by ~Æa = Æad̂a. Forsmall displaements in the interation region, the ontributions due to errors ontrak angles an be ignored. The error �a on Æa an be expressed by�2a = �d̂a � n̂�2 �2�a + �d̂a � k̂�2 �2�az + 2 �d̂a � n̂� �d̂a � k̂� ov(�a;�az): (4.19)The quantities ��a , ��az and ov(�a;�az) are given by equations (4.16) and (4.17).The trak-vertex orrelation e�ets were again negleted.The proedure followed to estimate the error on the trak-jet distane ÆJ (�ÆJ ) issimilar to the one desribed above for the impat parameter in spae. The additionalontribution to be onsidered in the error propagation is the angular unertainty onthe jet axis determination. The jet diretion unertainty an be written asd ~J = d�J n̂J + d�J êJ (4.20)where n̂J and êJ are two orthonormal vetors both perpendiular to the jet axis ~J ;d�J and d�J represent small displaements along the 'north' and 'east' diretionsgiven by n̂J and êJ respetively. These small displaements are onneted to theangular unertainties in the jet axis measurement. It ould be approximated thatthe mean values of both displaements are similar and equal to the jet axis resolution�jet. In Z ! b�b events, typial resolutions in the estimate of the B hadron diretionof about 70 mrad are obtained, improving to about 50 mrad for jet energies above10 GeV. The error on ÆJ an then be determined applying error propagation to theexpression (4.9). However, a more simple expression for ÆJ an be obtained if wetake as referene point of the trak ~Pa instead of ~P0. In that ase, ~Æa � ~Ta = 0, andexpression (4.9) is simpli�ed toÆ2J = Æ2a � q2J1� �~T � ~J�2 : (4.21)The �nal expression for �ÆJ an easily be obtained after a little algebra from equa-tions (4.5), (4.18), (4.20) and (4.21).



4.5 Traking tuning 83The errors assoiated to the projeted impat parameter on the jet axis qJ (�qJ )and on the trak-jet absissa sJ (�J) are alulated using exatly the same proedureas for the trak-jet distane error.4.4.6 Impat parameter signi�aneThe ratio between the impat parameter and its error gives the statistial signif-iane of the measured impat parameter. Figure 4.7 represents the signi�ane,S = Æa=�a, in 1994 for (a) 3D-tight traks and (b) 2D-tight traks for data andMonte Carlo simulation. For simulation, the omposition of uds,  and b quarksis shown. The large positive tail is the lifetime signal. The negative half of thedistribution measures the resolution of the impat parameter reonstrution, aris-ing from inaurate trak reonstrution (this sample of traks is mainly produedat the interation point and has no true impat parameter). This resolution e�etshould be equally positive and negative. In both ases, three-dimensional and two-dimensional metri, the negative part of the resolution is well �tted by the sum offour Gaussians plus one exponential funtion. These �ts are a diret measure of theresolution funtion R(S) for the impat parameter signi�ane.Unfortunately a omplete, physially motivated parameterization of the non-Gaussian tail does not exist sine there are many soures of ompletely di�erentnature whih produe it. They inlude unavoidable mistakes in the trak searhalgorithm produing large impat parameters, interations of the partiles with thedetetor material, deays of long lived partiles (K0, �), presene of seondaryverties, et. That is why the parameterization is rather omplex and arbitrary.The non-Gaussian tail depends signi�antly on the riteria whih are used for theseletion of traks and events.4.5 Traking tuningThe auray of the Rb measurement relies on a lose agreement between the ob-served data distributions and those predited by the detailed detetor simulation.The generated physial events [32℄ are passed through a omplex and detailed sim-ulation of the Delphi detetor [97℄. In a seond step, these simulated raw dataare analyzed through the same reonstrution programs [84℄ as the data. However,after this proedure some disagreements remain between data and simulation in theindividual trak resolution and in the primary vertex desription. They are notdrastially large but nevertheless an spoil the preise determination of Rb.Both the generation of the intrinsi physial parameters and the simulation ofthe detetor response must be as realisti as possible. In studies of b quark eventsbased on the separation of their origin and deay points, the harged trak impatparameter resolution and the primary vertex reonstrution unertainty are the mostruial parts of the detetor response. The main features to reprodue are then
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(b)Figure 4.7: Signed impat parameter over the error (signi�ane) with respet thehemisphere vertex in the 1994 period for (a) 3D-tight traks and (b) 2D-tight traks.the resolution funtion R(S) of the impat parameter signi�ane S and the meannumber of VD hits assoiated to traks.The standard Monte Carlo simulation inludes a vertex detetor map, thus re-produing ineÆient and dead regions. The remaining di�erenes between data andsimulation in the eÆieny of assigning VD hits to traks are small and they aredue basially to residual e�ets that play a role in the trak-hit assoiation, suh asdisrepanies in outer traking between data and simulation, produing di�erenesin the result of the pattern reognition algorithms.However, in the standard Monte Carlo simulation the resolution funtion is foundto be slightly di�erent to the one measured in the data. The errors, alulated trakby trak, are the results of a �t of the trajetories inside the detetors. These errorsrepresent not the true detetor resolution but our understanding of it. Therefore,how reliable are these errors is ruial for an analysis based on lifetime. The Del-phi Collaboration has developed a ontrol mehanism whih allows their validityto be heked and eventually to be readjusted. The proedure used for the impatparameter tuning is desribed in detail in referene [101℄.Tuning of R� impat parameter errorsThe error distributions of the reonstruted impat parameters hxy0 and �0z areparameterized by expressions (4.15). The parameters (�MS,�0;R�) and (�0MS,�0;Rz),



4.5 Traking tuning 85alled generally (a; b), depend on the pattern of the trak measurements in thedi�erent parts of the traking devie. In the ase of Delphi, the trak resolution isdominated by the VD (whih improves the resolution by one order of magnitude).Thus, for traks with hits in at least two R� layers (tight traks) we should take intoaount the dependene on the VD map of hits. For those traks, �gure 4.8 showsthe resolution in R� of the impat parameter versus p2 sin3 �. The superimposedadjusted urve from (4.15) gives a reasonable desription of the trak resolution.
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Figure 4.8: Resolution of the R� trak impat parameter hxy0 versus p2 sin3 � for trakswith hits in three R� layers of the VD.The determination of (a; b) from the error on the impat parameter hxy0 (alledin general �res) is merely the result of the �t shown in �gure 4.8. However, �resreets not the real preision of the traking system but, as metioned previously,our understanding of it (auray of the di�erent parts of the detetor and thematerial distribution inside it). In the ase of primary partiles, for whih the trueimpat parameter is expeted to be zero, any departure of the impat parameter fromzero is due to the measurement error. The distribution of the impat parameters isthen the error distribution �obs. If a sample of primary partiles an be isolated, aomparison between �obs and �res an be performed.The 'real' auray �obs is evaluated ideally, for a given p and �, by the variane of



86 Tagging Z ! b�b events in Delphithe observed distribution of the impat parameters, if it is desribed by a Gaussian.However, in the real data the 'true' impat parameter with respet to the originannot be determined diretly beause: �rstly, the true origin point is not known;seondly, the presene of traks from seondary interations in the material or fromlong lived partiles (B hadrons, K0s , hyperons, et.). The 'true' impat parameteran be approximated from a sample of primary traks as follows. Tight traks withnegative and small absolute values of signi�ane are seleted, in order to reduethe ontribution from seondary traks. An even more pure seletion is ahieved byrequiring an event anti-b tag on a b tagging variable, for instane, the one desribedin setion 4.6.1. The point of origin an be approximated by the reonstrutedprimary vertex, within errors. The parameterization of the distribution of observedimpat parameters is then determined by a maximum likelihood �t. For eah trakentering in the �t, the probability density funtion is de�ned byf(�a) = 1p2���a exp n��2a=(2�2�a)o (4.22)�2�a = �2obs(a; b) + �2PVwhere �obs is the funtion of (a; b) de�ned in (4.15) and �PV is the error orrespondingto the unertainty in the primary vertex position, as given by equation (4.16). Inthis R� tuning, �a is the two-dimensional impat parameter de�ned in equation(4.12). This method to approximate the 'true' distribution is tested on simulationevents by measuring (a; b) in the same way as in real data, and omparing the impatparameter distribution knowing the true origin. The values of (a; b) obtained in bothases are ompatible within statistial errors, showing that the proedure is reliableand is not inuened by seondary traks.The two di�erent estimates of the trak resolution using the resolution errorgiven by the trak �t (�res) or using the observed distribution of the trak impatparameters (�obs) an be ompared. Both estimates an be parameterized by thesame funtion (4.15) with slightly di�erent oeÆients. The orretion of the trakresolution is performed in suh a way that it ombines the better average desriptionof the resolution by �obs with the individual peuliarities of the trak reonstrutionwhih are kept in �res. The resolution error of eah trak in data is multiplied bythe fator KRDres de�ned as(KRDres )2 = (aRDobs )2 + (bRDobs )2(p sin3=2 �)�2(aRDres )2 + (bRDres )2(p sin3=2 �)�2 : (4.23)In this equation, (aRDobs ; bRDobs ) are the oeÆients of the parameterization of �obs,(aRDres ; bRDres ) the oeÆients of �res and RD denotes real data. The resolution errorin the simulation an be similarly orreted multiplying the trak impat parametererror by the fator KMCres alulated as
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(KMCres )2 = (aRDobs )2 + (bRDobs )2(p sin3=2 �)�2(aMCres )2 + (bMCres )2(p sin3=2 �)�2 (4.24)being (aMCres ; bMCres ) the oeÆients of the parameterization of �res in the simulation(MC).Tuning of R� trak impat parameters in the simulationHowever, the trak impat parameter in the simulation should be additionallysmeared beause the distribution of impat parameters itself di�ers from the data.The distribution of 'true' impat parameters an be parameterized by a Gaussianwith the variane in the form of equation (4.15) with oeÆients (aMCobs ; bMCobs ). Themultipliation of the 'true' impat parameter by the value KMCobs de�ned as(KMCobs )2 = (aRDobs )2 + (bRDobs )2(p sin3=2 �)�2(aMCobs )2 + (bMCobs )2(p sin3=2 �)�2 (4.25)transforms the variane �MCobs of its distribution in �RDobs . This transformation isequivalent to add the value �truea (KMCobs � 1) to the trak impat parameter, where�truea is the true impat parameter in the simulation.After this transformation, the variane of the impat parameter distribution isfored to be the same as in data. In addition, suh a method of tuning has the follow-ing features: a) the smearing in simulation is done without additional randomization;b) the orretion treats both primary and seondary traks equivalently; ) beausethe values of (aRDobs ; bRDobs ) are determined as a funtion of the trak azimuthal angle�, after this orretion the resolution in simulation aquires the same � dependeneas in data.Non-Gaussian e�etsThe orretions desribed above assume that the impat parameter distributionan be parameterized by a Gaussian with variane �obs, whih is only true for smallvalues of signi�ane. Therefore, the desription of the non-Gaussian tail is poor,whih implies that additional orretions are needed. For that, the parameterizationof the resolution is hanged to inlude more terms, in partiular a seond Gaussianfuntion and an exponential one:f(�a) = P1p2��obs exp n��2a=(2�2obs)o + P2p2�Ksg�obs exp n��2a=(2K2sg�2obs)o+P3Kexp2�obs exp f�Kexp j �a j =�obs)g (4.26)with the onstraint P1 + P2 + P3 = 1. The impat parameter of traks in thesimulation is modi�ed in the following way: �rst, the Gaussian orretion is applied



88 Tagging Z ! b�b events in Delphito all traks; seond, for a fration P2 of traks, the fator KMCobs is multiplied byKsg; third, a fration P3 of traks is exponentially smeared around their generationpoint with a slope Kexp. The frations P2 and P3 are very small and do not exeeda few perent.Figure 4.9 shows that the agreement in signed R� impat parameter distributionafter tuning is good.
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Figure 4.9: (a) The trak R� impat parameter distribution after having applied thetuning proedure for the 1994 data sample. The points are real data, the histogram issimulation. (b) The ratio of these distributions (data divided by simulation).Rz impat parameter tuningA similar tuning is performed independently for the z impat parameter �az andonly for the 1994 and 1995 data sets. The only signi�ant di�erene between theR� and Rz tuning is that in the last ase the parameters (a; b) depend on �. Thisdependene is determined by many fators of di�erent origin like signal to noise ratio,Landau distributions and delta eletron emission, the number of strips that olletthe signal, et. The resulting � dependene is diÆult to predit and it is obtained



4.5 Traking tuning 89phenomenologially from the �t of ��az resolution as a funtion of �. In partiular,� dependenes of a and b are parameterized by the following phenomenologialfuntions [101℄: a2 = a20 + a21 ot2 � (4.27)b = b0sin � :Figure 4.10 shows that the agreement in signed Rz impat parameter distributionafter tuning is good.
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Figure 4.10: (a) The trak Rz impat parameter distribution after having applied thetuning proedure for the 1994 data sample. The points are real data, the histogram issimulation. (b) The ratio of these distributions (data divided by simulation).Figure 4.7 represents the signi�ane, S = Æa=�a, for 1994 after the impatparameter tuning. It an be seen that the data and simulation agree reasonablywell in a wide range of signi�ane values, for both, three-dimensional and two-dimensional impat parameter reonstrution. The agreement is muh better than



90 Tagging Z ! b�b events in Delphiit was before the traking tuning [101℄. For three-dimensional reonstrution, theagreement is suessful even though the tuning was performed independently for R�and Rz projetions.4.6 The multivariate avour tagging algorithmThe multivariate avour tagging algorithm is based on the large mass and relativelylong lifetime of the b quark (� 1.6 ps) and some event shape properties of theirdeays. All the available information is ombined using multivariate tehniques.The lifetime information exploits the large and positive signed impat parametersof traks oming from B deays together with a searh for seondary verties andtheir invariant masses. Finally, the lifetime information is ombined with the eventshape properties of the B deays like large transverse momentum of the trakswith respet to the jet axis, rapidity distributions and the boosted spheriity. Thealgorithm was �rstly proposed in [102℄ and it has been reently improved in [103℄.For eah single tagging variable zi, the probability pqi (zi) to observe a value ofzi for a hemisphere of avour q is given by the ontent wqi (zi) of the orrespondingbin in the density distribution of this variable for avour q:pqi (zi) = wqi (zi)N totq (4.28)where N totq is the total number of events in the q avour distribution. The densitydistribution pqi (zi) is modelized using a training sample of simulated events that isdi�erent and tuned for eah data set period3. The probability that the observed setnz1; z2; :::; zNo for a hemisphere omes from a given quark avour uds,  and b isPuds = 3QNi=1 pudsi3QNi=1 pudsi +QNi=1 pi +QNi=1 pbiP = QNi=1 pi3QNi=1 pudsi +QNi=1 pi +QNi=1 pbiPb = QNi=1 pbi3QNi=1 pudsi +QNi=1 pi +QNi=1 pbi (4.29)respetively, N being the total number of variables used. The empirial fator 3assigned to uds reets the fat that this avour is the sum of the three lighteravours u, d and s, whih are taken together beause their distributions are verysimilar. With this formulation the �ve avours have the same weight.This method of ombining the probabilities may not be optimal. It should berealized that the individual probabilities are obtained independently, but they are3In addition, to redue statistial utuations, Gaussian and exponential �ts are performed forsome tail distributions.



4.6 The multivariate avour tagging algorithm 91in fat all orrelated. Thus there is no statistially orret way to ombine them,and several tehniques ould be tried. However, this hoie was proven to be thebest of several attempts.What ounts when omparing avours are ratios of probabilities or their loga-rithmi di�erenes. For this reason, we have introdued three estimatorsLuds = 2 lnPuds � lnP � lnPb3L = 2 lnP � lnPuds � lnPb3Lb = 2 lnPb � lnPuds � lnP3 (4.30)alled avour likelihoods, whih are the basis of the lassi�ation. The event anbe lassi�ed aording to the orresponding positive avour likelihood (only one ispositive), being the absolute value of the likelihood a sensitive indiator of the tagpurity.4.6.1 Probability of primary vertex deay produtsThe resolution funtion measured from negative impat parameter traks an beused to extrat the lifetime information of the positive impat parameter traksby following the method �rstly proposed by the Aleph Collaboration in [104℄ andadopted by Delphi as the standard b tagging method for physis analyses [105℄.This is done by de�ning a probability funtion for the traksPT (S) = Z �jSj�1 R(s)ds: (4.31)In order to take into aount the number of VD hits, separated resolution funtionsR(s) for eah on�guration (2 and 3 R� hit layers; 0, 1 and 2 Rz hit layers) wereonsidered. This integrated probability represents the probability that a trak mea-surement of the signi�ane S is larger than the observed one. Given the measuredtrak signi�ane S, PT (S) an be interpreted as the probability that the trak isonsistent with oming from the primary vertex.The same priniple an be used to ombine probabilities for a set of M traks.We an onsider the individual trak probability as de�ning a point inside an M -dimensional hyperube of unit volume. The di�erential probability for this pointan be determined as the produt of individual trak probabilities, Q = QMi=1 PT (Si).The integrated probability is then the integral over this M -ube of all points havingthe same di�erential probability or less,PM = Z QMi=1 xi(0;0;:::;0) dx1dx2:::dxM = 1� Z (1;1;:::;1)QMi=1 xi dx1dx2:::dxM : (4.32)In order to ompute the integral, it is better to express it in the form
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PM = 1� Z 1Q Z 1Q =xM Z 1Q =(xMxM�1) ::: Z 1Q =QMi=2 xi dx1dx2:::dxM : (4.33)In the ase of M = 1, we reover PM = Q = PT . For M = 2, PM = Q(1� logQ).By indution it an be shown that for M we havePM =YM�1Xj=0 (� lnQ)jj! : (4.34)By onstrution, a at distribution of PM is expeted for a group of traks fromthe primary vertex, provided that the signi�anes are not orrelated. If the groupinludes traks from seondary verties, the distribution has a peak at low values ofPM . In the simulation the distribution of PM for light quarks is approximately at,while for b quarks it has a sharp peak at zero. For light quark events there is alsoa small peak (signi�antly lower than for b and  quarks) at low probability valuesdue to residual traks from V 0 deays or interations in the detetor material (suhas e+e� pairs).4.6.2 Searh for seondary vertiesThe detetion of seondary (and tertiary) verties signi�antly separated from theprimary vertex is a also signature of B hadrons. The signature arries some inde-pendent information with respet to positive impat parameters, leading to di�erentsystemati sensitivity on Rb. We shall all seondary the partiles produed at theB deay vertex and tertiary the partiles originating from the harm hadron whihdeays later on. These two groups of partiles are disonneted in spae, but thelow deay multipliity and short deay ranges together with the limited resolutionof the traking system limit the possibility of separation of the two verties. Itthen happens that deay produts are in most ases merged into a single vertex andverties ould appear as single traks.In order to determine the presene of seondary and even tertiary verties, asearh for disonneted groups (that do not share traks) of harged partiles whihinterset in spae at a suÆient distane from the primary vertex has been imple-mented. The searh is hierarhial: multiplets of �ve or more partiles are sought�rst. If none are found or among partiles external to these multiplets, quadrupletsare sought. Then the proedure is repeated for triplets, doublets and singlets (groupredued to a single partile).The intersetion ~As of the group of traks is de�ned from a geometrial �t similarto that of equation (4.2), but now without the inlusion of the beam spot onstraint.The vertex �t probability and the proper deay length of the multiplet is the riteriaused to aept the group. The deay length is de�ned as the distane between thehemisphere primary vertex and the seondary vertex andidate projeted on theight diretion ~Js, approximated by the total momentum diretion of the multiplet.



4.6 The multivariate avour tagging algorithm 93From the deay length, it is straightforward to ompute the proper deay length ofthe multiplet by the expression �0 = �ms=ps, where ms is the invariant mass ofthe vertex and ps its total momentum:�0 = ���!V As � ~Jsms=ps: (4.35)By de�nition, the distane is signed to be positive if the range goes in the samediretion as the momentum of the multiplet.Tight traks involved in the seondary vertex searh were required to pass furtheruts. They had to have:� positive impat parameter;� a momentum p greater than 0.5 GeV/; and� a low probability (less than 1%), as given by equation (4.2), for the othertraks of the hemisphere to �t a main vertex. This ondition is implementedto remove on�gurations with only one trak, whih a�ets essentially the udsavour. In b hemispheres the multipliity of seondary traks is 5.5 in averageand therefore the on�guration with a single seondary trak is rare. Thisondition improves the purity of the seletion slightly.Requirements used for the multiplet de�nition vary with multipliity, beingtighter for triplets and doublets:� a �t probability > 10%;� a deay length > 1:0 mm (> 1:5 mm for doublets and triplets);� a proper deay length > 0:2 mm (> 0:25 mm for doublets and triplets);� for doublets and triplets, a vertex �t probability for the remaining non-assoiatedtraks of the hemisphere < 10%.For traks not assoiated to any of the previous multiplets, a singlet searh isperformed at the last stage. Two situations are distinguished. In the �rst ase amultiplet has already been found. There is a good hane for a b hemisphere, wheretwo verties (one seondary and one tertiary) are in priniple present, to have onlyone harged partile attahed to one vertex (this is often the ase of a D+). Thenverties are not saturated and information an still be provided by single traks.The onditions in the searh for suh singlets are not severe:� trak momentum > 2:0 GeV/;� trak signi�ane S > 3:0;



94 Tagging Z ! b�b events in DelphiThe seond situation is when no multiplets have been found. The on�guration isdisfavourable beause the hemisphere is probably non-b. But if it is b, it may ourthat both the seondary and the tertiary verties have only one harged partileattahed or seen. For this reason, we look for pairs of singlets, by imposing tighteronditions than previously:� angle of the trak with respet to the most energeti jet of the hemisphere< 30Æ;� trak momentum > 2:0 GeV/;� an intersetion of two traks is omputed and the proper deay length is re-quired to be > 0:20 mm;� the �t probability of the pseudo-intersetion should be greater than 1%, andthe probability of the other traks to be assoiated to a main vertex < 1%.As an example, �gure 4.11 shows the distribution of the proper deay length andmass resulting from the searh for quintuplets and quadruplets for a 1994 MonteCarlo subsample. For the same data set, table 4.7 summarizes the performanes ofthe seondary vertex algorithm for eah type of on�guration. The reahed puritiesof the di�erent on�gurations are good with 42.7% of hemispheres with at least onesinglet or multiplet found, with a mean purity of 83.0%. For sextuplets, quintupletsand quadruplets having a non-negligible total eÆieny of about 12%, the purity isreally high, higher than 95%. This algorithm will help in tagging performanes inthe relevant region of high purity for the Rb analysis.The algorithm desribed before �nally provides a full list of andidates to se-ondary and tertiary verties together with their proper deay lengths and invariantmasses. How these informations are ombined to onstrut tagging variables will bedesribed in setion 4.6.4.4.6.3 Weights of B hadron deay produtsAnother tehnique to extrat information from impat parameters is 'ounting' se-ondary partiles oming from B hadron deays, prompt as well as asade. This'ounting' an be done by assigning some kind of probability or weight to eah trak.In order to optimize the information provided by eah individual trak (lifetime aswell as event shape properties) several probabilities or weights !i an be assignedto eah partile as a funtion of:� the rapidity y of the tight trak, de�ned asy = 12 ln E + pkE � pk! (4.36)where E is the energy of the trak and pk its longitudinal momentum withrespet to the jet axis;
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Figure 4.11: Results of the searh for andidates to seondary verties with �ve (a,b)and four (,d) traks for a 1994 simulation sample. The two most important physialquantities assoiated to the vertex (proper deay length �0 and invariant mass ms) areshown. The avour omposition of the seleted verties is also shown. Horizontal saleis in m. A ut at 0.02 m is performed on the proper deay length. This ut is alreadyinluded in the invariant mass distributions.� the momentum p of the tight trak;� the impat parameter magnitude over its error, i.e. the signi�ane S = Æa=�afor 3D-tight traks or S = �a=��a for 2D-tight traks;� the trak-jet absissa over its error, sJ=�J , for 3D-tight traks and the pro-jeted impat parameter on the jet axis over its error, qJ=�qJ , for 2D-tighttraks;� the trak-jet distane over its error, ÆJ=�ÆJ , for 3D-tight traks.The hoie of these observables has a diret physial motivation. The rapidity yis an attempt to distinguish between leading and non-leading partiles, as well asthe momentum p. Moreover, traks from D deays have greater rapidity than thetraks from B deays. The signi�ane S and sJ=�J (or qJ=�qJ ) are designed to



96 Tagging Z ! b�b events in DelphiTable 4.7: b eÆienies and purities as a funtion of several multiplet and singlet on-�gurations found by the seondary verties searh algorithm. These results are obtainedfrom a simulated 1994 data sample.Hemisphere ondition b purity(%) b eÆieny(%)None 21.9 100.0Sextuplets 98.8 3.4Quintuplets 96.2 4.3Quadruplets 92.4 4.5Triplets 86.9 15.2Doublets 77.9 14.7Singlets 86.4 26.9Multiplets 84.7 37.8Singlets and no multiplets 71.8 4.9No singlets and multiplets 77.8 15.8Singlets and multiplets 90.4 22.0Singlets or multiplets 83.0 42.7separate traks originated from non-vanishing lifetime hadrons4. Finally the ratioÆJ=�ÆJ tries to distinguish between prompt seondary traks and asade traks inB deays.These weights are modelized using the Monte Carlo simulation and they are om-puted from the ratio of one-dimensional histograms for B deay produts over theorresponding one-dimensional histogram for all traks. In the ase of S and sJ=�J ,the weights are omputed from two-dimensional histograms in order to inlude theorrelation between both variables. The weights are normalized to their maximumvalue as it is shown in �gure 4.12 for the 1994-1995 simulation data samples.From these individual trak weights, two global trak weights are omputed inan attempt to ombine the di�erent informations:W i1 = !i(y) !i(p) !i(S; sJ=�J)W i2 = !i(y) !i(p) !i(ÆJ=�ÆJ ): (4.37)W i1 andW i2 share the rapidity and momentum dependene, but di�er in the lifetimeweight. The �rst one,W i1, is sensitive to the impat parameter signi�ane S and thenormalized trak jet absissa sJ=�J . The seond weight,W i2, is sensitive to the trak-jet signi�ane ÆJ=�ÆJ . There is no strong physial reason for these ombinationswhih may not be optimal, but they are the best of several tried. How these weightsare used in tagging variables is desribed in setion 4.6.4.4In the following, the ratios Æa=�a and sJ=�J will indiate the proper 3D-tight trak ratios aswell as those orresponding to 2D-tight traks, i.e. �a=��a and qJ=�qJ respetively.
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Figure 4.12: Single trak weights of B deay produts normalized to its maximum valueas a funtion of: (a) the produt of the rapidity by the logarithm of the momentum,y ln(1 + p), for all the tight traks; (b) the signi�ane S for 2D-tight (dotted line)and 3D-tight (ontinuous line) traks; () the trak-jet absissa over its error sJ=�J for2D-tight (dotted line) and 3D-tight (ontinuous line) traks; (d) the trak-jet distaneover its error ÆJ=�ÆJ for 3D-tight traks.4.6.4 De�nition of the tagging variablesFrom the ingredients desribed in previous setions, a set of N = 13 variables isomputed independently in eah hemisphere. Some of the variables desribed inthe following were originally proposed in [102℄. However, many new variables havebeen de�ned and others re�ned [103℄. Here we perform a full desription of all thevariables.Figures 4.13 to 4.15 display the distributions of these variables for uds,  and bavours obtained from the simulated sample tuned for the 1994 Delphi data. Forthe 1995 data sample the distribution of all variables is very similar. For 1991-1993they are, of ourse, less disriminating but have the same shape. Figures are plottedwith a logarithmi sale and the ontributions of the three avours are on top ofeah other for readability. Real data are superimposed to show the quality of theMonte Carlo desription of the data. For all data samples from 1991 to 1995 the



98 Tagging Z ! b�b events in Delphiagreement between data and simulation is good.The �rst three variables summarize the results of the seondary vertex searhdesribed in setion 4.6.2. They inlude multipliities, masses and proper deaylengths, and are shown in �gure 4.13.Seondary vertex ounter (SumNSV)The SumNSV variable tries to ount the number of seondary and tertiary traksfrom the number of multiplets and singlets obtained in the seondary vertex searhalgorithm. It is given by: SumNSV = 6Xn=1nNn (4.38)where Nn is the number of multiplets with multipliity n.Seondary vertex proper deay length (SumDSV)The variable SumDSV is similar to SumNSV. It sums the proper deay lengths ofthe multiplets weighted by their multipliities:SumDSV = � 00 + 6Xn=1n�n0 (4.39)where �n0 is the average proper deay length of the multiplets with multipliity nfound in the hemisphere. To the sum is added a default value � 00 . In the asewhen there is no singlets and multiplets, SumDSV would be zero. The term � 00smears this peak at zero and introdues also some deay length information. � 00 isa proper deay length omputed for all the traks of the most energeti jet of thehemisphere verifying p > 1:5 GeV/. Apart from this term, when one multiplet isfound, SumDSV is the produt of its proper deay length by its multipliity.Seondary vertex mass (MaxMSV)The variable MaxMSV is the maximum invariant mass of:� all the multiplets (multipliity higher than one);� all the possible ombinations of pairs formed with all the multiplets and sin-glets. The underlying idea to onsider pairs is that, if seondary and tertiaryverties are separated, they should be ombined to make a B hadron.The next �ve variables are weighted ounters of B hadron deay produts andsome of their harateristis. Figure 4.14 displays these variable distributions foruds,  and b avours for the 1994 Delphi data and simulation. The most seletiveby itself is 
1.
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Figure 4.13: Distribution of b tagging variables from seondary vertex searh for the1994 data sample. Real data are superimposed to show the quality of the Monte Carlodesription of the data. The ontribution of uds,  and b avour is also shown for thesimulation.Weighted mass (!mass)This is an adaptation of a variable originally proposed by the Aleph Collaboration[106℄. Partiles are �rst ordered by dereasing onsisteny to be a B deay produt,the riteria being the W i1 weight. They are iteratively ombined, starting from thetrak of highest b onsisteny, until the invariant mass of the group exeeds 2.0GeV/. The value of !mass is de�ned as the trak weightW i1 of the last trak added.For b hemispheres this an be high sine the D hadron mass an be exeeded usingonly traks from the B hadron deay; while for  hemispheres !mass is smaller, sinetraks from the primary vertex are needed to exeed the same ut-o�. This massut helps in the rejetion of  hemispheres in whih the D hadron has an unusuallong deay length.



100 Tagging Z ! b�b events in DelphiTotal weight 1 (
1)The variable 
1 is designed to ount the total number of seondary partiles and isomputed as 
1 =Xi W i1: (4.40)Total weighted p? (
p?)This variable is de�ned as the weighted sum
p? =Xi W i1p2?: (4.41)The sum of p2? weighted by the b probabilities intends to enhane the feature thatb produts have larger p2? than the average, as desribed in hapter 1.Total weighted p (
p)This is a weighted variable similar to the previous one, whih intends to omputethe sum of p for seondary partiles:
p =Xi W i1p: (4.42)This sum intends to be large for the b avour beause the B hadron arries most ofthe initial quark momentum (between 70% and 80%).Total weight 2 (
2)This variable, spei� for three-dimensional traking, is only de�ned for the 1994and 1995 data samples. Like 
1, 
2 is designed for ounting the total number of'tertiary' traks, sine the weight W i2 based on the trak-jet distanes is designed tofavour these traks. It is de�ned as:
2 =Xi W i2: (4.43)Figure 4.15 displays the distributions of the last �ve variables for uds,  and bavours orresponding to the 1994 Delphi data and simulation. They are desribedin the following.Boosted spheriity (lnS)This variable is the only one omputed exlusively with four-momenta. The jetspheriity of the partiles belonging to the most energeti jet in the hemisphere isevaluated with respet to an estimated rest frame of a B hadron. The B hadron is
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Figure 4.14: Distribution of b tagging variables from single trak B deay weights forthe 1994 data sample. Real data are superimposed to show the quality of the MonteCarlo desription of the data. The ontribution of uds,  and b avour is also shown forthe simulation.assumed to move along the jet diretion. A boost, along the jet diretion, with aLorentz  parameter is needed to perform the transformation from the laboratoryframe to the B rest frame. Monte Carlo studies show that at Z energies the optimumvalue is  ' 4. The spheriity in this frame is expeted to be larger for b�b eventsthan for the other avours. The spheriity is de�ned as [29℄S = 3Pa j ~p a? j22Pa j ~p a j2 (4.44)where ~p a is the three momentum of the ath partile and ~p a? is the transverse mo-mentum taken relative to the axis whih minimizes Pa j ~p a? j2 (loal spheriityaxis).
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Figure 4.15: Distribution of several b tagging variables for the 1994 data sample: lnSis the logarithm of the boosted spheriity for the most energeti jet of the hemisphere,the normalized deay path �, sum of projeted impat parameter �, the number ofexluded partiles Nexlu in the primary vertex �t and the hemisphere primary vertexdeay produts probability (P+H). Real data are superimposed to show the quality of theMonte Carlo desription of the data. The ontribution of uds,  and b avour is alsoshown for the simulation.



4.6 The multivariate avour tagging algorithm 103Normalized deay path (�)A 'pseudo' seondary vertex �t is attempted in the hemisphere. The most energetijet of the hemisphere is again assoiated with the primary quark diretion. Onlypartiles making an angle smaller than 20Æ with the jet axis and with an impatparameter with respet to the hemisphere primary vertex ~V of less than 3 mm inspae, are andidates to the seondary vertex. The �t provides the position ~A0s of aseondary vertex and its ovariane matrix. If there is only one trak remaining inthe �t, ~A0s is taken as the intersetion in the R� projetion or in spae of this trakand the jet axis passing through the hemisphere primary vertex ~V . If no trak isfound in the one, the proedure is applied to the seond most energeti jet.An algebrai distane D along the jet diretion ~J is de�ned for eah hemisphereas D = ���!V A0s � ~J: (4.45)Dividing by its error �D, the 'pseudo' normalized deay path variable � an bede�ned as � = D=�D: (4.46)Sum of normalized trak-jet absissa or projeted impat parameter (�)The sum of the normalized trak-jet absissa is de�ned for 3D-tight traks as� =Xi siJ=�iJ (4.47)and for 2D-tight traks it is replaed by the normalized projeted impat parameter:� =Xi qiJ=�qiJ : (4.48)The � distribution is expeted to be entered at zero for the uds avours while for and b an asymmetry in the positive diretion is expeted, due to the fat that thedeay produts have trak-jet absissa or projeted impat parameter positive.Exluded partiles (Nexlu)Nexlu is the number of exluded partiles during the iterative proedure of thehemisphere vertex �t desribed in setion 4.3. This variable, whih is orrelated tothe weighted sum 
1, is highly seletive by itself.Hemisphere primary vertex probability (P+H)This variable was desribed in detail in setion 4.6.1. Originally proposed byAleph [107℄, this probability was adapted to Delphi on the basis of a ommon



104 Tagging Z ! b�b events in Delphievent vertex [105℄. However, in this analysis, the realulation of a primary vertexdistint for eah hemisphere imposes to reompute the variable in order to rede�nethe signi�ane S and the resolution funtionR(S). The analytial parameterizationof the resolution funtion (taken from the negative part of the signi�ane distribu-tion in the simulation) was omputed separately for 2D-tight and 3D-tight traks,needing in both ases four Gaussians plus one exponential funtion. As 2D-tightand 3D-tight traks may be found together in the same hemisphere, the individualtrak probabilities take into aount the type of eah trak, and the alulation ofthe global probability PM given in equation (4.34) an be done. To inrease theseletion power of the variable, only traks with positive impat parameter (whihontain the lifetime information) are inluded in PM .
4.7 Flavour on�denesIn order to improve the performanes of the multivariate tehnique, we have tried toinorporate the know-how of other multivariate-like tehniques developed by Del-phi into a global avour multivariate lassi�er. Suh a very interesting and elabo-rated tehnique, alled avour on�denes, was proposed in referene [108℄. Simi-larly to the multivariate approah, the on�dene method is based not only on trakimpat parameters but also on two kinemati variables, the trak momentum andthe angle with respet to the jet axis. No seondary verties searh is performed.The trak information is manipulated di�erently in both tehniques, so the over-lap between them is expeted to be redued and interesting gains in performanesan be obtained in a suitable ombination. Like the variable P+H desribed in se-tion 4.6.4, these on�denes have been adapted to the reonstrution of separatedprimary verties for hemispheres.A probability funtion is built from simulation whih gives the fration of trakswhih ome from b,  and uds quarks in a three-dimensional bin of the three partileharateristis: impat parameter over its error Æa=�a, momentum p and angle � tothe jet axis. Kinemati e�ets in the deay of B hadrons, whih produe orrelationsbetween these three physial quantities, are automatially taken into aount by thethree-dimensional binning. In the ase of the trak impat parameter and momen-tum variables, some mathematial transformations are made, f(Æa=�a) = tan�1 Æa10�aand g(p) = tan�1 log10 j p j respetively. These transformations of variables ensurethat the variables are bounded by ��=2 and make the distributions somewhat moreuniform. The seleted angle ranges for eah avour are given in table 4.8. Theywere hosen in order to have similar statistis in eah bin. The distributions areomputed separately for eah VD hit on�guration and were �nally smoothed inorder to redue statistial utuations in the bin ontents.For eah single trak an individual avour on�dene is omputed as



4.7 Flavour on�denes 105Table 4.8: The seleted � angle ranges. They were hosen in order to have similarstatistis in eah bin. Bin number Phi range1 0Æ � 1:4Æ2 1:4Æ � 3:1Æ3 3:1Æ � 5:1Æ4 5:1Æ � 7:3Æ5 7:3Æ � 9:9Æ6 9:9Æ � 14:1Æ7 14:10 � 21:6Æ8 21:6Æ � 37:9Æ9 37:9Æ � 180:0Æ
Cq(Æa=�a; p; �) = fq(Æa=�a; p; �)fuds(Æa=�a; p; �) + f(Æa=�a; p; �) + fb(Æa=�a; p; �) (4.49)where fq(Æa=�a; p; �) = Nq(Æa=�a; p; �)N totalq : (4.50)Nq(Æa=�a; p; �) is the number of traks in the bin (Æa=�a; p; �) with initial quarkavour q (taken from simulation) and N totalq is the total number of traks over allbins. Cq is 1/3 when there is no q avour enhanement. Figure 4.16 shows, in thease of the 1994-1995 simulation, the zones of high b on�denes for 3D-tight traksfor the nine individual � ranges. In this �gure, the density of traks in eah binoming from b quarks is represented by the box size. The population size in eah ofthe nine plots are similar. It an be seen that traks with low angle with respet tothe jet axis have little b enhanement, while those in bins 4,5 and 6 an give verylarge weights.The individual avour on�denes must be ombined to make the hemispheretag: CONFuds = 3Qa Cauds3Qa Cauds +Qa Ca +Qa CabCONF  = Qa Ca3Qa Cauds +Qa Ca +Qa CabCONFb = Qa Cab3Qa Cauds +Qa Ca +Qa Cab : (4.51)
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Figure 4.16: Density plots of b trak on�denes for 3D-tight traks in b events for the1994 simulation. Eah plot orresponds to a range of � between trak and jet as givenin the text. The absissa and ordinates are transformations of Æa=�a and p. The densityof traks in eah bin whih ome from b quarks is represented by the box size.Caq is the q avour on�dene for trak a. Fator 3 has the same physial motivationas in equations (4.29). This method of ombination may not be optimal, and inaddition orrelations between traks are negleted.Figure 4.17 displays the distribution of the hemisphere on�denes for uds,  andb avours for the 1994 Delphi data and simulation.4.8 Combined multivariate avour taggingThe two tags, multivariate and on�denes, an be ombined using a simple linearombination for eah avour. In order to be homogeneous with the multivariateavour likelihoods Luds, L and Lb, we have to take the logarithm of the di�ereneto unity of eah avour on�dene:�uds = (1� �)Luds � � ln(1� CONFuds)
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Figure 4.17: Distribution of uds, and b on�denes in 1994 simulation and data. Realdata are superimposed to show the quality of the Monte Carlo desription of the data.The ontribution of uds,  and b avour is also shown for the simulation.� = (1� �)L � � ln(1� CONF )�b = (1� �)Lb � � ln(1� CONF b): (4.52)The quantities �uds, � and �b are alled avour multivariate disriminators andare the basis of the lassi�ation. This way to ombine has been proven to be thebest of several tried. It ould also be possible to optimize a di�erent value of �for eah avour, but it happens in pratie that the same value optimize the threeavours. The quoted value was � = 0:8. The apparently high ratio �=(1� �) = 4is due to the fat that the range de�nition of the multivariate avour likelihoods isgreater (about four times) than that orresponding to the avour on�denes. Itorresponds approximatively to an equal weight of the two omponents. Figures4.18 and 4.19 show the distributions of the avour multivariate disriminators for1991 to 1993 and 1994-1995 data and simulation separately. It an be seen that the
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Figure 4.18: Distribution of the multivariate disriminator �q for the uds,  and b tagsorresponding to the 1991 to 1993 data and simulation. The di�erent types of shadingshow the di�erent avour ontributions to the simulated event sample. The simulationdistributions are normalized to the data statistis. Only the positive part of �q is shown.agreement between data and Monte Carlo is good, thanks to the very �ne physisand detetor tuning of the simulation. It proves that the simulation desribes theperformane of the multivariate tag properly, so reliable estimations of systematierrors an be quoted.The eÆieny of the hemisphere b tag as a funtion of the b purity for eah dataset is given in �gure 4.20. Figure 4.21 plots the bakground eÆienies versus thetag eÆieny for the three tags. The bakground eÆienies are the probabilities tolassify the wrong avours in a given tag. Results have been averaged and presentedseparately for the 1991-1993 and 1994-1995 periods, sine the di�erent mirovertexsetup leads to largely di�erent tagging performanes. The plots are obtained forhemispheres within an angular aeptane of 0.65 on j os �thrust j. From �gure 4.20one an see that for purities of 90%, the eÆieny is approximately 48% in 1994-1995and about 37% in 1991-1993. At 95% purity, the eÆienies are about 38% and 28%respetively. At 98% purity, the eÆienies drop to about 28% and 18%. Reading�gure 4.21, for a 20% b eÆieny, the mistag probabilities are: a) in 1994-1995, less



4.8 Combined multivariate avour tagging 109

10 2

10 3

10 4

10 5

0 2 4 6
∆uds

N
um

be
r 

of
 e

ve
nt

s/0
.1

2

10 3

10 4

10 5

10 6

0 0.2 0.4 0.6 0.8
∆c

N
um

be
r 

of
 e

ve
nt

s/0
.0

18

DELPHI 1994-1995

10 2

10 3

10 4

10 5

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25
Multivariate Discriminator ∆b

N
um

be
r 

of
 e

ve
nt

s/0
.5
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Figure 4.20: The hemisphere b eÆieny obtained as a funtion of the b purity in tagginghemispheres with the multivariate tehnique for eah year of data taking.However, although the uds and the  tags are poor when ompared with theb tag, both tags an help in the rejetion of b tag bakgrounds for the preise Rbdetermination. Moreover, and what it is more interesting, they are a fundamentalpart of the tehnique used to self-alibrate the tagging (hapters 5 and 6), reduingdependenes on simulation models and therefore important systemati unertaintiesa�eting the Rb determination.Figures 4.23 and 4.24 show the event display with a full traking reonstrutionin Delphi of two identi�ed b and uds events respetively. The plots show theVD, ID and TPC detetors in the R� and yz planes in four di�erent views of thesame event. The presene of traks oming from two seondary verties and traksprodued in the fragmentation (oming from the primary vertex) is learly visiblein the b tagged event. In the ase of the uds tagged event, only traks produed inthe primary vertex are deteted. The di�erenes in harged trak multipliity and
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Figure 4.21: The hemisphere bakgrounds in eah avour tag obtained as a funtion ofthe orresponding avour eÆieny with the multivariate tehnique. Due to the di�erentdi�erent mirovertex detetor setup, the quoted performanes are shown for 1991-1993and 1994-1995 data separately.event shape topology an also be seen. The traks used for the vertex �ts have hitsin at least two R� layers of the VD.4.9 The ombined impat parameter b taggingIn this last setion we briey desribe a tagging tehnique, whih is not part of themultivariate tehnique, developed by Delphi in order to improve the auray onRb. This method, alled ombined impat parameter tag, is the result of longstand-ing e�orts within the Collaboration to obtain a simple and high eÆieny/purityperformane b tagging. Its disriminator, de�ned below in equation (4.54), will beused together with the multivariate disriminators �uds, � and �b to de�ne sev-
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(b)Figure 4.22: The hemisphere uds and  eÆieny obtained as a funtion of the udsand  purity in tagging hemispheres with the multivariate tehnique for eah data takingperiod.eral tagging ategories in a high preision multiple tag measurement of Rb (hapter5). The ombined impat parameter tag will be used only to de�ne the taggingategory with the highest b purity, while the others are de�ned with the help ofthe multivariate disriminators. Besides its optimized performanes for b separationin the high purity region, the ombined impat parameter tag, being simpler thanthe multivariate algorithm, allows a better ontrol of the harm and light quarkbakground systematis (hapter 6).This tagging method is proposed and desribed in detail in referene [109℄. As themultivariate algorithm, it ombines several deay harateristis of B hadrons. Alldisriminating variables are de�ned for jets (using JADE algorithm with yut=0.01)with reonstruted seondary verties. The jets without reonstruted seondaryverties are not onsidered. In addition, the requirement of jets with reonstrutedseondary verties is a good seletion by itself as it removes a signi�ant part of thebakground. The purity of B hadrons in jets with seondary verties is about 85%with a seletion eÆieny of almost 50%.The reonstruted seondary vertex is required to ontain at least two traks notompatible with the primary vertex and to have L=�L > 4, where L is the distanefrom the primary to the seondary vertex and �L is its error. Eah trak inluded inthe seondary vertex should have at least one hit in the VD and at least two traks
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Figure 4.23: Event display of a b tagged event showing the trak �tting (solid lines)through VD, ID and TPC together with the trak extrapolation to the interation point(dashed lines). Squares and points are single hits in the detetors. The views orrespondto: (Cartesian view 1) R� plane, (Cartesian view 2) zoom in the R� plane of the VDregion, (Cartesian view 3) zoom in the R� plane of the interation region, (Cartesianview 4) zoom in the yz plane of the interation region. The sale orresponds to theCartesian views 3 and 4. Only traks with VD hits are extrapolated.
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Figure 4.24: Same as previous �gure but for an uds tagged event. Only traks with VDhits are extrapolated.



4.9 The ombined impat parameter b tagging 115should have hits in both the R� and the Rz planes of the VD5.The desription of the four disriminating variables is as follows:� The jet lifetime probability (P+j ) is onstruted from the positively signedimpat parameters of the traks inluded in a jet with reonstruted seondaryvertex and orresponds to the probability of a given group of traks beingompatible with the primary vertex, as desribed in setion 4.6.1. For jetswith B hadrons, this probability is very small due to the signi�ant impatparameters of traks from B deays. However, jets with  quarks an alsohave low values of P+j beause of the non-zero lifetime of D mesons, whihlimits the performane of the lifetime tag. The distribution of � log10 P+j fordi�erent quark avours is shown in �gure 4.25.a.� The e�etive mass distribution of partiles inluded in the seondaryvertex (Ms) is shown in �gure 4.25.b. The mass of the seondary vertex for jets is limited by the mass of D mesons and above Ms = 1:8 GeV/2 thenumber of verties in  jets dereases sharply, while that in b jets extends upto 5 GeV/2.� The rapidity distribution of traks inluded in the seondary vertexwith respet to the jet diretion (Rtrs ) is shown in �gure 4.25.. Althougha B hadron has on average higher energy than a D meson from a  jet, therapidity of partiles from a B deay is on average less than that from a quark deay. As mentioned in hapter 1, this ould be explained by the highermass of the B hadron and the larger multipliity of its deays. The seondaryverties in light quark jets are indued mainly by wrongly measured traks.The wrong measurements our due to multiple sattering in the detetor,interations in the material, et. so that traks inluded in the seondaryverties of light quark jets are usually soft and their rapidity distribution isshifted to lower values.� The fration of the harged energy distribution of a jet inluded inthe seondary vertex (Xhs ) for the di�erent quark types is shown in �g-ure 4.25.d. In the ase of B hadrons, when almost all partiles inluded in theseondary vertex ome from the B deay, the distribution of Xhs is determinedby the b fragmentation funtion. The same is valid for  quark jets, where thedistribution of Xhs is determined by the  fragmentation funtion, whih issofter than for b quarks. In light quark jets, the energy of the seondaryvertex is muh less than in b quark jets.The problem now is how to onstrut the ombination of the di�erent disrimi-nating variables into a single tagging variable. First, we denote as fB(z) and fS(z)5To date this tagging method is only available for the 1994 and 1995 data sets. An adaptationto the 1991-1993 mirovertex setup is urrently in progress.
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Figure 4.25: Distributions of disriminating variables used in the ombined impat pa-rameter tagging: (a) the jet lifetime probability, P+j ; (b) the e�etive mass distributionof partiles inluded in the seondary vertex, Ms; () the rapidity distribution of traksinluded in the seondary vertex with respet to the jet diretion, Rtrs ; (d) the frationof the harged energy distribution of a jet inluded in the seondary vertex, Xhs .



4.9 The ombined impat parameter b tagging 117the probability density funtions of the variable z for bakground and signal eventsrespetively. We assume that the ratio y = fB(z)=fS(z) is a monotonously dereas-ing funtion with inrease of z. Then, if we selet events in some band [z1; z2℄, theaddition of all events with z > z2 an only inrease the purity of the sample. Theseletion of events an then be realized with the ondition y < y0.In the ase of N independent disriminating variables nz1; :::; zNo, we an writey = fB(z1; :::; zN )fS(z1; :::; zN ) = NYi=1 fBi (zi)fSi (zi) = NYi=1 yi (4.53)where fBi (zi), fSi (zi) are probability density funtions for bakground and signalfor the variable zi and yi = fBi (zi)=fSi (zi). The events with y < y0 are tagged assignal, where the ut value y0 an be varied to selet desired purity or eÆieny ofb tagging.As the two types of bakground (jets generated by  and uds quarks) are inde-pendent and have di�erent distributions of disriminating variables, the ombinedvariable to tag B hadrons in the jet with reonstruted seondary vertex is de�nedas y = n NYi=1 f i (zi)f bi (zi) + nuds NYi=1 fudsi (zi)f bi (zi) = n NYi=1 yi + nuds NYi=1 yudsi (4.54)where n, nuds is the normalized number of jets with a reonstruted seondaryvertex in  and uds events respetively (n + nuds = 1) and fudsi (zi), f i (zi), f bi (zi)are probability density funtions of the variable zi in uds,  and b quark jets. Theproduts in (4.54) run over all tagging variables of a given jet. The variable Rtrs isde�ned for eah partile inluded in the seondary vertex and so the orrespondingratio of probabilities for eah partile enters in equation (4.54). For the transforma-tions yi (zi) = f i (zi)=f bi (zi) and yudsi (zi) = fudsi (zi)=f bi (zi) we use smooth funtionswhih are obtained from a �t of the ratios of the orresponding distributions.The tagging proedure de�ned in suh a way is simple and allows more disrim-inating variables to be inluded. However, in pratie the number of variables islimited to N = 4 beause the appliation of the tagging method assumes that allvariables are independent, and requires the hoie of variables with redued orrela-tion. Alternatively, one an use a N -dimensional de�nition (similar to the one usedin the avour on�dene tagging method of setion 4.7 for the ase of N = 3) totake into aount orrelations between the variables. But it is tehnially diÆultfor N > 2.Figure 4.26 shows the tagging eÆieny versus purity of the seleted sample fordi�erent ombinations of disriminating variables. It an be seen that the additionof eah new variable improves the tagging performane. The variable Xhs is veryweak and an hardly be used for tagging by itself. However, the addition of suhvariable improves the ombined tagging. The overlap of bakground and signal for
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Figure 4.26: b tagging eÆieny versus purity of seleted sample of jets with reon-struted seondary verties for di�erent ompositions of disriminating variables obtainedwith the ombined impat parameter tagging.variable Rtrs is also big, as an be seen from �gure 4.25, but due to a large number ofseondary traks the gain in tagging eÆieny with the addition of Rtrs is signi�ant.The ombined tagging in omparison with the simple lifetime tag P+j suppressesthe bakground ontent by more than three times for a b tagging eÆieny of 30%and about six times for a b tagging eÆieny of 20%. A very pure b sample withpurity greater than 99.5% an be obtained with the sizable b eÆieny of 20%.These performanes an be ompared with those ahieved for b quarks with themultivariate tagging, as shown in �gure 4.20. It an be seen that they are slightlybetter in the high purity region, for instane 32% eÆieny ompared with 29%at 98% purity. At lower purity it is the opposite, as for example 47% eÆienyompared with 55% at 85% purity6. This fat, together with the simpler tehnique,6The di�erenes in fat are smaller beause these values were obtained with slightly di�erent
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Figure 4.27: Distribution of disriminating variables for bakground (u; d; s; ) jets usedin the ombined impat parameter tag. The points with errors are from the data andthe histogram is the simulation predition. The ontribution of light quark jets is shownas �lled histograms.justify our hoie of using the ombined tag to de�ne the ategory of highest purityand the multivariate tag to de�ne all the other ategories, in a multiple tag shemeRb determination, as desribed in the next hapter.For the determination of Rb presented in this thesis, the bakgrounds of the om-bined impat parameter tag in the high purity region are estimated from the MonteCarlo simulation of the experiment. In addition, all distributions for this taggingmethod are taken from simulation, so that a hek of their agreement with data isimportant for its suessful appliation. For a measurement of Rb, only the agree-ment of bakground distributions should be veri�ed sine the eÆieny of b quarkhadroni event seletion in both ases: the multivariate tehnique required at least 5 hargedtraks, ompared with at least 6 in the ombined impat parameter tag.
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Figure 4.28: Distribution of the ombined tagging variable � log10 y for (a) bakground(u; d; s; ) jets and (b) jets with b quarks. The points with errors are from the data andthe histogram is the simulation predition. The ontribution of light quark jets is shownas the �lled histogram in the upper �gure.tagging is measured from data. The high purity of the tagged sample allows the ex-tration from data of the distributions of the disriminating variables for bakgroundand the omparison of them with those used in the simulation. B hadrons in onehemisphere are tagged with a high purity of about 99% to give a lean and almostunontaminated sample of B hadrons in the opposite hemisphere. The distributionsof the disriminating variables in suh hemispheres an be subtrated after appro-priate normalization from the orresponding distributions in the untagged sampleof jets with seondary verties. The untagged sample ontains large ontaminationfrom other quark avours and thus the distributions of disriminating variables forbakground an be obtained.The omparison of these distributions for data and simulation is shown in �g-



4.9 The ombined impat parameter b tagging 121ure 4.27. Good agreement in the bakground desription for all the variables used inthe tagging an be seen. The variable � log10 P+j for bakground is sensitive to thetrak resolution and on�rms that the applied tuning of resolution gives reasonableagreement between data and simulation. The distribution of the trak rapidity de-pends on the modeling of the physis proesses. Again, a good agreement betweendata and simulation for bakground an be stated. Finally, �gure 4.28 shows theomparison of the distributions for the ombined tagging variable � log10 y, wherey is de�ned by (4.54). As before, for the multivariate tagging, it proves that thesimulation properly desribes the performane of the ombined impat parametertag, so reliable estimations of systemati errors an be quoted.
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Chapter 5How to measure Rb: the multipletag shemeThis hapter is devoted to the desription of the mathematial formalism that allowsthe branhing ratio Rb to be preisely measured using the ombined avour taggingtehniques already desribed. We shall review several tehniques and justify thehoie of the so-alled multiple tag sheme we have developed for this purpose. Thismethod has the advantage of optimizing the statistial error while minimizing thedependene on Monte Carlo simulation, therefore reduing systemati unertainties.The experimental determination of Rb is, in priniple, easy. From a general pointof view, tagging variables assoiated to a hadroni Z event an be summarizedinto a global event disriminator �. One an de�ne a ut value (let us all it�0) and assoiate it with the b�b lass those events for whih � > �0, and to theomplementary lass (non-b�b events) those for whih � � �0. The fration RE ofevents lassi�ed as b�b is RE = Rb�b + (1� Rb)�uds (5.1)where �b is the fration of b�b events lassi�ed as suh and �uds is the fration ofnon-b�b events lassi�ed as b�b (b tag bakground eÆieny). From this equation, onean determine Rb if �b and �uds are omputed from simulation.Nevertheless, one an proeed more preisely as follows. The fration of b�b eventsan be determined from the data through a �t of the unknown parameter Rb to theexpression R(�) = Rb'b(�) + (1� Rb)'uds(�) (5.2)where R(�) is the normalized distribution of the data mapped through the variablelassi�er �; 'b(�) and 'uds(�) are the normalized distributions of the lasses forb�b and lighter quark events respetively, obtained from simulation.The huge drawbak of this event single tag sheme for the determination of Rbis the dependene on the simulation for the determination of �b and �uds or 'b(�)



124 How to measure Rb: the multiple tag shemeand 'uds(�), introduing large systemati unertainties on Rb. This would not be areal problem if preisions on Rb at the level of 5-10% were required. This tehniquewas used for the �rst Lep measurements, using as tagging variables:� the high total and transverse momentum of leptons oming from semileptonib deays [110, 111℄;� event shape properties, as the boosted spheriity produt [112℄; and� neural network outputs ombining event shape properties [113℄.In the lepton analyses, the number of prompt leptons in a sample of hadronievents is determined by the produts RbBr(b! l), RbBr(b! ! l) and RBr(!l). The individual fators in the produts an be isolated by a simultaneous onsid-eration of the (p; p?) spetrum of single and dilepton events. In general, the �ts areextended to inlude AbFB, AFB, the average saled energies of weakly deaying B andD hadrons < xE() > and < xE(b) > respetively, the average b mixing parameter�� and R (the latest one beause of the existene of prompt leptons from the deay! l). Errors arise from the assumed knowledge of lepton identi�ation eÆieniesand the ontamination by instrumental bakgrounds, as well as from semileptonideay models, semileptoni branhing ratios and b and  fragmentation models [114℄.The small number of dilepton events limits the statistial error. The ombined errorobtained by the Lep Collaborations on Rb using this tehnique is about 2% [111, 6℄.With the event shape variables and neural networks, Rb is measured from a�t to the data distribution of the event shape variable or neural network outputrespetively, by varying the b and non-b ontribution from simulation. The statistialerror is improved with respet to the lepton analyses beause there is no morerestrition to a partiular deay hannel, but the systemati error is a�eted bylarge unertainties in the fragmentation (in both the light and heavy avour setors),whih reet unertainties in the tagging eÆieny for the event single tag method.These analyses are statistially powerful, but rely on Monte Carlo simulation todesribe the shape of b and uds quark events and results in large systemati errors.The ombined Lep preision does not exeed some 3-4% [112, 113℄.Therefore, the required high preision (better than 0.5%) asks for more re�nedtehniques. The step forward in the high preision was reahed with the introdutionof the double hemisphere single tag and the double hemisphere multiple tag shemes.The latter that we have developed is the main subjet of the present thesis.5.1 Hemisphere single tag shemeIf with some riteria a pure b avour sample an be seleted in one hemisphere,it is possible to �nd the eÆieny of this seletion and the fration of b�b eventsin the initial sample in an almost model independent way. It an be quoted by



5.1 Hemisphere single tag sheme 125measuring the number of seleted single hemispheres and the number of events inwhih both hemispheres are seleted. In this way, the dependene on simulation islargely redued. This double tag tehnique or hemisphere single tag sheme uses twoexperimental fats, already desribed in previous hapters: i) in a hadroni deay,the Z boson always deays into a pair of quarks with idential avour, and ii) dueto the momentum onservation, the quarks produed (and the jets oming fromthem) y in opposite diretions. One an thus separate the event into two almostindependent hemispheres by utting it by a plane perpendiular to the event axis(for instane the event thrust axis), as in hapter 4.In pratie, the situation beomes more diÆult beause the bakground from theother avours annot be fully suppressed and thus it must be subtrated properly.Additional problems arise from the fat that the hemispheres are not absolutelyindependent and the tag in one hemisphere biases the eÆieny in the other one,though this bias is small.These statements may be expressed in the following form. If with some tag theeÆienies to selet di�erent avours in one hemisphere are �b, � and �uds and theeÆienies to selet events in whih both hemispheres are tagged are �bd, �d and �udsd ,one an write:RH = �bRb + �R + �uds(1�Rb �R)RE = �bdRb + �dR + �udsd (1� Rb �R)= �b�b(1 + �b)Rb + ��R + �uds�uds(1� Rb � R): (5.3)In these equations, RH is the fration of tagged hemispheres, RE the fration ofevents in whih both hemispheres are tagged and Rb and R the frations of Z ! b�band Z ! � events respetively in the initial hadroni sample. It is supposed thathadroni deays of the Z onsist of b�b, � and uds quark �nal states, so that thefration of light quarks may be written as Ruds � (1 � Rb � R). The doubletag eÆieny for the b avour, �bd, is expressed as �bd = �b�b(1 + �b), whih takesinto aount the orrelation �b between hemispheres. If for  and uds avoursthe tagging eÆienies � and �uds are small enough, the orresponding orrelationsdo not inuene Rb and �b and thus may be negleted in the equations above.From equations (5.3), the fration Rb and the tagging eÆieny �b an be extrated,provided that the values �, �uds, �b and R are known:Rb = �RH � R(� � �uds)� �uds�2RE � R(� � �uds)2 + �uds�uds � 2RH�uds � �bRb (�b � �b�b)�b = RH � R(� � �uds)� �udsRE � R�(� � �uds)� RH�uds � �bRb (�b � �b�b) : (5.4)The value of R an be taken from eletroweak theory or other measurements, while�, �uds and �b are extrated from the simulation. Rb and �b annot be extrated



126 How to measure Rb: the multiple tag shemediretly, being oupled through the orrelation term �b. Sine this term is small,they an be easily solved iteratively. If the b purity of the tagged sample is high, thedependene on simulation is small and may be inluded in the systemati unertain-ties. For the orret assignment of the statistial error to the measured values of Rband �b, the orrelation of the variables RH and RE, whih are not independent, mustbe taken into aount. It an be omputed numerially from a simple Monte Carlomodel of the experiment. But in pratie, these errors are basially determined bythe statistial error on RE.5.2 Hemisphere multiple tag shemeIn the hemisphere single tag sheme, hemispheres are tagged simply as b and non-b.This leads to two equations, as given in (5.3), with six unknowns, Rb, �b, R, �uds, �and �b. Three of them, �uds, � and �b, are then taken from simulation and R is �xedto the Standard Model value. If the number of equations for physial observableswere larger than the number of unknowns, the latter ould be extrated diretlyfrom the data, and the simulation would be required only to estimate systematierrors and the inuene of hemisphere orrelations. That is the priniple of ourhemisphere multiple tag sheme whih is desribed in the following.5.2.1 The eÆieny matrixThe multiple tag sheme involves the �t of a matrix of observables. More omplexbut more powerful than the single tag sheme, it is based on the same priniples. Inthis frame, one an measure Rb together with the hemisphere eÆienies, not onlyinside but also outside of the b setor. The tagging probabilities are grouped intoan eÆieny matrix.In this ase, we assume that the tagging algorithm is able to lassify the hadronihemispheres, ontaining F = 3 lasses or avours (uds,  and b), into T mutuallyexlusive tagging ategories or tags. Applying the tags to both sides of the event, weget a symmetri matrix nIJ , number of events lassi�ed as I and J for hemispheres1 and 2 respetively. The elements of the matrix verify the normalization onditionXIJ nIJ = Nhad (5.5)where Nhad is the total number of seleted hadroni events. Dividing nIJ by Nhadone obtains the matrix of observables dIJ , verifying the onditionXIJ dIJ = 1: (5.6)Let �qI be the eÆieny matrix element, i.e. the probability to tag a hemisphereof avour q in the ategory I. The bidimensional array �qI is the same for both hemi-spheres as in setion 5.1 (this hypothesis will be experimentally veri�ed in setion



5.2 Hemisphere multiple tag sheme 1275.2.7). Therefore, the same avour index ould be assoiated to both hemispheres.However, the quark and the antiquark might appear in the same hemisphere whena very hard gluon is radiated, produing orrelation e�ets that will be studied insetion 5.2.6. If the hemispheres are independent, the fration of doubly taggedevents dIJ an be parameterized asdIJ =Xq �qI�qJRq; I; J = 1; :::; T (5.7)where Rq is the sample hadroni fration for avour q. The elements of the eÆienymatrix and the hadroni frations have to be ompatible with the onstraintsXI �qI = 1; q = uds; ; b (5.8)and Xq Rq = 1: (5.9)Equation (5.8) has the physial meaning that all hemispheres are tagged in one ofthe T tags.5.2.2 Extration of the eÆieny matrix and RqTo resolve the problem of the Rq and �qI determination for a given matrix nIJ , we anapply the least squares priniple for lassi�ed data [115℄ by de�ning the objetivefuntion �2 =XIJ XI0J 0(nIJ �NhaddIJ) ~V �1(nI0J 0 �NhaddI0J 0) (5.10)where ~V is the ovariane matrix assoiated to nIJ , whih is multinomially dis-tributed [115℄. Beause of the normalization ondition (5.5), the matrix ~V is singu-lar and annot be inverted. The least squares priniple as formulated by equation(5.10) is therefore not appliable to this ase. However, if we omit one of the ob-servations, for example dTT , as it is redundant, the remaining observables have anassoiated ovariane matrix ~V � whih is regular. ~V � is simply ~V without the T rowand olumn. Then we an reformulate the least squares priniple as�2 = X(I;J)6=(T;T ) X(I0;J 0)6=(T;T )(nIJ �NhaddIJ)( ~V �)�1(nI0J 0 �NhaddI0J 0) (5.11)being



128 How to measure Rb: the multiple tag sheme
( ~V �)�1 = 1Nhad 0BBBBBBBB� d�111 + d�1TT d�1TT ::: d�1TTd�1TT d�112 + d�1TT ::: d�1TT: : : :: : : :: : : :d�1TT d�1TT ::: d�1T (T�1) + d�1TT

1CCCCCCCCA : (5.12)
In the above �2 expression, the double sum an be written as�2 = X(I;J)6=(T;T ) (nIJ �NhaddIJ)2NhaddIJ +1NhaddTT X(I;J)6=(T;T ) X(I0;J 0)6=(T;T )(nIJ �NhaddIJ)(nI0J 0 �NhaddI0J 0) == X(I;J)6=(T;T ) (nIJ �NhaddIJ)2nIJ + 1nTT 24 X(I;J)6=(T;T )(nIJ �NhaddIJ)352 == X(I;J)6=(T;T ) (nIJ �NhaddIJ)2nIJ + 1nTT (nTT �NhaddTT )2 (5.13)or more simply �2 =XIJ (nIJ �NhaddIJ)2nIJ : (5.14)Expression (5.14) restores the symmetry for all T tags. This expression ouldhave been written down at one, from the assumption that the number of eventsnIJ is Poisson distributed with mean and variane equal to NhaddIJ . The alge-bra above, taken from [115℄, demonstrates the mathematial equivalene betweentwo di�erent points of view: the �rst onsidering T (T + 1)=2 (dependent) multino-mially distributed variables onditioned to their sum Nhad, the seond onsideringT (T + 1)=2 independent Poisson variables. In other words, although our matrixof observables nIJ is distributed by following a multinomial distribution, eah ofits elements an be onsidered as statistially independent aording to a Poissondistribution. This onsequene is very important when one needs to estimate statis-tial errors on the parameters �tted in (5.14), beause one does not need to onsiderpotential orrelation e�ets between the observables.In priniple, the �2 minimization of equation (5.14) allows the simultaneousdetermination of the eÆieny matrix �qI and the Rq frations. As said previously,the �t solution has to be ompatible with the (5.8) and (5.9) onstraints. No solution



5.2 Hemisphere multiple tag sheme 129exists if the number of observables No is less than the number of unknowns Nu. Forany given F and T , provided the normalization onditions (5.6), (5.8) and (5.9), thenumber of observables and unknowns are No = T (T + 1)=2 � 1 and Nu = TF � 1respetively. The number of degrees of freedom is therefore � = No �Nu.In our ase with uds,  and b avours (F=3), T must be at least 6. The valueof �2min for � degrees of freedom an be used to estimate the quality of the �t.Equivalent formalismThis formalism an be rewritten in an equivalent way by following the pattern ofthe single tag sheme, in whih the observables are the frations of single and doubleb tags RHI and REIJ , while in the multiple tag sheme only double tag frations dIJare onsidered. Extending the single tag formalism to T tags leads toRHI = �bIRb + �IR + �udsI (1� Rb � R)REIJ = �bI�bJRb + �I�JR + �udsI �udsJ (1� Rb � R) (5.15)where RHI = nI=2Nhad is the fration of hemispheres tagged in ategory I, andREIJ = dIJ is the fration of events doubly tagged in ategories I and J . In equations(5.15) hemisphere orrelations were negleted. Sine the two sets of observables arerelated through the T losure relationsRHI = XJ REIJ (5.16)the way to �t out RHI and REIJ simultaneously is to exlude from the �t the elementsbelonging to one of the ategories. The onvention is to exlude the last ategory,whih is alled no-tag. Exluding the elements of the no-tag ategory leaves T � 1and T (T � 1)=2 observables of types RHI and REIJ respetively, i.e. a total of No =T (T + 1)=2 � 1 as before. With this formulation nIJ and nI are not statistiallyindependent. The solution is to adjust in the �t, instead of RHI , the quantities2R0HI = 2RHI � T�1XK=1REIK(1 + ÆIK) = "nI � T�1XK=1nIK(1 + ÆIK)# =Nhad: (5.17)The advantage of this presentation is to avoid the introdution of the unitaryonstraints (5.8) and (5.9). The formulation is mathematially equivalent to theprevious one. The multiple tag sheme appears therefore as a natural generalizationof the single tag sheme.5.2.3 The degeneray problemUnfortunately, the minimum of equation (5.14) is not unique due to a rotationdegeneray. In fat, if a vetor



130 How to measure Rb: the multiple tag sheme~VI = (�udsI qRuds; �IqR; �bIqRb) (5.18)is introdued for eah tag, the expeted fration of doubly tagged events an beexpressed as a salar produt dIJ = ~VI � ~VJ , whih is invariant under rotations in thevetor spae.Let us de�ne a vetor sum ~U = PI ~VI = (pRuds;pR;pRb) in a three-dimensionalframe, where the three axes orrespond to pure uds,  and b states. The vetor ~U ,of unit length, and the set of ~VI an be viewed as a rigid body. Mathematially thismeans that the rotation matrix ~R is an orthonormal matrix with F = 3 degrees offreedom. One a partiular solution has been found, other solutions may be gener-ated by moving this rigid body aording to three degrees of freedom. Two degreesof freedom ould be the position (�,	 dip and azimuth angles) of the extremity of~U on a sphere of unit radius, the remaining one an internal rotation � around the~U axis. The avour frations are thenRuds = os2�os2	 ; R = os2�sin2	 ; Rb = sin2�: (5.19)From a given partiular solution ~VI , one an generate equivalent solutions ~V 0I asV 0rI =Xq RrqV qI (5.20)with r = uds; ; b. ~R is the orthonormal matrix parameterizing the rotation with(�,	,�) as free parameters. If we sum over I in equation (5.20), we obtainqR0r =Xq RrqqRq: (5.21)From equations (5.18), (5.20) and (5.21) it is straightforward to prove that�0rI = PqRrq�qIqRqPqRrqqRq : (5.22)It an be easily shown taking into aount the orthonormality ondition of matrix~R that �0rI and R0r verify the same relations (5.8) and (5.9) as �qI and Rq.The allowed range of (�,	,�) is limited by two fators. All the �qI and Rq elementsshould be non-negative sine they are probabilities. Thus, the set of ~VI vetorsshould remain in the �rst otant. When a pure tagging is reahed for a given avour,some of the ~VI vetors, orresponding to the enrihed sample, beome pratiallyaligned with a avour axis. In the limit of three vetors almost aligned with thedi�erent axes, the rigid body beomes loked. It then ours that the domain ofrotations is indeed limited, and the Rq range ould be bounded to an interval of afew perent (ompared with a few per mil of the required preision on Rb).



5.2 Hemisphere multiple tag sheme 1315.2.4 The way outThe way to solve the degeneray is to introdue in the �t (5.14) at least F = 3parameters well hosen, whih an be taken from simulation, theory or externalmeasurements. The exat meaning of well hosen parameters is de�ned by tworequirements: �rstly, the total impat on Rb (total error on Rb, inluding statistialand systemati unertainties) of the parameters should be minimal; seondly, theyare independent. The independene of these parameters an be studied looking atexpressions (5.21) and (5.22). Two possible solutions, among many others, wereinvestigated.Asymptoti purity approahThe simplest way to resolve the problem is to �x parameters from simulation. How-ever, it was important at the beginning of this analysis to remain as independent aspossible from simulation (the Monte Carlo simulation of the experiment was thennot able to reprodue the data aurately). This requirement made neessary to �ndother solutions. The most interesting strategy was the following: the degeneray isbroken in the b setor if some of the �bI parameters an be estimated independently(at least 2 in the ase of 3 avours). The third degree of degeneray an be removedby �xing R to its eletroweak theory predition. If XbI are estimates of the �bI eÆ-ienies and �I their errors, a modi�ed objetive funtion �2� inluding a degeneraybreaking term an be written as�2� = �2 + XI (�bI �XbI)2�2I (5.23)where the I index runs over the onsidered XbI .The XbI estimates an be obtained through the tehnique originally proposed in[102℄. From the set of nI(�) observables, whih represent the number of hemisphereslassi�ed into tag I in one hemisphere provided that the opposite side was taggedas b with a � value of a b tagging variable, one omputes the frationsFI(�) = nI(�)PJ nJ(�) : (5.24)The FI(�) frations hene represent the fration of hemispheres tagged as I whenthe opposite side was tagged as b with a � value of the b tagging variable. Negletinghemisphere tagging orrelations, they an be expressed asFI(�) = �bI + �I(�) (5.25)with residue �I(�) given by�I(�) = (�udsI � �bI)Fuds(�) + (�I � �bI)F(�): (5.26)



132 How to measure Rb: the multiple tag shemeFuds(�) and F(�) are the uds and  bakgrounds in the b tagged hemisphere, andthey are independent of the I index. From (5.25) and (5.26), the asymptoti valueof FI(�) is �bI , provided that high purity is ahieved in the b tagged hemisphere forhard uts on �, as is the ase of the b tagging algorithms desribed in hapter 4.The XbI estimates are therefore the asymptoti values of the FI(�) distributions.The realulated number of degrees of freedom will be now � 0 = � + �, where� is the number of independent estimates injeted in the �t, generally � = T � 1.Consequently, for our ase of F = 3, T must be at least 4 instead of 6.In order to extrat the asymptoti values of FI(�), an analytial parameteri-zation of the �I(�) bakground distributions must be used. It was found that theparameterization whih best desribes the whole range of the ontamination distri-butions Fuds(�) and F(�) for the Delphi data is the produt of an exponentialwith a Gaussian funtion. The �tting of the approahes to the asymptotes of theFI(�) distributions with T = 6 requires a minimum of six extra parameters in addi-tion to Rb and the 15 eÆienies �qI . The introdution of these auxiliary parametersinreases the statistial error signi�antly.The problem with the minimization of (5.23) is to properly evaluate the sys-temati errors of the XbI estimates, inluded in �I . This diÆulty an be avoidedby ombining the two �ts into one and minimizing the global objetive �2� funtionde�ned as �2� = �2 +XI;� nFI(�)� �bI � �I(�)o2�2fI (�) : (5.27)This allows the simultaneous determination of the eÆieny matrix, the hemi-sphere bakground distributions Fuds(�) and F(�), and Rb. The �fI (�) are theexperimental errors on FI(�) for eah bin of �. With this funtion and in theabsene of orrelations, a degeneray in the uds setor is still present but it anbe removed, for instane, by �xing R to the Standard Model value. As an beseen from equation (5.19), this onstraint has no diret e�et on Rb and therefore,negleting bakground e�ets in the estimation of XbI , Rb does not depend expliitlyon R.High purity approahWhen a very pure and eÆient tag is reahed for a given avour in one taggingategory, the orresponding ~VI vetor beomes pratially aligned with the avouraxis and the bakgrounds from the other avours are very small. The well hosenparameters whih should be taken from the simulation, in order to break the degen-eray, are then the small uds and  bakgrounds of a b-tight tagging ategory andR, similarly to the ase of the single tag sheme. As it will be shown in hapter 6,the systemati impat of these parameters on Rb dereases when the purity of theb-tight tag inreases, but the statistial impat inreases. Due to this interplay, an



5.2 Hemisphere multiple tag sheme 133optimal b purity needs to be found for the b-tight tag (see hapter 6). Again, forF = 3, the minimum number of required ategories diminishes from 6 to 4.High versus asymptoti purity approahesThe method whih we have �nally adopted to provide the preise measurement of Rbis the high purity multiple tag sheme. The reasons for this hoie are summarizedin the following, and they are numerially shown in hapter 6.From a historial point of view, the understanding of the Delphi detetor hasimproved onsiderably from the beginning of data taking in 1989 to the last Lep 1period in 1995. At the beginning, the standard DelphiMonte Carlo simulation wasnot able to reprodue the data aurately, and the underlying idea to perform themeasurement of Rb was to be as independent as possible from the simulation. Forthis reason, �rst we developed the asymptoti purity approah using as tagging teh-nique the multivariate algorithm desribed in hapter 4. With this method, the onlyinputs from Monte Carlo were the hemisphere tagging orrelations (as desribed be-low) and the shape (parameterization) of the uds and  quark bakgrounds Fuds(�)and F(�) as a funtion of the multivariate disriminator � = �b. The parametersthemselves were �tted to data. This pioneering method was applied and publishedfor the 1991-1993 Delphi data [116, 117℄. Beause of the small dependene onsimulation, this analysis has low systematis ompared with the standard lifetimeanalyses using the same data [63℄. However, it is statistially limited due to thelarge number of free parameters required for the Rb �t. Moreover, the problems ofhemisphere orrelations and their systemati unertainties are more spei�ally ru-ials for this analysis. For these reasons, the method was proved to be less powerfulthan expeted and new solutions were then needed to ahieve the required preision.With the advent in Delphi of the very �ne tuning of physis and trakingresolution parameters as desribed in hapter 4, the high purity approah beamea good solution to improve preision. This required de�ning the b-tight ategorywith an algorithm providing high purity and eÆieny but being at the same timeas simple as possible in order to have reliable determinations of harm and lightquark bakground systematis (hapter 6). That was possible using the ombinedimpat parameter tag desribed in hapter 4. Therefore, the step forward to improvepreision was the ombination of optimized tagging algorithms based on a multipletag determination of Rb, whih generalizes the single tag sheme.5.2.5 De�nition of the hemisphere tagsEven though the minimum number of tags needed to measure Rb is now T = 4,the hoie T = 6 was made in order to overonstrain the problem and to minimizethe error. The de�nition of the six hemisphere tags is given in table 5.1. They areonstruted in an attempt to isolate the desired quark with aeptable eÆienyand redued bakgrounds. The basis of the de�nition of the tags is the ombined



134 How to measure Rb: the multiple tag shemeimpat parameter variable y and the multivariate disriminators �b, � and �uds,all desribed in hapter 4. The tags or ategories are de�ned to be mutually exlusiveand they are ordered by dereasing b purity. Three of the six ategories are designedto identify b quarks, one  quarks and also one uds quarks. The remaining tag(no-tag) ontains all hadroni hemispheres not onsidered in none of the previoustags, in order to verify experimentally the ondition (5.8). The tags are de�ned asfollows. Firstly, b-tight tagged hemispheres are seleted by the ondition y � y0.The highest priority is assigned to the ombined impat parameter tagging beauseof the reasons pointed out above as well as in hapter 4. Among the remaininghemispheres, only the multivariate riteria is used for tagging them as b-standard,b-loose, harm and uds and by following this order or priority. Finally, the left overhemispheres are inluded in the no-tag ategory.Table 5.1: De�nition of the hemisphere tags.Tagging ategory or tag Condition Priority/Number of tagb-tight y � y0 1b-standard �b > �upb;0 2b-loose �b > �lowb;0 3harm � > �;0 4uds �uds > �uds;0 5no-tag left over 6The b-tight ategory has the strongest inuene on the Rb measurement. Thevalue of y0 determines the systemati and statistial impat onRb of the bakgroundsand signal eÆienies in the b-tight tag (�udsb�tight, �b�tight and �bb�tight). Due to theinterplay between both soures of errors, its optimal value is hosen by determiningthe minimal total error of Rb as a funtion of y0. The ut � log10 y0 is �nally �xedat 1.2. All the other uts are hosen in order to obtain good eÆienies with rea-sonable bakgrounds in the a�eted tags; they were taken to be �upb;0=3.5, �lowb;0 =1.2,�;0=0.65 and �uds;0=3.2. The Monte Carlo expetations for the eÆienies aregiven, separately for 1994 and 1995, in table 5.2. This table features the spei�i-ties for the six tags (note that most of uds and  hemispheres enter in the no-tagategory) and is a measure of the performane of tagging tehniques, all workingsimultaneously. In this analysis of Rb, only the harm and light quark bakgroundsof the b-tight ategory are taken from simulation. Therefore, only the light andharm quark systemati errors of the ombined impat parameter tag are neessaryfor this measurement of Rb. All the other eÆienies are measured diretly from thedata and an be used as a powerful ross-hek of the analysis.Compared with the single tag sheme in whih only b-tight tagged hemispheresare used, in this multiple tag analysis all hadroni hemispheres are lassi�ed, allowingthe statistial auray to be inreased. The systemati unertainty on Rb due to



5.2 Hemisphere multiple tag sheme 135Table 5.2: Monte Carlo results for the tagging eÆienies at the nominal uts for the1994-1995 data. 1994 1995Tag �uds � �b �uds � �bb-tight 0.00052 0.00407 0.28404 0.00049 0.00376 0.27453b-standard 0.00131 0.02782 0.15751 0.00120 0.02678 0.15558b-loose 0.01200 0.07877 0.15108 0.01212 0.07812 0.15380harm 0.05174 0.16143 0.05171 0.05415 0.16128 0.05295uds 0.12054 0.03123 0.00488 0.11678 0.03083 0.00479no-tag 0.81390 0.69667 0.35078 0.81525 0.69923 0.35835bakgrounds and hemisphere orrelations has also improved.For 1992-1993 data, the ombined impat parameter tag was not still availablewhen this report was written, and the b-tight tag was de�ned also in terms of themultivariate disriminators, with the ondition �b � �b�tightb;0 . To minimize the totalerror, �b�tightb;0 is taken to be 5.0. All the other tags were de�ned similarly to the1994-1995 analysis, but the ut values were hosen to be slightly di�erent due todi�erenes in the range de�nition of the disriminators. In this ase, the ut valueswere �upb;0=2.8, �lowb;0 =1.4, �;0=0.45 and �uds;0=2.3. The Monte Carlo expetationsfor the eÆienies are given in table 5.3.Table 5.3: Monte Carlo results for the tagging eÆienies at the nominal uts for the1992-1993 data. 1992-1993Tag �uds � �bb-tight 0.00054 0.00445 0.19245b-standard 0.00425 0.02754 0.17076b-loose 0.01691 0.05993 0.14333harm 0.07196 0.15246 0.06568uds 0.14642 0.04818 0.00895no-tag 0.75992 0.70743 0.41883
5.2.6 Hemisphere-hemisphere tagging orrelationsThe previous de�nition of the hemisphere tags attempts also to keep the eÆienyorrelations between the hemispheres as small and transparent as possible. Forthat reason, the tags are onstruted for eah hemisphere using only its informa-



136 How to measure Rb: the multiple tag shemetion. In partiular, as it was largely explained in hapter 4, the Z deay vertex isreonstruted independently in the two hemispheres.Intrinsi orrelations are still possible between the two sides of the event due tothe physis of the Z deay, suh as for instane, orrelations in the momenta of thetwo B hadrons and orrelations produed by hard gluon emission (QCD e�ets).The b tagging eÆieny rises with the momentum of B hadrons. Gluons emittedat large angles with respet to the quarks a�et the energy of both quarks (�gure5.1.a), leading to a positive orrelation. In about 2% of the events both b quarksare boosted into the same hemisphere, reoiling against a hard gluon (�gure 5.1.b).This leads to a negative orrelation, sine only one hemisphere will tag.Other orrelations are assoiated with tag eÆieny dependene on the orienta-tion of the event thrust axis with respet to the detetor and by the fat that thetwo hemisphere verties share the information on the beam size (angular e�ets).The two primary partiles in an event are typially nearly bak-to-bak. This leadsto a positive orrelation due to the polar angle. The multiple sattering ontribu-tion to the VD resolution inreases with dereasing polar angle and lose to the endof the VD some traks get lost outside its aeptane. There are also some minore�ets onneted with the azimuthal angle. Due to the atness of the beam spot atLep, the resolution is better for horizontal than for vertial jets. Moreover, owingto ineÆient or badly aligned modules, the detetor is not ompletely homogeneous.

(a) (b)Figure 5.1: Hemisphere orrelations due to QCD e�ets: (a) gluon emitted at largeangles leading to a positive orrelation; (b) reoiling hard gluon displaing the twoquarks into the same hemisphere, leading to a negative orrelation.Other possible soures of orrelations are basially eliminated by omputing thetagging variables separately in eah hemisphere (inluding a separated primary ver-tex reonstrution in eah hemisphere), in partiular the large e�ets detailed insetion 4.3. When using a ommon primary vertex, the Monte Carlo predition forthe orrelation is found to be strongly dependent on the mean B hadron energy



5.2 Hemisphere multiple tag sheme 137and harged deay multipliity. This dependene arises sine these quantities a�etthe ratio between the number of harged traks oming from the B hadron deayand the number of partiles oming from fragmentation. This unertainty is stronglyredued by reonstruting the primary vertex separately in eah hemisphere. In gen-eral, the prodution point �nder used in this analysis redues dependenes on the bphysis inputs of the Monte Carlo simulation, so it redues systemati unertaintiesderived from them.To take properly into aount hemisphere-hemisphere orrelations, equation (5.7)must be modi�ed asdIJ =Xq �qI�qJ(1 + �qIJ)Rq I; J = 1; :::; T (5.28)where �qIJ is the orrelation orretion fator de�ned as�qIJ = �qIJ�qI�qJ � 1: (5.29)�qIJ is the eÆieny for avour q that the event is tagged as I in one hemisphere andas J in the other one. Correlation oeÆients verify the ondition�qJ =XI �qI�qJ(1 + �qIJ); q = uds; ; b; J = 1; :::; T (5.30)or simplifying XI �qI�qJ�qIJ = 0; q = uds; ; b; J = 1; :::; T: (5.31)Equations (5.15) ould be modi�ed in the same way. To inlude orrelations inthe asymptoti approah given by equations (5.23), (5.25) and (5.27), one has toreplae �bI by �bI [1 + �bI(�)℄, where �bI(�) is de�ned now as�bI(�) = �bd;I(�)�bI�b(�) � 1: (5.32)In equation (5.32), �bd;I(�) is the eÆieny that the event will be tagged as I inone hemisphere and as b in the other one with a � value of the tagging variable;�b(�) is the eÆieny to tag a hemisphere as b with the same � value. CorrelationoeÆients for harm and lighter quarks in (5.26) an be safely negleted.5.2.7 Hemisphere equivaleneThe hypothesis of hemisphere equivalene stated before, orresponds mathematiallyto the symmetry of the nIJ matrix,nIJ � nJI = 0; I; J = 1; :::; T: (5.33)



138 How to measure Rb: the multiple tag shemeWe have veri�ed this hypothesis using a �2 test formulated as [115, 118℄XI<J (nIJ � nJI)2nIJ + nJI (5.34)with 12T (T � 1) degrees of freedom. The orresponding on�dene levels are 63.1%,70.5% and 59.5% for the 1992-1993, 1994 and 1995 data sets respetively. It istherefore onluded that the hypothesis of hemisphere equivalene is aeptableinside the given statistial limit of the samples.5.2.8 General formulation of the problemThe set of observables, that is, the matrix nIJ with I,J = 1,...,T , is de�ned as theobserved number of hadroni events tagged as I and J for hemispheres 1 and 2respetively, and veri�es (5.5). The orresponding expeted fration of events dIJan be written as given by equation (5.28), where the avour frations Rq satisfy theunitary ondition (5.9). Assuming that all the hadroni hemispheres are lassi�ed inone tag, the onditions (5.8) and (5.31) are satis�ed. The T (T + 1)=2� 1 indepen-dent measurements are therefore desribed by the following set of unknown indepen-dent parameters: (F � 1) avour frations, F (T � 1) eÆienies and FT (T � 1)=2orrelation oeÆients.There are FT (T � 1)=2 independent orrelation oeÆients instead of FT (T +1)=2 beause equation (5.31) provides FT relations between the �qIJ orrelations andthe �qI eÆienies. The orrelation oeÆients are, in pratie, small or not signi�-ant. Therefore, they an be borrowed from a reliable simulation of the experiment.However, sine �qIJ and �qI are related by the FT (18 for T = 6 and F = 3) losurerelations (5.31), it is possible to let oat in the �t as many orrelation oeÆients.We hoose to let oat the oeÆients onneted with the last no-tag ategory (Ior J equal to T = 6) and to take from simulation the others (I and J 6= T ). Theno-tag orrelation oeÆients have been hosen to be �tted beause this tag has themost omplex seletion riteria, and hene are the most diÆult to be auratelyreprodued by the simulation of the experiment.At this level, the �t of the nIJ observables is not possible beause of the rota-tion degeneray desribed in setion 5.2.3. This problem an be avoided if someadditional onstraints are used. In the high purity multiple tag sheme presentedhere, the problem is resolved by taking from simulation the bakgrounds of one ofthe tags and �xing R to its eletroweak theory predition. Systemati errors onRb due to these three fators an be redued if the orresponding ategory has ahigh b purity (b-tight tag). The systemati error will reet the unertainties inthe simulation alulations of the bakground eÆienies of the b-tight tag, �udsb�tightand �b�tight, and the orrelations �qIJ with I; J 6= T . The result will be given as afuntion of the assumed value of R. As already pointed out, the hoie of T = 6tags was made in order to overonstrain the problem and to minimize the error. Thenumber of independent observables is therefore 20 with 14 independent unknowns:



5.2 Hemisphere multiple tag sheme 13913 eÆienies and Rb. There are 45 independent orrelations elements to be takenfrom simulation. Only a few of them will have sensitivity on the measurement, aswill be shown in hapter 6.The tehnial implementation of the �t was done using the NAG sienti� li-brary [119℄, with a Lagrange Multiplier algorithm to onsider the onstraints of theproblem [115, 119℄. The estimation of the statistial error was performed using a�2 = �2min + 1 on�dene interval method [7℄.



140 How to measure Rb: the multiple tag sheme



Chapter 6The measurement of RbIn this hapter we shall desribe the full Rb measurement using the multiple tagsheme desribed in previous hapter, as well as some ross-heks of the results.The 1991 data were not inluded in the analysis beause of their negligible statistialweight ompared with all the Lep 1 statistis. The 1994 and 1995 data were analyzedseparately [120℄ and the 1992-1993 data were merged into a single sample. However,it was heked that the separated analysis of the 1992 and 1993 data does not hangethe �nal results.6.1 Fit results6.1.1 High purity multiple tag shemeIn the framework of the high purity multiple tag sheme, Rb was measured for manydi�erent values of b eÆieny and purity of the b-tight ategory. The smallest totalerror was obtained for a ut � log10 y � 1:2 for 1994-1995 data, and �b � 5:0 for1992-1993. At these hosen working points, the tagging eÆienies for uds and quarks in the b-tight tag were estimated using the simulation to be�udsb�tight = 0:00052� 0:00001�b�tight = 0:00407� 0:00007; (6.1)�udsb�tight = 0:00049� 0:00003�b�tight = 0:00376� 0:00014 (6.2)and �udsb�tight = 0:00054� 0:00001�b�tight = 0:00445� 0:00007 (6.3)



142 The measurement of Rbfor 1994, 1995 and 1992-1993 data respetively. The errors are only due to thelimited amount of simulated data (see table 4.2). The �fteen orrelation oeÆients�qIJ for b quarks, as estimated from the simulation, are given in table 6.1. For harmand light quarks they are shown in table 6.2. All these oeÆients are small orompatible with zero. Only 14 of the 45 orrelation oeÆients are signi�ant tothe analysis, as will be shown later on (tables 6.9, 6.10 and 6.11).Table 6.1: Monte Carlo estimations of the �fteen b orrelation oeÆients for the threedata sets at the nominal uts. Errors are only statistial.b orrelations 1994 1995 1992-1993�bb�tight;b�tight 0:0187� 0:0027 0:0235� 0:0044 0:0327� 0:0033�bb�tight;b�standard 0:0036� 0:0027 �0:0006� 0:0044 0:0141� 0:0027�bb�tight;b�loose �0:0020� 0:0028 �0:0032� 0:0044 �0:0039� 0:0031�bb�tight;harm 0:0104� 0:0053 �0:0025� 0:0083 �0:0107� 0:0048�bb�tight;uds 0:0254� 0:0180 0:0599� 0:0293 0:0601� 0:0140�bb�standard;b�standard 0:0047� 0:0050 0:0077� 0:0079 0:0121� 0:0037�bb�standard;b�loose �0:0003� 0:0042 0:0122� 0:0065 0:0052� 0:0033�bb�standard;harm �0:0094� 0:0077 �0:0162� 0:0120 0:0001� 0:0052�bb�standard;uds 0:0896� 0:0270 0:0439� 0:0421 0:0066� 0:0148�bb�loose;b�loose 0:0144� 0:0052 0:0081� 0:0080 0:0015� 0:0044�bb�loose;harm �0:0139� 0:0079 0:0115� 0:0122 0:0018� 0:0058�bb�loose;uds �0:0177� 0:0266 �0:0513� 0:0408 �0:0044� 0:0163�bharm;harm 0:0233� 0:0154 0:0483� 0:0238 0:0002� 0:0096�bharm;uds �0:0998� 0:0460 0:0056� 0:0753 0:0009� 0:0253�buds;uds 0:2655� 0:1827 �0:2044� 0:2297 �0:0911� 0:0681The experimentally measured numbers nIJ of doubly tagged events whih passedthe j os �thrustj ut are given in table 6.3 for the 1994, 1995 and 1992-1993 dataseparately. The �ts of Rb and the eÆienies to these numbers give the resultsRb = 0:21617� 0:00100(stat:) (6.4)with �2=ndof = 4:76=6 for 1994,Rb = 0:21688� 0:00144(stat:) (6.5)with �2=ndof = 4:32=6 for 1995, andRb = 0:21631� 0:00150(stat:) (6.6)with �2=ndof = 3:10=6 for 1992-1993. The errors are only statistial. These resultshave been orreted for event seletion bias and � bakground. The eÆienies



6.1 Fit results 143
Table 6.2: Monte Carlo estimations of the �fteen  and uds orrelation oeÆients forthe three data sets. Errors are only statistial. orrelations 1994 1995 1992-1993�b�tight;b�tight �0:4561� 0:2719 2:9926� 1:2625 �0:2167� 0:2094�b�tight;b�standard 0:0376� 0:1414 �0:2373� 0:2014 �0:0136� 0:0913�b�tight;b�loose 0:0169� 0:0808 0:0186� 0:1316 0:0622� 0:0630�b�tight;harm �0:0220� 0:0528 �0:0582� 0:0844 0:0171� 0:0366�b�tight;uds �0:1378� 0:1213 �0:0728� 0:2041 �0:0142� 0:0681�b�standard;b�standard 0:1816� 0:0589 0:0209� 0:0869 0:0330� 0:0375�b�standard;b�loose 0:0300� 0:0307 0:0689� 0:0488 �0:0009� 0:0238�b�standard;harm �0:0469� 0:0197 �0:0169� 0:0312 0:0201� 0:0142�b�standard;uds �0:0474� 0:0482 0:0153� 0:0779 0:0275� 0:0270�b�loose;b�loose 0:0042� 0:0190 0:0544� 0:0300 0:0145� 0:0170�b�loose;harm �0:0015� 0:0114 0:0365� 0:0178 0:0043� 0:0094�b�loose;uds 0:0164� 0:0285 �0:0444� 0:0430 0:0135� 0:0178�harm;harm 0:0350� 0:0093 0:0151� 0:0141 �0:0005� 0:0065�harm;uds 0:0538� 0:0192 0:0889� 0:0299 0:0026� 0:0105�uds;uds �0:0359� 0:0468 0:2033� 0:0811 0:0017� 0:0209uds orrelations 1994 1995 1992-1993�udsb�tight;b�tight 0:0000� 0:7071 0:0000� 0:7071 5:9780� 3:4890�udsb�tight;b�standard 2:3950� 2:0985 0:0000� 0:7071 0:0532� 0:4297�udsb�tight;b�loose 0:1242� 0:3948 �0:1640� 0:6016 �0:1367� 0:1917�udsb�tight;harm 0:1491� 0:1856 0:1309� 0:2828 �0:0768� 0:0926�udsb�tight;uds 0:0259� 0:1108 �0:0598� 0:1706 �0:0004� 0:0644�udsb�standard;b�standard �0:0548� 0:6683 0:0000� 0:7071 �0:2607� 0:1141�udsb�standard;b�loose �0:1674� 0:1951 0:1536� 0:3620 0:1447� 0:0692�udsb�standard;harm �0:0161� 0:0988 0:3996� 0:1813 0:0549� 0:0311�udsb�standard;uds 0:0680� 0:0645 �0:0696� 0:0985 0:0013� 0:0203�udsb�loose;b�loose 0:1052� 0:0705 �0:0267� 0:1004 �0:0439� 0:0316�udsb�loose;harm �0:0175� 0:0307 0:0608� 0:0474 0:0243� 0:0150�udsb�loose;uds 0:0019� 0:0195 0:0285� 0:0306 0:0291� 0:0101�udsharm;harm 0:0556� 0:0156 0:0650� 0:0231 0:0118� 0:0075�udsharm;uds 0:0219� 0:0091 0:0314� 0:0140 �0:0058� 0:0046�udsuds;uds 0:0778� 0:0067 0:0869� 0:0107 0:0519� 0:0037



144 The measurement of Rb
Table 6.3: Measured numbers of doubly tagged events at the nominal uts, passing thej os �thrustj ut. 1994Tag b-tight b-standard b-loose harm uds no-tagb-tight 15809b-standard 17048 4656b-loose 16006 9091 5050harm 5918 4396 7619 7218uds 667 778 2619 10436 9474no-tag 36111 25453 43026 91054 110430 4053091995Tag b-tight b-standard b-loose harm uds no-tagb-tight 7804b-standard 7752 1965b-loose 7695 4266 2394harm 3005 2088 3832 3860uds 290 331 1262 5321 4241no-tag 17937 11785 20680 46621 51309 1960441992-1993Tag b-tight b-standard b-loose harm uds no-tagb-tight 15809b-standard 17048 4656b-loose 16006 9091 5050harm 5918 4396 7619 7218uds 667 778 2619 10436 9474no-tag 36111 25453 43026 91054 110430 405309



6.1 Fit results 145within statistial errors obtained from the same �ts are shown in table 6.4. They anbe ompared with the simulation preditions of tables 5.2 and 5.3. For a ompleteomparison, an estimate of the systemati errors must be inluded.Table 6.4: Tagging eÆienies with their statistial errors for data as measured fromthe Rb �ts at the nominal uts. For a omplete omparison of the �t results withthe simulation, an estimate of the systemati errors must be inluded. The eÆienies�udsb�tight and �b�tight were assumed from the Monte Carlo simulation of the experiment.1994Tag �uds � �bb-tight 0:00052 0:00407 0:2950� 0:0012b-standard 0:0016� 0:0002 0:0262� 0:0015 0:1593� 0:0007b-loose 0:0119� 0:0004 0:0799� 0:0020 0:1498� 0:0008harm 0:0638� 0:0005 0:1754� 0:0016 0:0536� 0:0006uds 0:1308� 0:0005 0:0331� 0:0016 0:0052� 0:0002no-tag 0:7914� 0:0008 0:6814� 0:0035 0:3371� 0:00131995Tag �uds � �bb-tight 0:00049 0:00376 0:2962� 0:0017b-standard 0:0016� 0:0002 0:0244� 0:0024 0:1492� 0:0010b-loose 0:0130� 0:0006 0:0735� 0:0029 0:1498� 0:0012harm 0:0690� 0:0008 0:1825� 0:0024 0:0560� 0:0009uds 0:1254� 0:0007 0:0350� 0:0024 0:0044� 0:0003no-tag 0:7906� 0:0012 0:6808� 0:0052 0:3444� 0:00191992-1993Tag �uds � �bb-tight 0:00054 0:00445 0:1869� 0:0012b-standard 0:0053� 0:0004 0:0242� 0:0023 0:1642� 0:0008b-loose 0:0190� 0:0005 0:0549� 0:0027 0:1457� 0:0009harm 0:0788� 0:0007 0:1600� 0:0023 0:0710� 0:0009uds 0:1566� 0:0006 0:0518� 0:0025 0:0090� 0:0004no-tag 0:7397� 0:0012 0:7047� 0:0049 0:4231� 0:0016The essential tagging eÆieny �bb�tight was found to be 0:2950�0:0012, 0:2962�0:0017 and 0:1869 � 0:0012 for 1994, 1995 and 1992-1993 respetively, omparedwith the simulation estimates 0.284, 0.275 and 0.192. The purities at the workingpoints for these measurements are 98.4%, 98.6% and 97.3%. Therefore, the 1994(1995) real data are about 4% (7%) more eÆient than simulation in the b-tighttag. However, the 1992-1993 real data are about 3% less eÆient. These di�erenesare due to the non-perfet simulation of the b physis (B hadron prodution and



146 The measurement of Rbits deay modes). The physis tuning of the 1994-1995 simulation was slightly dif-ferent to the one done for the 1992-1993 sample, whih explains the di�erent signof the apparent disrepany. This justi�es the use of the double tagging tehnique(hemisphere tagging instead of event tagging), as said in hapter 5. In fat, as inthe ase of the omparison of table 6.4 with tables 5.2 and 5.3, one needs to on-sider in the omparison all unertainties in the simulation of b physis (see setion6.2). For instane, the B hadron deay multipliity used in the 1994-1995 simu-lation is onsistent with a reent measurement of the Delphi Collaboration [121℄,but disagrees slightly with the entral value proposed in [114℄. By reweighting thesimulation inside the error proposed in [114℄, an exellent agreement between dataand simulation for all the b eÆienies an be obtained, showing the strong e�etof the b physis simulation on the b eÆienies. In addition, there are other souresof b physis inputs, suh as B lifetimes, b fragmentation and B branhing ratiosalso having strong e�ets on the b eÆienies. However, as it will be shown lateron, beause of the separated primary vertex reonstrution for eah hemisphere andthe diret measurement of the b eÆienies from data, the e�ets of these physissystematis are �nally very small.6.1.2 Single tag shemeThe measurement of Rb was repeated using the single tag sheme at the same utvalues de�ning the b-tight tag as previously. In this ase, the bakground eÆienies�uds and � are given by (6.1), (6.2) and (6.3), and the b orrelation �b is given bythe term �bb�tight;b�tight of table 6.1. The following results were obtained:Rb = 0:21737� 0:00123(stat:);Rb = 0:21662� 0:00175(stat:);Rb = 0:21696� 0:00190(stat:) (6.7)for 1994, 1995 and 1992-1993 respetively. As before, the errors are only statistial.In this ase, the �b tagging eÆieny was found to be 0:2936�0:0017, 0:2964�0:0024and 0:1865�0:0016 for 1994, 1995 and 1992-1993 data respetively. Again, the 1994(1995) real data are about 4% (7%) more eÆient than simulation, and the 1992-1993 real data are about 3% less eÆient.The measurement of Rb with 1994-1995 data using the single tag sheme wasalso performed at various di�erent values of the y0 ut, i.e. at many values of �b.The minimum total error was now obtained for a softer ut on the tagging variable,� log10 y � 1:0. At this hosen working point, the tagging eÆienies for uds and quarks were estimated to be�uds = 0:00064� 0:00001� = 0:00603� 0:00008 (6.8)



6.1 Fit results 147in 1994 and �uds = 0:00064� 0:00001� = 0:00603� 0:00008 (6.9)in 1995. The hemisphere orrelation was found to be�b = 0:0176� 0:0024 (6.10)�b = 0:0194� 0:0040 (6.11)for 1994 and 1995 respetively. The errors are only due to the limited Monte Carlostatistis. Using the above values of the eÆienies and orrelations, the measuredvalues of Rb were Rb = 0:21685� 0:00119(stat:) (6.12)and Rb = 0:21620� 0:00163(stat:) (6.13)for 1994 and 1995 respetively. The �b tagging eÆieny was measured to be 0:3192�0:0017 and 0:3220� 0:0024 for 1994 and 1995 data respetively, ompared with thesimulation estimates 0.309 and 0.299. As before, the 1994 (1995) real data are about3% (8%) more eÆient than simulation. In the upper part of �gure 6.1, the ratio ofb tagging eÆieny in 1994 real data and simulation is given as a funtion of the beÆieny in data.As a ross-hek of this measurement, a omparison of Rb as a funtion of the beÆieny is given in the lower part of �gure 6.1 for the 1994 analysis. The measuredvalue of Rb is stable over a wide range of b purities and therefore of the eÆieniesand of the orrelation.6.1.3 Multiple tag sheme with asymptoti approahAs another ross-hek on all these results, the Rb measurement was again repeatedfor all the data sets using the multiple tag sheme with the asymptoti approahdesribed in hapter 5. The uts de�ning the b-tight ategory were hosen to be� log10 y � 1:0 for 1994-1995 and �b � 5:0 for 1992-1993. Figure 6.2 shows theFI(�) distributions for the 1994-1995 data with � = �b, being �b the multivariatedisriminator in the opposite hemisphere (to the one lassi�ed I) when this hemi-sphere is b tagged. Superimposed are the separated ontributions of uds,  and bavours as predited from simulation. In eah ategory, the uds and  bakgrounds
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Figure 6.1: Single tag sheme: above, ratio of the b eÆieny �b measured in 1994real data and that generated in the simulation as a funtion of the b eÆieny; below,measured value of Rb with its total error as a funtion of the b eÆieny for 1994data. The horizontal line orresponds to the value measured at the referene point,� log10 y � 1:0, that orresponds to �b = 31:9%.



6.1 Fit results 149
10

-3

10
-2

10
-1

1

5 10 15 20

Multivariate discriminator ∆b

Fr
ac

tio
n 

b-
tig

ht

10
-3

10
-2

10
-1

1

5 10 15 20

Multivariate discriminator ∆b

Fr
ac

tio
n 

b-
st

an
da

rd
10

-3

10
-2

10
-1

1

5 10 15 20

Multivariate discriminator ∆b

Fr
ac

tio
n 

b-
lo

os
e

10
-4

10
-3

10
-2

10
-1

1

5 10 15 20

Multivariate discriminator ∆b

Fr
ac

tio
n 

ch
ar

m

10
-5

10
-4

10
-3

10
-2

10
-1

1

5 10 15 20

Multivariate discriminator ∆b

Fr
ac

tio
n 

ud
s

10
-3

10
-2

10
-1

5 10 15 20

Multivariate discriminator ∆b

Fr
ac

tio
n 

no
-t

ag

Figure 6.2: Distributions of ategory frations FI(�b) for the 1994-1995 data. Thehorizontal lines show the �tted �bI from real data. The distributions for simulation aresuperimposed, together with the ontributions of uds,  and b quarks. To show thesmall bakgrounds in the region of hard uts, a log sale has been hosen whih goesdown to one per mil of the eÆieny.�I(�b) have been �tted independently by the produt of an exponential with aGaussian funtion, as explained in setion 5.2.4.The no-tag, uds and harm tags ontain the smallest frations of b hemispheres,as an be seen from the higher uds and  bakgrounds in the distributions of FI(�b)for these tags; to ahieve high b purity requires tighter uts in the disriminator thanin the other tags. However, these tags have rather little weight on the evaluation ofRb. No signi�ant irreduible uds and  bakground is observed in the asymptotiregions of the b-tight, b-standard and b-loose distributions, whih are the mostsigni�ant for the Rb extration. E�ets of remaining bakgrounds are small andan be inluded in the systemati unertainties.The simultaneous �ts of Rb, the eÆienies �qI and the parameters desribing thebakground distributions �I(�b) in the b tagged hemisphere, give the results



150 The measurement of RbRb = 0:21616� 0:00188(stat:) (6.14)with �2=ndof = 249:5=257 for 1994,Rb = 0:21500� 0:00295(stat:) (6.15)with �2=ndof = 254:2=257 for 1995, andRb = 0:21640� 0:00258(stat:) (6.16)with �2=ndof = 293:3=257 for 1992-1993. The errors are only statistial.The �bb�tight tagging eÆieny was found to be 0:2955� 0:0013, 0:2972� 0:0021and 0:1869� 0:0011 for 1994, 1995 and 1992-1993 data respetively, ompared withthe simulation estimates 0.284, 0.275 and 0.192.6.1.4 Comparison of methodsTable 6.5 ompares the values of Rb and the major eÆieny �bb�tight for the threemeasurement shemes and the three periods of data taking. All the results presentedhere, using the single tag and multiple tag (with both high purity and asymptotiapproahes) shemes agree well inside statistial di�erenes (in this table, the utde�ning the b-tight ategory for 1994-1995 is� log10 y � 1:2). The method providingby far the best statistial preision is the multiple tag sheme with high purityapproah. In addition, it redues systemati errors due to hemisphere orrelationsand light and harm quark ontaminations, ompared with the single tag sheme.This is the reason why we �nally adopted this analysis method to produe the �nalRb result and hene to study in detail systemati errors, as done in the followingsetion. All the other measurements must be seen as ross-heks. A study ofsystemati unertainties for the asymptoti approah using 1991 to 1993 data isgiven in referenes [116, 117℄.6.2 Systemati errorsThe systemati errors are due to the quantities estimated from simulation: eventseletion bias, light and harm quark bakgrounds in the b-tight tag and hemisphereorrelations. The event seletion error was already estimated in hapter 4. Inthe following, we disuss the two other soures of unertainties for the high puritymultiple tag and single tag shemes. For the latter it was performed only for the1994 data.6.2.1 Light and harm quark eÆieny unertaintiesLight and harm quark eÆieny unertainties are due to several soures whihare studied in the following: harm physis systematis, rate of long lived light



6.2 Systemati errors 151Table 6.5: Comparison of the �tted values of Rb and of the major eÆieny �bb�tight withtheir statistial errors for the three methods of analysis (high purity multiple tag, singletag and asymptoti approah) and the three periods of data taking.Sheme Rb1994 1995 1992-1993High purity multiple tag 0:2162� 0:0010 0:2169� 0:0014 0:2163� 0:0015Single tag 0:2174� 0:0012 0:2166� 0:0018 0:2170� 0:0019Asymptoti approah 0:2162� 0:0019 0:2150� 0:0030 0:2164� 0:0026�bb�tight1994 1995 1992-1993High purity multiple tag 0:2950� 0:0012 0:2962� 0:0017 0:1869� 0:0012Single tag 0:2936� 0:0017 0:2964� 0:0024 0:1865� 0:0016Asymptoti approah 0:2955� 0:0013 0:2972� 0:0021 0:1869� 0:0011
hadrons, b�b and � prodution from gluon splitting, detetor e�ets (traking) andthe statistial auray of the simulation. All these unertainties on the bakgroundeÆienies exept detetor e�ets and Monte Carlo statistis were alulated byvarying the simulation physis inputs within their experimental ranges around theirentral values as given below, using for that purpose a reweighting tehnique ofthe Monte Carlo samples. For all physis assumptions the reommendations of theLep Heavy Flavour Working Group (LEPHFWG) [114℄ have been followed.The detailed breakdown of the relative errors on �uds and � are given in table6.6 for the 1994 analysis and the ut � log10 y � 1:0 de�ning the b-tight tag, whihis the ut value minimizing the error for the single tag analysis. As we shall seelater on, the optimal ut for the high purity multiple tag sheme is � log10 y � 1:2instead of 1:0. Errors given in table 6.6 have to be reevaluated to aount for thisharder ut. The sensitivity of Rb to light and harm quark unertainties is the samein the two methods, but sine the harder ut redues the uds and  bakgroundeÆienies by fators of about 1.2 and 1.5 respetively, �nally the systemati erroron Rb is smaller. The upper part of table 6.7 summarizes for the 1994-1995 analysis,the relative systemati errors on �udsb�tight, �b�tight and the orresponding systematierrors on Rb. Errors have been added in quadrature. The last line (MC statistis)orresponds to the statistial error on �udsb�tight, �b�tight and its impat on Rb. Table6.8 reports the breakdown of light and harm quark unertainties for the 1992-1993analysis.We desribe now how errors due to harm physis systematis, rate of long livedlight hadrons, b�b and � prodution from gluon splitting and detetor e�ets havebeen evaluated.



152 The measurement of Rb
Table 6.6: Single tag sheme: relative systemati errors on the light and harm quarkeÆienies at ut � log10 y � 1:0.Soure of systematis Range ��uds=�uds ��=�Detetor resolution �0:052 �0:022Detetor eÆieny �0:016 �0:014K0 Tuned JETSET�10% �0:013Hyperons Tuned JETSET�10% �0:002Photon onversions �50% �0:006Gluon splitting g ! � (2:38� 0:48)% �0:043 �0:005Gluon splitting g ! b�b=g ! � 0:13� 0:04 �0:173 �0:020D+ fration in  events 0:233� 0:028 �0:031Ds fration in  events 0:102� 0:037 �0:009� baryon fration in  events 0:065� 0:029 �0:022D deay multipliity 2:39� 0:14 �0:022Br(D! K0X) 0:46� 0:06 �0:051D0 lifetime 0:415� 0:004 ps �0:005D+ lifetime 1:057� 0:015 ps �0:007Ds lifetime 0:447� 0:017 ps �0:003� lifetime 0:206� 0:012 ps �0:000hxE()i 0:484� 0:008 �0:009Total harm physis �0:069Total uds bakground systematis �0:206 �0:079MC statistis �0:037 �0:019
Table 6.7: Multiple tag sheme: relative light and harm quark systematis at ut� log10 y � 1:2 for the 1994-1995 data.Soure ��udsb�tight=�udsb�tight ��b�tight=�b�tight �Rb � 104Traking e�ets �0:054 �0:022 �1.57/1.40K0, hyperons, photons �0:014 �0.26/0.28g ! � : (2:38 � 0:48)% per event �0:159 �0:024 �3.63/3.36g ! b�b=g ! � : 0:13� 0:04 �0:144 �0:021 �3.27/3.05Charm physis �0:066 �3.13/2.75Total uds bakground systematis �0:222 �0:076 �6.02/5.50MC statistis (1994/1995) �0:025=0:055 �0:017=0:037 �0.96/1.90



6.2 Systemati errors 153Table 6.8: Multiple tag sheme: relative light and harm quark systematis for the1992-1993 data.Soure ��udsb�tight=�udsb�tight ��b�tight=�b�tight �Rb � 104Traking e�ets �0:017 �0:065 �5.25K0, hyperons, photons �0:053 �1.81g ! � : (2:38 � 0:48)% per event �0:035 �0:006 �1.32g ! b�b=g ! � : 0:13� 0:04 �0:151 �0:022 �5.58Charm physis �0:131 �10.53Total uds bakground systematis �0:165 �0:148 �13.21MC statistis �0:024 �0:015 �1.48Charm physis systematisThere are many physis e�ets whih lead to an unertainty in the harm bak-ground:� The tagging eÆienies of weakly deaying harm hadrons are substantiallydi�erent owing to large di�erenes in lifetime. Therefore, their relative abun-danes in Z ! � events a�et the harm tagging eÆieny. The errors onthe D+, Ds and � baryon frations in � events, and their orrelation matrixare used to evaluate the unertainty on the harm eÆieny. The D0 frationis onsidered as f(D0) = 1� f(D+)� f(Ds)� f(� baryon). Consequently,when varying the frations in the Monte Carlo, the variation of eah of thethree hannels is always ompensated by the D0 fration. The harm hadronprodution rates are obtained as it is desribed in referene [114℄. Lep dataprovide measurements of [122, 123, 124℄:Rf(D0)Br(D0 ! K��+)Rf(D+)Br(D+ ! K��+�+)Rf(Ds)Br(D+s ! ��+)Rf(�)Br(�+ ! pK��+): (6.17)These measurements are then ombined using the errors (or the ovarianematrix) with the measured values of the harm hadron branhing ratios:Br(D0 ! K��+)Br(D+ ! K��+�+)Br(D+s ! ��+)=Br(D0 ! K��+)Br(�+ ! pK��+): (6.18)



154 The measurement of RbAll of them are taken from Partile Data Group [7℄, exept for the ase ofBr(D+s ! ��+)=Br(D0 ! K��+) whih is taken from a model independentCLEO analysis [125℄. This ratio is taken instead of the diret Br(D+s !��+) beause it is free of theoretial assumptions. Finally, an additionalonstraint is added to the heavy baryon prodution. It is assumed thatf( � baryon)=f(�) = 1:15 � 0:05, as suggested by a omparison of dif-ferent fragmentation models. All this information is merged using a leastsquares minimization, leaving as free parameters f(D+), f(Ds), f(�baryon),R, f( � baryon)=f(�) and the four branhing ratios listed above [114℄.Results and errors obtained for the frations are f(D+) = 0:233 � 0:028,f(Ds) = 0:102 � 0:037 and f( � baryon) = 0:065 � 0:029. The orrela-tion between f(D+) and f(Ds) and f(� baryon) is measured to be -0.36 and-0.24 respetively. The orrelation between f(Ds) and f(� baryon) is -0.14.� Di�erent deay modes of a given harm hadron an have di�erent taggingeÆienies. Unfortunately, the omplete set of measurements of the exlusivebranhing ratios does not exist for any hadron type. Sine the tags basiallyextrat the information from harged traks, deay modes an be lassi�edinto topologial hannels, aording to the number of harged produts. Thislassi�ation should aount for most of the di�erenes in eÆieny. Themost aurate measurements of the inlusive topologial branhing ratios ofD+, D0 and Ds mesons are from the MARK III Collaboration [126℄. In orderto alulate the resulting error on the D deay multipliity, eah hannel isvaried by its unertainty exept for the largest one, whih is used to balanethe various shifts. The errors extrated for eah hannel are then ombinedusing their orrelation oeÆients [114℄ in order to estimate the separated D+,D0 and Ds deay multipliities. The error due to the D deay multipliityis then the sum in quadrature of the separate unertainties weighted by theirrelative ontributions. The average D deay multipliity value �nally obtainedis 2:39� 0:14. The MARK III measurements inlude K0s deay produts, whihat Lep are generally not assoiated to a seondary vertex. There is thereforean additional unertainty from the branhing ratio Br(D ! K0s X), whoseaverage is taken to be 0:46� 0:06 from Partile Data Group [7℄.� The lifetimes of harm hadrons are taken from Partile Data Group [7℄ andare listed in table 6.6.� Charm fragmentation parameters should be varied to give a range of the meansaled energy of harm hadrons onsistent with Lep results, hxE()i = 0:484�0:008 [114℄. The exat de�nition of the mean saled energy is hxE()i =Ehadron=Ebeam, where Ehadron refers to the weakly deaying harm hadron.Previous value is a ombination of measurements made at Lep with leptons,D mesons and D�+ mesons. Eah of these analyses provides a measurementof hxE()i for a partiular mixture of harm hadrons. The di�erent results are



6.2 Systemati errors 155orreted to the weakly deaying level, and then ombined to obtain the aboveresult. The fragmentation funtion from the model of Peterson et al. [36℄ withone free parameter is used. This parameter is varied in order to assess theunertainty due to the measured value of hxE()i.Rate of long lived light hadronsThe total prodution rate of long lived light hadrons (K0, � and other weaklydeaying hyperons) a�ets the bakgrounds in lifetime based tags. These rates weremeasured by Delphi and then the fragmentation models were tuned aordingly[98℄. As an estimate of the error due to these soures a 10% variation aroundtheir entral values is used. Photon onversions were varied around their entralvalues in simulation by 50%. These unertainties are onservatively suggested by theremaining di�erenes found between the rate in data and Monte Carlo simulation.Gluon splittingAs desribed in appendix A, the presene of a B or D hadron in a multihadroni�nal state is a signature of a primary prodution of b�b or � respetively. However, b�band � pair quarks an also be produed from gluon radiation g ! q�q in light quarkevents (but also in � and b�b events, although muh more suppressed). Therefore,the rates of b�b and � prodution from gluon splitting is an additional soure ofsystemati unertainties in the evaluation of the uds and  eÆienies. The averagenumber of � quark pairs produed per multihadroni event by the gluon splittingproess g ! � has been measured by Opal to be (2:38 � 0:48) � 10�2 [127℄.This measurement uses the JETSET Monte Carlo to model the very soft energyspetrum of heavy avour hadrons from gluon splitting. The result is onsistentwith perturbative QCD alulations [128℄ and with the predition of the JETSETMonte Carlo. The g ! � rate in Monte Carlo was adjusted to the Opal value.The g ! b�b rate, for whih no published measurements are available, was adjustedto be 0:13� 0:04 times the g ! � rate, based on theoretial expetations [128℄:f(g ! b�b)f(g ! �) = m2m2b = 0:13� 0:04: (6.19)The g ! b�b rate was therefore taken to be (0:31 � 0:11) � 10�2. The g ! � rateand the g ! �=g ! b�b ratio were varied separately within the indiated ranges.The assumed value of the g ! b�b rate is ompatible with two reent mea-surements from Aleph [129℄ and Delphi [130℄. These measurements are bothbased on a searh for b tagged jets in 4-jet events, providing the averaged resultf(g ! b�b) = (0:246 � 0:092) � 10�2. This average takes into aount orrelatedsystemati errors between both measurements.



156 The measurement of RbTraking e�etsTo estimate the unertainties on �udsb�tight and �b�tight due to detetor e�ets in 1994-1995, four tests were arried out:� To estimate the e�et of the resolution, the simulation was rerun with a tuningof the traking whih desribed the data muh poorly than the default one(about 4% relative di�erene in the light and harm quark eÆienies).� A seond test for the e�et of the detetor resolution on �b�tight was to usethe alibration resolution �le for data in the simulation. This method waspreferred for �b�tight sine it diretly tests the di�erene between the data andthe simulation. It gave results onsistent with the �rst test method. For �udsb�tightit annot be used, as it arti�ially modi�es the tagging rate due to statistialutuations.� Existene of trak impat parameter orrelation e�ets when ombining trakprobabilities to form the jet lifetime probability (P+j ) an ause data/simulationdi�erenes, produing systematis on �udsb�tight. These orrelations originatefrom suh things as the misassoiation of VD information, mis-alignment, et.As these orrelation e�ets appear equally in negative and positive impatparameters, the di�erene in tagging rate between data and simulation at theworking point using traks with negative impat parameters was taken as theunertainty on �udsb�tight. This e�et is well under ontrol due mainly to the lowlevel of VD hit mis-assoiations given the eÆient trak searh algorithm andhaving three layers of mirovertex detetor.� The trak eÆieny in the simulation was varied by the amount of the residualdi�erene between the data and the Monte Carlo.The errors obtained with the �rst, third and fourth tests were added in quadratureto obtain the �nal detetor unertainty on �udsb�tight. For �b�tight only the seond andfourth tests were used. This proedure to assign unertainties from detetor e�etsis assumed to give a onservative estimate of the truth e�et.For 1992-1993 a simpler method was used. A value of Rb was obtained withoutapplying the traking resolution tuning desribed in hapter 4, and the result wasompared with the standard measurement applying this �ne tuning. The di�erenewas assigned as a largely onservative estimate of the error due to detetor resolutione�ets.6.2.2 Hemisphere orrelation unertaintiesThe third main soure of systematis, due to hemisphere orrelations, is the mostomplex. As previously pointed out, one has to take into aount for the extrationof Rb that the two hemispheres in an event are not ompletely unorrelated. The



6.2 Systemati errors 157�qIJ hemisphere orrelations are estimated from simulation, but only a few of themhave an impat on Rb. They are given together with their sensitivities in the seondolumn of tables 6.9, 6.10 and 6.11 for 1994, 1995 and 1992-1993 respetively, wherethe errors are due to the limited simulation statistis. The sensitivity is de�ned asthe relative hange on Rb due to a hange of a given orrelation:�RbRb��qIJ : (6.20)Only 14 orrelations out of 45 are given in the table, whose sensitivities to Rb werehigher than 0.010. The sensitivity of the measurement of Rb to �bb�tight;b�tight is 0.805in 1994, 0.798 in 1995 and 0.714 in 1992-1993, to be ompared with unity in thesingle tag analysis. However, as shown in the tables, there are other orrelationswith non-negligible sensitivities (for instane, two of them above 0.100 in 1994-1995),whih have no ounterpart in the single tag analysis. Finally, as explained in setion5.2.8, orrelation oeÆients ontaining the no-tag ategory (I or J = NT ) weredetermined from the data �t, so they have a negligible sensitivity on the analysis.Systemati errors on �qIJ an be separated into three main soures:� errors arising from unertainties in uds,  and b simulation,� errors due to the vertex detetor aeptane, and� errors due to gluon radiation e�ets.Finally, we should add the ontribution of the statistial error on the Monte Carloestimation of the orrelation oeÆients, due to the limited statistis of the simula-tion sample (MC statistis). This unertainty was obtained numerially from a 'toy'simulation of the experiment, based on the entral values and the statistial errorsof �qIJ as quoted from the standard Monte Carlo samples.E�ets from uds,  and b physis simulationVarying the uds,  and b physis simulation parameters (besides their diret e�etson �udsb�tight, �b�tight and �bb�tight, though for �bb�tight they are unimportant sine thiseÆieny is �tted to data) an inuene the size of the orrelations and then the Rbmeasurement.For eah variation of these physial parameters, eah simulated event was weighted.Then, the orrelation oeÆients are realulated and their new values injeted inthe �t of the real data, allowing a new determination of Rb. The observed hangeon Rb is assigned as the systemati error due to the parameter. However, due to theuse of separate hemisphere primary verties, the e�ets of these physis systematiswere found to be extremely small. In the ase of the single tag analysis, the uner-tainties on �b at ut � log10 � 1:0 in 1994 are summarized in the upper part of table6.12. The upper part of table 6.13 summarizes the errors on Rb due to these physial
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Table 6.9: Major b,  and uds orrelations (MC global) with sensitivity > 0:010 on Rb at the nominal uts for the 1994 analysis.Estimations on simulation (MC) and real data (Data) of the ontributions due to angular (os �thrust, �thrust) and gluon radiatione�ets (pjet). os �thrust �thrust pjetMC global Sensitivity MC Data MC Data MC Datab orrelations�bb�tight;b�tight 0:0187� 0:0027 0.805 0.0035 0.0030 0.0010 0.0013 0.0115 0.0130�bb�tight;b�standard 0:0036� 0:0027 0.236 0.0010 -0.0003 0.0006 0.0009 -0.0000 -0.0001�bb�tight;b�loose �0:0020� 0:0028 0.140 0.0000 0.0002 -0.0011 0.0004 0.0042 0.0051�bb�tight;harm 0:0104� 0:0053 -0.040 -0.0033 -0.0066 0.0034 0.0016 0.0055 0.0066�bb�standard;b�standard 0:0047� 0:0050 -0.082 0.0028 0.0008 0.0007 0.0003 0.0083 0.0071�bb�standard;b�loose �0:0003� 0:0042 -0.072 0.0029 0.0012 0.0008 0.0008 0.0035 0.0037�bb�standard;harm �0:0094� 0:0077 0.028 -0.0114 -0.0045 0.0003 -0.0007 0.0047 0.0045�bb�loose;b�loose 0:0144� 0:0052 -0.037 0.0034 0.0021 0.0016 0.0010 0.0022 0.0025�bb�loose;harm �0:0139� 0:0079 0.019 -0.0121 -0.0065 -0.0004 0.0002 0.0029 0.0035 orrelations�b�standard;harm �0:0469� 0:0197 0.012 -0.0079 -0.0066 0.0024 0.0017 0.0124 0.0083�b�loose;harm �0:0015� 0:0115 0.025 -0.0105 -0.0089 0.0013 -0.0013 0.0142 0.0193�harm;harm 0:0350� 0:0093 -0.015 0.0158 0.0092 0.0025 0.0009 0.0116 0.0148uds orrelations�udsharm;uds 0:0219� 0:0091 0.020 0.0088 0.0135 -0.0000 -0.0001 0.0184 0.0172�udsuds;uds 0:0778� 0:0067 0.022 0.0079 0.0079 0.0053 0.0022 0.0374 0.0276
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Table 6.10: Same as previous table but for 1995 data.os �thrust �thrust pjetMC global Sensitivity MC Data MC Data MC Datab orrelations�bb�tight;b�tight 0:0235� 0:0044 0.798 0.0029 0.0037 0.0019 0.0024 0.0114 0.0111�bb�tight;b�standard �0:0006� 0:0044 0.221 0.0016 0.0014 -0.0000 -0.0000 0.0107 0.0109�bb�tight;b�loose �0:0032� 0:0044 0.128 0.0001 0.0001 -0.0007 -0.0012 0.0056 0.0060�bb�tight;harm �0:0025� 0:0083 -0.058 -0.0035 -0.0081 0.0015 0.0010 0.0055 0.0068�bb�standard;b�standard 0:0077� 0:0079 -0.074 0.0032 -0.0002 0.0010 0.0011 0.0094 0.0098�bb�standard;b�loose 0:0122� 0:0065 -0.063 0.0036 -0.0003 0.0013 0.0010 0.0049 0.0057�bb�standard;harm �0:0162� 0:0120 0.030 -0.0121 -0.0009 -0.0003 0.0008 0.0053 0.0066�bb�loose;b�loose 0:0081� 0:0080 -0.039 0.0047 0.0028 0.0020 0.0015 0.0031 0.0045�bb�loose;harm 0:0115� 0:0122 0.021 -0.0140 -0.0091 -0.0006 0.0002 0.0036 0.0030 orrelations�b�standard;harm �0:0162� 0:0312 0.014 -0.0078 -0.0067 0.0019 0.0000 0.0109 0.0078�b�loose;harm 0:0365� 0:0178 0.027 -0.0113 -0.0109 0.0010 -0.0002 0.0122 0.0080�harm;harm 0:0151� 0:0141 -0.025 0.0157 0.0098 0.0020 0.0006 0.0111 0.0142uds orrelations�udsharm;uds 0:0314� 0:0140 0.011 0.0086 0.0096 0.0008 0.0004 0.0170 0.0152�udsuds;uds 0:0869� 0:0107 0.018 0.0075 0.0076 0.0032 0.0040 0.0359 0.0265
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Table 6.11: Same as previous tables but for the 1992-1993 data.os �thrust �thrust pjetMC global Sensitivity MC Data MC Data MC Datab orrelations�bb�tight;b�tight 0:0327� 0:0033 0.714 0.0034 0.0024 0.0086 0.0116 0.0153 0.0135�bb�tight;b�standard 0:0141� 0:0027 0.346 0.0005 0.0006 -0.0002 -0.0006 0.0098 0.0099�bb�tight;b�loose �0:0039� 0:0031 0.214 -0.0006 0.0001 -0.0012 0.0020 0.0048 0.0051�bb�tight;harm �0:0107� 0:0048 -0.066 -0.0007 -0.0010 0.0026 0.0017 -0.0010 -0.0018�bb�standard;b�standard 0:0121� 0:0037 -0.116 0.0010 0.0011 0.0010 0.0018 0.0073 0.0079�bb�standard;b�loose 0:0052� 0:0033 -0.110 0.0010 0.0016 0.0009 0.0010 0.0041 0.0047�bb�standard;harm 0:0001� 0:0052 0.045 -0.0006 -0.0005 -0.0005 0.0003 0.0006 0.0007�bb�loose;b�loose 0:0015� 0:0044 -0.065 0.0014 0.0006 0.0010 0.0004 0.0025 0.0030�bb�loose;harm 0:0018� 0:0058 0.031 -0.0005 -0.0019 -0.0002 0.0001 0.0010 0.0016 orrelations�b�standard;harm 0:0201� 0:0142 0.016 0.0013 0.0021 0.0032 -0.0185 0.0118 0.0086�b�loose;harm 0:0043� 0:0094 0.023 0.0010 0.0013 0.0019 -0.0078 0.0093 0.0089�harm;harm �0:0005� 0:0065 -0.012 0.0003 0.0007 0.0031 0.0011 0.0033 0.0051uds orrelations�udsharm;uds �0:0058� 0:0046 0.031 -0.0037 -0.0055 -0.0010 0.0009 0.0079 0.0072�udsuds;uds 0:0519� 0:0037 0.035 0.0065 0.0074 0.0045 0.0071 0.0231 0.0199



6.2 Systemati errors 161unertainties for the multiple tag analysis. In this ase, additional unertainties areinluded due to harm physis, prodution of heavy quarks from gluon splitting andB hadron branhing ratios.Like in the ase of �udsb�tight and �b�tight, unertainties in the physial parametersused in the simulation of orrelations are alulated by varying the physis inputswithin their experimental ranges around their entral values, aording to the pre-sription given in referene [114℄. They are briey summarized below:� The average harged deay multipliity of the B hadrons is varied by �0:35.The size of the variation reets the auray of the measurements by Del-phi [131℄ andOpal [132℄, whose ombination is 5:25�0:35, exluding all deaytraks from K0 and �. In 1994-1995, the simulation input for the B deaymultipliity was 4.93 instead of 5.25. However, this simulation input value isonsistent with a reent new preise Delphi measurement, 4:96� 0:06 [121℄,based on a omparison of traks with positive and negative lifetime impat pa-rameters in b tagged events. Consequently, the simulation was not reweightedfor the 5.25 value. To be onservative, the error on this value was taken to be�0:35.� The average lifetime of B hadrons was taken to be 1:55 � 0:04. The size ofthe variation was hosen to be larger than the auray of the world averageof [7℄ to allow for the unertainty due to the di�erent eÆienies for di�erentB hadron speies.� The b quark fragmentation was varied by applying a weight to eah simulatedevent using the fragmentation funtion of Peterson et al. [36℄ in order to insurethat the average saled energy of the weakly deaying B hadrons, hxE(b)i, was0:702� 0:008. This entral value and range of variation reets the aurayof hxE(b)i measured by the Lep experiments [133℄. The quoted error ontainsboth statistial and systemati unertainties. The largest unertainty omesfrom the modeling of the fragmentation proesses, both due to exited statesand to the fragmentation funtion used. The fragmentation funtion is de�nedwith respet to the non-observable variable z = (E + p)k;hadron=(E + p)k;quark(see appendix A). The Monte Carlo simulation must be used to translate z intox, and the weighting of the Monte Carlo must be applied in terms of z. Beauseof this, the value of the fragmentation parameter depends on the Monte Carloused to do this orretion, and it is therefore a strongly model dependentquantity. The derivation of the mean saled energy from this funtion is,however, muh less sensitive to these modeling issues. All these statementsare also true for the harm fragmentation studied previously. Finally, beauseof the extremely small resulting error on Rb, weighting in terms of x insteadof z leads to negligible di�erenes.� The prodution frations of the B hadron speies were taken from PartileData Group [7℄.



162 The measurement of RbTable 6.12: Systemati errors on the hemisphere orrelation �b in the single tag analysisfor the 1994 analysis.Soure of systematis ��� 103Two b quarks in one hemisphere: �30% �0:3b fragmentation hxE(b)i : 0:702� 0:008 �0:1B deay multipliity: 5:25� 0:35 �1:0Average B lifetime: 1:55� 0:04 ps �0:2Total b physis orrelation error �1:1Angular e�ets �1:2Gluon radiation �1:0MC statistis �2:3
Isolation of orrelation soures due to angular e�etsCorrelations are also a�eted by errors whih are not related to the physis simu-lation parameters, suh as the angular e�ets that are disussed in the following.However, when a soure of orrelation �qIJ an be isolated and measured in realand simulated data, it is possible to extrat the ontribution of this soure to thesystemati error on Rb. This an be done, as explained below, by a omparison oftheir e�et in data and simulation.To isolate the ontribution of a single physial soure to the orrelations, ageneri variable � whih quanti�es the physial e�et is de�ned, and alulatedindependently in eah hemisphere. For example, the angular aeptane orrelationis studied using the polar angle of the B hadron whih deays in a given hemisphere.For a variable �, we an de�ne a probability funtion �bsame(�) to tag the B hadronas b, and the probability �boppo(�) to tag also the other B hadron as b in the oppositehemisphere. The B hadron tagging eÆieny is then measured in the same andopposite hemispheres as a funtion of �. The onvolution of these two eÆienyfuntions gives the orrelation e�et due only to this variable, but averaging out allother orrelation soures. The single soure of orrelation is alulated from loaldouble tag eÆieny, together with the single tag eÆieny �b. This proedure usesthe fat that the value of the testing variable is orrelated between the hemispheres,i.e. if one hemisphere has a osine of its polar angle at z the other one has it at �z.The ontribution from variable � to �b in the single tag analysis an mathematiallybe determined through the following expression:��b = P� fb(�)�bsame(�)�boppo(�)hP� fb(�)�bsame(�)i2 � 1 (6.21)where fb(�) is the distribution of b hemispheres (normalized to unity) as a funtion



6.2 Systemati errors 163Table 6.13: Systemati errors due to hemisphere orrelations for the multiple tag anal-ysis. Soure �Rb � 1041994-1995 1992-1993Two b quarks in same hemisphere: �30% �0.84 �2.68g ! � : (2:38� 0:48)% per event �0.05 �0.06g ! b�b=g! � : 0:13� 0:04 �0.05 �0.06b fragmentation hxE(b)i : 0:702� 0:008 �0.53 �1.54B deay multipliity: 5:25� 0:35 �2.01 �4.49Bs fration: 0:112� 0:019 �0.56 �0.35�b fration: 0:132� 0:041 �0.55 �3.18Average B lifetime: 1:55� 0:04 ps �0.02 �0.05Charm physis �0.32 �0.42Total uds,  and b physis orrelation error �2.40 �6.34Angular e�ets �1.26/3.40 �6.34Gluon radiation �2.54/1.72 �1.82MC statistis �5.52/9.23 �6.41of �; �bsame(�) and �boppo(�) are the eÆienies to tag a hemisphere of avour b in thesame and opposite hemispheres as a funtion of � respetively. Knowing the souresto the orrelation �b, the systemati error on its value an be estimated. For eahorrelation omponent, an approximate orrelation is de�ned using experimentalobservables. For example, the polar angle of the B hadron is replaed by the polarangle of the event thrust axis of the hemisphere assoiated with that hadron.The variables used to isolate the orrelation soures are: the osine of the polarangle, os�thrust, and the azimuthal angle, �thrust, of the thrust axis to desribe theangular e�ets due to the vertex detetor and pjet (as desribed below) to study theQCD/gluon radiation e�ets. If the tagging eÆieny in one hemisphere dependson the value of these testing variables in the same or opposite hemisphere, non-zeroorrelations are expeted for these soures.In the multiple tag analysis, expression (6.21) generalizes as follows:�q;�IJ = P� fq(�) h�qI;same(�)�qJ;oppo(�) + �qJ;same(�)�qI;oppo(�)i2 hP� fq(�)�qI;same(�)i hP� fq(�)�qJ;same(�)i � 1 (6.22)where fq(�) is the distribution of q hemispheres as a funtion of the variable � and�qI;same(�) and �qJ;oppo(�) are the eÆienies, funtions of �, to lassify the same andopposite hemispheres in the ategories I and J respetively for the avour q.The ontribution �q;�IJ an easily be omputed for Monte Carlo beause the avourq is known. However, omparison of data and Monte Carlo requires the experimental



164 The measurement of Rbisolation of this avour also in data. An approahed avour isolation was obtainedfor uds and b quarks using a soft multivariate tag. No  quark seletion ould beahieved due to the small  event statistis and the rather poor  quark puri�ation.However, this was proven not to be a problem beause of the small sensitivity of Rbto  orrelations. In 1994-1995, the uds and b seletions were performed imposingthe soft uts �uds > 1:5 and �b > �0:5 respetively on the opposite hemisphereto the tested one, in order to avoid an arti�ial bias. The resulting hemisphereb eÆienies were 11.7%, 35.5% and 79.2% for uds,  and b avours respetively(56.9% b purity). The hemisphere uds eÆienies were 82.4%, 52.3% and 15.0%for uds,  and b avours respetively (80.3% uds purity). Figures 6.3, 6.4 and 6.5ompare the eÆienies �qI;same(�) and �qI;oppo(�) for 1994 data and simulation for thepolar and azimuthal angles for all events and with b and uds avour enrihment inopposite hemisphere respetively. Only the b-tight, b-standard, harm and uds tagsare shown. To remove global di�erenes in eÆienies between data and simulation,whih are meaningless in this analysis beause eÆienies are measured diretly fromdata, the mean eÆieny in data was normalized to the one obtained in simulation.In 1992-1993, the uds and b seletions were quoted imposing the uts �uds > 1:4 and�b > �0:2 respetively. The resulting hemisphere b eÆienies were 13.0%, 30.8%and 73.4% for uds,  and b avours respetively (54.6% b purity). The hemisphereuds eÆienies were 75.1%, 50.2% and 15.9% for uds,  and b avours respetively(79.5% uds purity).The eÆienies �qI;same(�) and �qI;oppo(�) are obtained as the ratio of I taggedq hemispheres with respet to all q hemispheres as a funtion of � omputed inthe same and opposite hemispheres respetively after enrihment. For the uds and benrihment the hemisphere was taken as q only if it passed the soft ut in the oppositehemisphere to the one where � was alulated. The normalized distributions fq(�)are similarly omputed from the opposite hemisphere. In the ase of �gure 6.3 (noenrihment), they are simply the fration of hemispheres lassi�ed as I in the sameand opposite hemispheres.From �gures 6.3, 6.4 and 6.5 it an be seen the good Monte Carlo desriptionof the data, espeially for the ase of b ategories, whih is a result of the �netuning of the traking system desribed in setion 4.5. The obtained agreement for1995 and 1992-1993 data is similar, although it is a little poorer in the latter. Thiswill be reeted in larger systemati errors due to angular e�ets on hemisphereorrelations.The orrelation was then alulated using equation (6.22). The resulting orre-lation was saled by the ratio of orrelations in pure q events and in the seleted udsand b events obtained from simulation;  orrelations were obtained by saling onall events. This orretion was done in order to remove bakgrounds in the seletedsamples as well as to orret for any bias aused by the soft uts. However, theobtained orretion fators were small.Sine the primary vertex is reonstruted separately in eah hemisphere, it anonly ontribute to orrelations via the Lep interation region, whih is ommon to
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168 The measurement of Rbboth hemispheres. As this interation region is highly elliptial in the R� plane,it tends to make the tagging eÆieny � dependent. Any resulting orrelation istherefore ontained in the ontribution estimated using the �thrust variable.Isolation of orrelation soures due to gluon radiation (QCD) e�etsWe have not inluded in the list of uds,  and b e�ets the ontribution of gluonradiation. We put it apart beause it an be partially isolated like angular e�ets(allowing omparison between simulated and real data), provided that a suitablevariable � sensitive to gluon radiation is de�ned. Hard gluon radiation is one ofthe major soures of orrelations, sine it redues the momentum of B hadrons(dereasing therefore the tagging eÆieny) and eventually ould leave them intothe same hemisphere.The proedure to isolate orrelations due to QCD e�ets is the same as foros�thrust and �thrust. The sensitive testing variable, alled pjet, is de�ned as follows.The JADE jet algorithm [32℄ was fored to �nd three jets. The jet momenta werethen resaled to verify energy-momentum onservation. If �ij is the angle betweenjets i and j, the realulated energy for jet k is [134℄:Ek = ps sin �ijsin �12 + sin �23 + sin �13 : (6.23)If after this resaling, y3 (JADE)1 is smaller than 0.005, the event is de�ned astwo-jet. Let us take now pj to be the momentum of the fastest jet divided bythe beam energy2. The test variable pjet is then introdued as pjet = (3pj � 2)2.It varies between 0 and 1, and due to the square is a bit atter than pj. Forthe hemisphere that ontains the fastest jet (one-jet hemisphere), pjet was thensigned to be positive and for the other hemisphere pjet was signed negative (two-jethemisphere). In the ase of two-jet events, the sign of pjet is randomized. Sine thepjet distribution is di�erent for b and uds events, the soft avour seletion in theopposite hemisphere is now fundamental. As an additional ompliation, the twosoures for QCD orrelations at di�erently on the pjet distribution. If the two bquarks are one in eah hemisphere, the one-jet hemisphere represents the faster andthus better tagged b. If the two b quarks are boosted into the same hemisphere,the one-jet side ontains only a gluon. The systemati error indued by events withboth b quarks in one hemisphere was tested by varying their amount in simulationby 30%, as suggested by a omparison of the JETSET parton shower and seondorder matrix element simulations. For the systemati error of the B momentumorrelation, the variable pjet was used when omparing data and simulation.Figure 6.6 ompares the �qI;same(�) and �qI;oppo(�) eÆienies for data and sim-ulation in 1994 for pjet with b and uds avour seletions in opposite hemisphere.1y3 (JADE) is the value of yut that sets the transition from 2 to 3 jets using the JADEalgorithm.2pj is therefore de�ned between 2/3 and 1.



6.2 Systemati errors 169As previously, only the b-tight, b-standard, harm and uds tags are shown and theeÆienies in data are normalized to the one obtained in simulation.The orrelation from B momentum was then alulated using equation (6.22)and resaled like for the angular variables os�thrust and �thrust.Correlation errors on Rb due to angular e�ets and gluon radiationTables 6.9, 6.10 and 6.11 summarize the orrelation results of this proedure for eahof the testing variables and separately for the 1994, 1995 and 1992-1993 periods.They shown the omparison between real and simulated data of the angular andgluon radiation ontributions (at the nominal uts) to the orrelation oeÆientshaving a sensitivity higher than 0.010 on Rb. Figure 6.7 shows the total orrelationfor the b-tight tag (the one with biggest impat on Rb) as a funtion of the utvalue for the 1994-1995 data sample, together with eah of the three omponentsand their sum, for data and simulation. It an be seen that the three variablesonsidered above aount for most of the global orrelation and other orrelationsoures (apart of the ontributions due to physis inputs) have a negligible e�eton the orrelation systematis. In any ase, the observed di�erenes between theglobal orrelation and the sum of omponents are ompatible with the statistialerror on the estimation of the global orrelation. For the 1992-1993 analysis, theagreement between the total orrelation and the sum of omponents is poorer thanfor the 1994-1995 analysis, whih is due to a higher ontribution from uds,  and bphysis soures (see table 6.13).The �nal step, after having estimated the orrelation oeÆients due to a givensoure, is to estimate the orresponding error on Rb. For that purpose, we performtwo �ts on real data. The �rst �t uses for the orrelation matries �udsIJ , �IJ and�bIJ the estimations obtained for the soure on simulation; the seond uses the es-timations obtained from real data. For both ases, the main elements are given inthe tables 6.9, 6.10 and 6.11 (MC and Data olumns). The Rb values are omparedand the di�erene is assigned as the systemati error related to the soure, dueto di�erenes between simulation and data. The errors for the three soures wereadded quadratially and the quoted unertainties are listed at the bottom of table6.13. It must be stressed that this systemati error annot be attributed only todi�erenes between data and Monte Carlo for the partiular avour, but they analso be due to imperfetions of the avour isolation and saling. It was also hekedthat the saling orretion on the orrelation oeÆients does not a�et signi�antlythe quoted systemati error on Rb.Single tag analysisIn the single tag analysis, to obtain the systemati error on the orrelation estimatefrom the simulation, a very similar proedure was followed. The fration of taggedevents was measured as a funtion of the relevant variable � both in data andsimulation. From this and using equation (6.21), the orrelation due to that single
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172 The measurement of Rbvariable was alulated. The larger of either the di�erene between the data andsimulation measurements or the statistial error on this di�erene was taken as theerror estimate for this orrelation soure.For the angular variables all events were used. Owing to the initial angulardistributions are idential for b and light quark events no bias was introdued. Itwas, however, veri�ed that the onlusions did not hange if a soft b tag was requiredin the hemisphere opposite to the tested one. For the QCD e�ets, systematiunertainties were quoted as explained above using soft b on�dene ut. The onlydi�erene was that, in an attempt to remove from pjet the ontribution oming fromthe two b quarks ontained in the same hemisphere, the one-jet hemisphere wasonly used if it passed a soft b tag. On the two-jet side, the soft b tag was notapplied sine it hanges the ratio of events with a fast b and a soft gluon and vieversa. Figure 6.8 shows the orrelation �b obtained with this proedure in data andsimulation. Also shown is the orrelation obtained from an unbiased sample of b�bevents without events that have both b quarks in one hemisphere. Good agreementis observed for the three samples, inside the rather large statistial errors. Thisplot was obtained with a slightly di�erent hadroni seletion and b enrihment withrespet to the one used in the multiple tag analysis. For this reason, the value of theorrelation is not exatly the same for both analyses. It should be stressed that thesoft tag on the one-jet hemisphere to remove from pjet the ontribution due to thetwo b quarks in the same hemisphere hanges the orrelation omponent slightly,but it was observed to be basially insigni�ant on the quoted systemati error.The angular and QCD orrelation unertainties quoted for the 1994 single taganalysis are summarized at the bottom of table 6.12.6.3 Final results and onsisteny heksIn summary, the �nal results areRb = 0:21617� 0:00100(stat:)� 0:00091(syst:)� 0:024� (R � 0:172) (6.24)for 1994 andRb = 0:21688� 0:00144(stat:)� 0:00121(syst:)� 0:024� (R � 0:172) (6.25)for 1995, where the �rst error is statistial and the seond one systemati. Theexpliit dependene of this measurement with the assumed R value is also given.The 1994 result should be ompared with the one obtained from the single tagsheme:Rb = 0:21685� 0:00119(stat:)� 0:00096(syst:)� 0:033� (R � 0:172): (6.26)
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174 The measurement of RbWith these assumptions, using a ombining method similar to the one desribed in[135, 136℄, the result for the ombined 1994-1995 data is:Rb = 0:21639� 0:00082(stat:)� 0:00085(syst:)� 0:024� (R � 0:172): (6.27)As previously mentioned, the b hemisphere tagging eÆieny �bb�tight was found tobe 0:2950� 0:0012 (0:2962� 0:0017) for 1994 (1995) data, ompared with the simu-lation estimate 0.284 (0.275). The real data are about 4% (7%) more eÆient thansimulation. The purity at the working point for this measurement is 98.5%.Figure 6.9 shows the stability of the ombined 1994-1995 Rb result as a funtionof the ut on � log10 y de�ning the b-tight tag, together with the hange of theontributions to the total error. It an be observed that at small values of the ut,the measurement is dominated by systemati unertainties in the harm bakground,whilst at large values of the ut it su�ers from rather large statistial errors. Thesmallest error is obtained at ut � log10 y � 1:2. As an indiation, a ut at 0.0orresponds to an eÆieny/purity working point of 44.0%/91.6%, and the value2.0 orresponds to 21.0%/99.4%. The measured value of Rb is therefore stable overa wide range of the b eÆienies, purities and orrelations.The �nal result for the 1992-1993 data isRb = 0:21631� 0:00150(stat:)� 0:00174(syst:)� 0:042� (R � 0:172): (6.28)The b hemisphere tagging eÆieny was found to be 0:1869�0:0012, ompared withthe simulation estimate 0.192. In this ase, the real data are about 3% less eÆientthan simulation. The purity at the working point for this measurement is 97.3%.Figure 6.10 shows the stability of the 1992-1993 Rb result as a funtion of theut on the multivariate disriminator �b de�ning the b-tight tag, together withthe hange of the ontributions to the total error. The best error is obtained herefor �b � 5:0. The ut at 3.0 orresponds to an eÆieny/purity of 33.4%/91.2%,ompared with 11.2%/98.6% at ut 6.5.The 1994-1995 and 1992-1993 results are ompatible and an be ombined withthe same assumptions as above, the only di�erene being that the errors due todetetor e�ets on the estimate of light and harm quark eÆienies (traking) annow be assumed unorrelated beause of the ompletely di�erent vertex detetorsetup. The 1992-1995 ombined result is �nally found to beRb = 0:21638� 0:00076(stat:)� 0:00087(syst:)� 0:025� (R � 0:172): (6.29)Applying the small (+0.0002) orretion for photon exhange yields for the ratio ofpartial widths:R0b = 0:21658� 0:00076(stat:)� 0:00087(syst:)� 0:025� (R � 0:172): (6.30)
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6.3 Final results and onsisteny heks 177For this number, all entre-of-mass energies at whih Lep has run have been om-bined. Figure 6.11 shows the stability of Rb as a funtion of the uts �upb;0, �lowb;0 , �;0and �uds;0 de�ning the b-standard, b-loose, harm and uds hemisphere tags. Table6.14 reports the full breakdown of the error on this measurement, for the partial1994-1995 ombination, the 1992-1993 analysis and �nally the full ombination overthe full Lep 1 statistis. Table 6.15 details the breakdown of the harm physisunertainties.Table 6.14: Breakdown of the error on Rb at the nominal uts for the multiple taganalysis. Soure �Rb1994-1995 1992-1993 1992-1995Data statistis �0.00082 �0.00150 �0.00076MC statistis �0.00048 �0.00066 �0.00043Event seletion �0.00012 �0.00012 �0.00011Traking �0.00015 �0.00052 �0.00015K0, �0, photons, et. �0.00003 �0.00018 �0.00005g ! � : (2:38� 0:48)% per event �0.00035 �0.00013 �0.00032g ! b�b=g! � : 0:13� 0:04 �0.00032 �0.00056 �0.00036Charm physis �0.00030 �0.00105 �0.00042Two b quarks in same hemisphere: �30% �0.00008 �0.00027 �0.00011b fragmentation hxE(b)i : 0:702� 0:008 �0.00006 �0.00015 �0.00007B deay multipliity: 5:25� 0:35 �0.00020 �0.00045 �0.00024Bs fration: 0:112� 0:019 �0.00006 �0.00004 �0.00006�b fration: 0:132� 0:041 �0.00006 �0.00032 �0.00010Average B lifetime: 1:55� 0:04 ps �0.00000 �0.00001 �0.00000Angular e�ets �0.00014 �0.00061 �0.00015Gluon radiation �0.00023 �0.00018 �0.00022Total systemati error �0.00085 �0.00174 �0.00087Total error �0.00118 �0.00230 �0.00114The breakdown of the error at the hosen ut on � log10 y for the 1994 singletag analysis is given in table 6.16. If one ompares the multiple and single tagresults with 1994 data only, it an be seen that the multiple tag sheme improves thestatistial auray and redues the systemati errors due to hemisphere orrelationsand uds and harm ontamination.Clearly the multiple tag measurement is highly orrelated with the one obtainedwith the single tag measurement, and both are onsistent. In order to quantify theompatibility, the measurement of Rb was performed at ut � log10 y � 1:0 usingthe multiple and single tag methods for the 1994 and 1995 samples. The multipletag approah provided the results Rb = 0:21615�0:00095(stat:) and Rb = 0:21653�
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Table 6.15: Detailed breakdown of the harm physis systemati error on Rb at thenominal uts for the multiple tag analysis.Soure �Rb1994-1995 1992-1993 1992-1995D+ fration in � events: 0:233 � 0:028 �0.00014 �0.00034 �0.00017Ds fration in � events: 0:102 � 0:037 �0.00004 �0.00003 �0.00004� baryon fration in � events: 0:065 � 0:029 �0.00010 �0.00022 �0.00012D deay multipliity: 2:39 � 0:14 �0.00010 �0.00076 �0.00020Br(D ! K0X): 0:46 � 0:06 �0.00022 �0.00024 �0.00022D0 lifetime: 0:415 � 0:004 ps �0.00002 �0.00002 �0.00002D+ lifetime: 1:057 � 0:015 ps �0.00003 �0.00003 �0.00003Ds lifetime: 0:447 � 0:017 ps �0.00001 �0.00004 �0.00001� lifetime: 0:206 � 0:012 ps �0.00000 �0.00001 �0.00000hxE()i: 0:484 � 0:008 �0.00004 �0.00055 �0.00011
Table 6.16: Soures of errors for the measurement of Rb using the single tag shemefor 1994 data. Soure �RbData statistis �0:00119Light quark eÆieny �0:00050Charm eÆieny �0:00050Hemisphere orrelation �0:00041MC statistis �0:00051Event seletion �0:00014Total �0:00154



180 The measurement of Rb0:00136(stat:) for the 1994 and 1995 data respetively. With the single tag shemethe results were Rb = 0:21685� 0:00119(stat:) and Rb = 0:21620� 0:00163(stat:),well in agreement (within statistial di�erenes) with the former results.However, the di�erene between these Rb results is not only due to their sta-tistial di�erenes. The sensitivity of both approahes to light and harm quarkeÆieny unertainties is the same, and therefore the systemati errors due to udsand  bakgrounds are fully orrelated. However, the sensitivities to orrelations aredi�erent. In fat, the sensitivity of the multiple tag measurement to �bb�tight;b�tightat ut � log10 y � 1:0 is 0.838, ompared with the sensitivity of unity of the singletag analysis. In this way, the orrelation error as obtained in the single tag analy-sis, ��bb�tight;b�tight = �0:0030 (�0:0043) in 1994 (1995) indues an error on Rb of0.00065 (0.00092) and 0.00055 (0.00078) for the single tag and multiple tag methodsrespetively. Therefore, the part of the error due to orrelations whih is unorre-lated between the multiple and the single tag analyses is 0.00036 (0.00049). Com-bining this error with the statistial di�erene, we obtain a di�erene between themultiple and single tag measurements of �0:00070� 0:00080 (+0:00033� 0:00102).Therefore they are well ompatible.Furthermore, it was heked that the error on �bb�tight;b�tight found with the pro-edure followed in the single tag analysis agreed well with that obtained in themultiple tag analysis. Flavour isolation, pjet de�nition and error assignment weredone in slightly di�erent ways.Finally, the omparison of the high purity multiple tag with the asymptotiapproah results of table 6.5 must be also seen as a ross-hek of the measurement.6.4 Energy dependeneIn 1995, data were taken at three di�erent entre-of-mass energies, ps = 89.44, 91.28and 92.97 GeV, and in 1993 atps= 89.49, 91.25 and 93.08 GeV. As photon exhangeand �Z interferene are strongly suppressed at energies lose to the Z resonane,Rb(ps) is predited to be almost onstant in the Standard Model. However, if Rbis a�eted by the interferene of the Z with a Z 0 almost degenerate in mass, assuggested by Caravaglios and Ross [137℄, some energy dependene an be expetedif the mass and width of the Z 0 are not exatly equal to those of the Z. Sinethe b tagging eÆieny varies only very little within the energy range onsideredhere, no ompliated single to double tag omparison is needed to measure Rb(ps)Rb(MZ) .Instead, simply the ratio of the fration of tagged events an be used, with verysmall orretions due to hanges in the b tagging eÆieny and almost negligibleorretions due to bakground. These orretions were alulated using the MonteCarlo simulation.The measurement was performed using event tagging instead of hemisphere tag-ging. For 1995 the ombined impat parameter tag � log10 y was used, and for 1993the probability of primary vertex deay produts � log10 PE as de�ned in hapter 4



6.4 Energy dependene 181was taken instead. Several di�erent values of the event variable ut were used, anda minimum statistial error was found at a b purity of 79% (70%) for 1995 (1993).In 1995, at the value of the ut, the b tagging eÆieny varied by a relativeamount of �0:1% with respet to that at the Z peak and was about 81%, whilethe eÆieny to tag  (uds) events was about 21% (2%). The following ratios werefound [120℄: R� = Rb(89:44GeV)Rb(91:28GeV) = 0:9870� 0:0114R+ = Rb(92:97GeV)Rb(91:28GeV) = 1:0056� 0:0096: (6.31)In 1993, the b tagging eÆieny varied by a relative amount of �0:5% with respetto that at the Z peak and was about 70%, while the eÆieny to tag  (uds) eventswas about 20% (4%). To avoid any systemati unertainties due to time dependeneof the b tagging eÆieny, the data taken in the �rst part of the year, where Lep ranonly at ps = 91:25 GeV, on the Z peak, were negleted. With these requirements,the following ratios were found [117℄:R� = Rb(89:49GeV)Rb(91:25GeV) = 0:982� 0:015R+ = Rb(93:08GeV)Rb(91:25GeV) = 0:997� 0:016: (6.32)
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Figure 6.13: Ratio of the o�-peak and on-peak Rb values as a funtion of the ut valuefor the 1993 data. The vertial dotted line marks the ut used for the entral values.In (6.31) and (6.32), the errors are only statistial, inluding the limited MonteCarlo statistis at the o�-peak points. All systemati unertainties were foundto be negligible. Figures 6.12 and 6.13 show the stability of these measurementsas a funtion of the b purity and the probability ut for the 1995 and 1993 runsrespetively.Combining the 1995 and 1993 values yields:R� = Rb(89:46GeV)Rb(91:27GeV) = 0:9852� 0:0091R+ = Rb(93:00GeV)Rb(91:27GeV) = 1:0033� 0:0082: (6.33)The Standard Model predits a ratio of 0.997 (0.998) for R� (R+). Figure 6.14ompares the result with the Standard Model predition. The values at higherenergies are taken from [138℄. Results are therefore ompatible with the StandardModel predition.
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Chapter 7Summary and disussionThis thesis has reported the high preision measurement of R0b = �(Z ! b�b)=�(Z !hadrons) performed with the Delphi detetor at CERN Lep ollider using the fullLep 1 statistis taken between the years 1991 and 1995. A total of about 4.2Mhadroni Z deays were reorded and analyzed. About 60% of these data were takenwith a high preision double sided silion mirovertex detetor, and all the rest witha single sided silion detetor providing high resolution only in the plane transverseto the olliding beams. Experimentally, R0b an be obtained with only very smallorretions from the ratio of ross-setions Rb = �(e+e� ! b�b)=�(e+e� ! hadrons).These small orretions are due to the photon propagation ontribution.R0b is urrently the objet of partiular interest. Most eletroweak and QCDradiative orretions anel in the ratio, leavingR0b sensitive essentially to orretionsto the Z ! b�b vertex, like the large CKM oupling to the top quark. Due tothe high quality of the agreement between the Standard Model and most of thepreise observations, together with the reent top quark disovery and its diret massmeasurement, the parameters of the Standard Model beome better onstrained. Apreise measurement of R0b at 0.5% level thus tests not only the Minimal StandardModel (independently of QCD orretions and top and Higgs dependenes fromoblique orretions) but also the presene of novel radiative vertex orretions. Inthis way, R0b is urrently one of the most interesting windows in the searh for newphysis.Two di�erent analyses based on double hemisphere tag methods have been per-formed. All of them rely on high purity/eÆieny hemisphere b tagging tehniques.The features inluded in the tagging algorithms are the long lifetime and the massof B hadrons. The lifetime information was extrated from traks having largeimpat parameters and reonstruted seondary verties. The mass behaviour wasexploited using the e�etive invariant mass of reonstruted seondary verties andevent shape properties. In the di�erent tagging tehniques, the input quantities wereombined using multivariate methods and the Z prodution and deay point wasreonstruted independently for eah hemisphere, reduing hemisphere-hemispheretagging eÆieny orrelations and hene the systemati unertainties indued by



186 Summary and disussionthem.In the hemisphere single tag analysis with ombined impat parameter tag, hemi-spheres (de�ned by the plane perpendiular to the event thrust axis) are tagged asb or non-b. In the ombined tag, hemispheres were seleted using traks with largeimpat parameters in jets with reonstruted seondary verties. The pure lifetimeinformation an then be ombined with additional information suh as the e�etivemass, the rapidity and the harged energy of partiles inluded in the seondary ver-tex. The omparison of the single and double tag rates allows the determination ofRb together with the b tagging eÆieny. R is assumed to be 0.172 from eletroweaktheory and the uds and  eÆienies of the b tag and the hemisphere-hemisphere tag-ging eÆieny orrelation are estimated from Monte Carlo simulation. Corretingby photon exhange, the analysis of the 1994 data provided the resultR0b = 0:21717� 0:00119(stat:)� 0:00096(syst:)� 0:033� (R � 0:172)where the �rst error is statistial and the seond one systemati. The expliitdependene on R is also given.In the hemisphere multiple tag analysis, also alled multivariate analysis, theombined impat parameter tag is omplemented with two multivariate avour tag-ging algorithms inluding impat parameter, seondary vertex and event shape in-formation. Here hemispheres are lassi�ed into six mutually exlusive tagging at-egories or tags ordered by dereasing b purity: b-tight, b-standard, b-loose, harm,uds and no-tag. There are 20 di�erent observables (ombinations of two indepen-dent hemisphere tags) and 17 independent unknowns: Rb, R and 15 uds,  and btagging eÆienies. As before, R is assumed from eletroweak theory and the udsand  eÆienies of the b-tight tag and the hemisphere orrelations are estimatedusing the Monte Carlo simulation of the experiment. The 1994 result is nowR0b = 0:21637� 0:00100(stat:)� 0:00091(syst:)� 0:024� (R � 0:172):Compared with the ombined impat parameter analysis in whih only b-tighttagged hemispheres are used (single tag sheme), in the multivariate analysis (mul-tiple tag sheme) all hadroni hemispheres are tagged, allowing the statistial a-uray to be inreased. The systemati unertainty on Rb due to light and harmquark bakgrounds is also improved beause of the harder ut on the b-tight taggedhemispheres, whih redues by a fator 1.2 and 1.5 the uds and  bakgroundsrespetively, with the subsequent redution in systematis unertainties. The sys-temati errors due to hemisphere orrelations are also smaller beause now there are45 independent orrelation oeÆients (of whih only 14 are relevant to the analysis)instead of one as in the single tag sheme. Some of them have opposite sign e�ets(sensitivities) on Rb, giving a global redution in the systemati error. In addition,due to the smaller harm bakground, the expliit dependene on R is also smaller.This total redution of the error at this level of preision beomes ruial.An independent single tag analysis was also arried out by Delphi on data ol-leted in 1994, using only the properties of seondary verties found for the tagging



Summary and disussion 187of b quarks [120℄. The output of a neural network [139℄ with �ve input vertex vari-ables was used. They were: 1) deay length signi�ane L=�L; 2) the number ofunique traks in the seondary vertex; 3) the number of traks in the primary vertexthat were also not assoiated to a seondary; 4) the number of traks in ommonto both the seondary and primary verties and 5) the vertex rapidity [120℄. Lightand harm quark eÆienies, hemisphere orrelation in b events and systemati er-rors were obtained similarly to the ombined impat parameter and the multivariateanalyses [120℄. The b purity for this measurement was about 95% with a b taggingeÆieny around 26%. Finally R0b was alulated to beR0b = 0:2156� 0:0014(stat:)� 0:0015(syst:)� 0:087� (R � 0:172):The multivariate analysis was also used to analyze the 1995 and 1992-1993 data,giving respetively the following results:R0b = 0:21708� 0:00144(stat:)� 0:00121(syst:)� 0:024� (R � 0:172)and R0b = 0:21651� 0:00150(stat:)� 0:00174(syst:)� 0:042� (R � 0:172):All previous results are ompatible within statistial di�erenes. Compared withthe ombined impat parameter and seondary vertex analyses, the multivariateanalysis has the smallest total error and therefore it is taken as the Delphi result.The 1992-1995 ombined preliminary result yields for the ratio of partial widths:R0b = 0:21658� 0:00076(stat:)� 0:00087(syst:)� 0:025� (R � 0:172)For this number, all entre-of-mass energies at whih Lep has run have been om-bined. The mean b purity of the b-tight tag for this measurement exeeds 98%, witha mean eÆieny of about 30%.The multivariate analysis relies heavily on the single tag analysis with ombinedimpat parameter tag, whih ats as the b-tight tag. The results are hene highlyorrelated between eah other, and annot be used independently. However, theseondary vertex tag is not inluded in the multiple tag analysis, and its resultould be ombined with the previous one taking into aount orrelated errors.Before this, the statistial orrelation between both analyses needs to be estimated.This remains to be done. So at the moment the seondary vertex result must beseen as an independent ross-hek of the multivariate result.The result is in agreement with those of other preise measurements performedat Lep/Sl olliders [106, 140, 141, 142, 143℄ (whih are briey desribed in theappendix B) and it is the more preise one. For omparison, the next more preiseresult, the one fromAleph, is R0b = 0:2159�0:0009(stat:)�0:0011(syst:)�0:0019�(R � 0:172).



188 Summary and disussionThe good agreement of the result with the Standard Model expetation R0b =0:2158� 0:0003 [43℄, assuming a mass of the top quark of mt = 175:6� 5:5 GeV=2as measured diretly at FNAL [9℄, is shown in �gure 7.1. For R, the ombinedworld average R0 = 0:1734� 0:0048 [6℄ is taken, well ompatible with the StandardModel predition 0.172. As shown in �gure 7.1, if the Minimal Standard Model ra-diative orretions (dominated by top quark e�ets) were left out of the eletroweakalulation, the expeted result would be R0b = 0:2183� 0:0001, what orrespondsto R0d (down quark rate) for the top mass given before. Therefore, this measurementshows evidenes at a 0.53% preision level that the Z ! b�b vertex is dominated byradiative orretions due to the top quark.
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Figure 7.1: Comparison of the Delphi Rb measurement (vertial band) with the Stan-dard Model preditions of Rb and Rd as a funtion of the top quark mass. The topquark mass diret measurement from FNAL, mt = 175:6 � 5:5 GeV/2 [9℄, is indi-ated by the horizontal band. The hathed vertial band orresponds to the StandardModel predition R0b = 0:2158 � 0:0003. In this plot the ombined world averageR0 = 0:1734 � 0:0048 [6℄ is assumed for R. A good agreement with the StandardModel predition is observed.The evolution with time of the Delphi R0b result is shown in �gure 7.2. Thehange in entral value and its error is not only the onsequene of the analysis of



Summary and disussion 189more data. The 1991 result [144℄, based on data taken during the 1990 Lep run,relies on the analysis of the spetra of prompt leptons from semileptoni b deays andon an event single tag measurement using as tagging variable the boosted spheriityprodut [112℄. The 1992 result [145℄ inludes an update of the semileptoni analysisusing 1991 data, the old boosted spheriity produt analysis [112℄ and an eventsingle tag measurement using neural network outputs [113℄. It was in 1993 that forthe �rst time measurements of Rb using double tagging tehniques with lifetime tagswere presented [146℄. The semileptoni measurement of Rb was improved with thesimultaneous analysis of the (p; p?) spetra of prompt single and dilepton events(last referene of [146℄), later updated with the global lepton �t [39℄, as desribedin appendix B.
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Figure 7.2: Variation of the Delphi R0b result with time. The value is given at theInternational Conferene of High Energy Physis (ICHEP) time of eah year. The resultsare given for R �xed to its eletroweak theory predition, 0.172. The vertial bandorresponds to the Standard Model predition R0b = 0:2158� 0:0003.



190 Summary and disussionThe 1994 and 1995 results [147, 148℄ improved the preision due to the inlusionof more data1 and to the ombination of three new and di�erent double tag analyses[116, 110, 117℄. In the �rst analysis, b quark hemispheres were tagged by the preseneof large impat parameter traks, using as tagging variable the probability of primaryvertex deay produts, P+H , with a ommon primary vertex. The b purity for thisanalysis was rather poor (about 92%) with large hemisphere-hemisphere taggingorrelations due to the ommon reonstrution of the primary vertex for both eventhemispheres. This was a soure of important systemati unertainties, not too easyto be redued. Rb was extrated here using a standard hemisphere single tag sheme.The seond analysis used the same tagging method as the �rst, however the taggingeÆieny was obtained from hemispheres opposite to a high p? lepton. In thismethod, Rb was measured from the impat parameter single tag rate from eventshaving both an impat parameter tag and a lepton tag, so the statistial orrelationbetween the two methods was estimated to be small. The systemati unertaintieswere also largely di�erent. The third measurement was provided by a multipletag analysis with asymptoti approah, using as tagging tehnique a multivariatealgorithm similar to the one desribed in hapter 4 [102℄. Beause the problem ofhemisphere orrelation was more spei�ally ruial for this analysis, it was originallyadopted the separated reonstrution of the primary vertex independently for eahhemisphere. The dominant systemati unertainties were here largely di�erent ofthe other analyses, and the statistial orrelation with the impat parameter analysiswas measured to be less than 35%. The average of these three measurements wasdominated by the �rst analysis, but the other two improved the total preisionsigni�antly.In the 1996 result [149℄, a preliminary double tag analysis (with single tagsheme) based on seondary verties using 1994 data was presented and averagedwith the 1995 results, but its weight in the ombination was small. The relativepreision quoted by all these analyses was only 1.0%, still far away of the required0.5%. At that time, the disrepany of Delphi with the Standard Model preditionwas serious, more than two standard deviations. That was suggesting the need fornew vertex orretions in the Z ! b�b vertex, i.e. the presene of novel physis inthe vertex. However, these measurements were systematially limited. In partiular,harm bakground and hemisphere orrelations were a worry. Pure lifetime tag witha ommon event primary vertex was not powerful enough to rejet  events in theb tag and to have small hemisphere orrelation eÆienies. Hene at some point itwas very diÆult to go any further with these analyses. The 1997 result presentedin this thesis was then the next step to improve preision and to resolve the questionof the apparent disrepany with the Minimal Standard Model. However, it shouldbe stressed that this new analysis has been the result of the pioneering work of theprevious analyses over the past years.The result presented here is still preliminary and some work remains to be done.1The 1994 result used data taken during the 1991 and 1992 runs of Lep. The 1995 number wasupdated inluding the 1993 data.



Summary and disussion 191The main points are the following:� In order to redue the Monte Carlo statistial error on the measurement, the1994 and 1995 analyses will be repeated using larger samples (about threetimes) of simulated events, Z ! q�q as well as dediated Z ! b�b.� The 1992-1993 data analyzed here did not use the latest and more power-ful DELANA proessing whih allows the trak reonstrution eÆieny andresolution to be inreased. The reanalysis with this new reonstrution pro-gram will allow the tagging performanes to be improved in a large amount ofthe data, with the subsequent improvement on Rb. This will be aompaniedby the generation of new and large (again about three times) Monte Carlosimulation samples with better tuning of physis (similar to the one used forthe 1994 and 1995 simulations) and detetor resolution parameters, given thebetter urrent understanding of the physis proesses and the traking systemresponse over the past years.� The implementation and proessing of the 1992-1993 data with the ombinedimpat parameter tag de�ning the b-tight tag. This will also allow the preisionof the 1992-1993 analysis to be improved.� More studies have to be done in order to improve the estimation of the sys-temati error due to detetor resolution e�ets, espeially the ontribution dueto the traking eÆieny.� The statistial orrelation between the multivariate and the seondary vertexanalyses must be omputed using a Monte Carlo tehnique. Due to the fatthat a very large amount of Z deays (� 100M) is needed to determine theorrelation with small unertainty, the standard simulation of the experimentannot be used. The strategy has already been designed and is based on a 'toy'simulation of the tagging tehniques rather than on a full simulation of theexperiment, whih is not possible due to tehnial reasons (CPU limitations).In spite of that, the Delphi result an also be improved using new inputs takenfrom very reent measurements of some fundamental parameters, as detailed inhapter 6. If we take for the gluon splitting ratio into b�b quark pairs, f(g! b�b), thereent measurement f(g ! b�b) = 0:246�0:092, instead of the input from theoretialalulation, f(g ! b�b) = 0:31�0:11, the entral value of Rb inreases only +0.00019and the total systemati error hanges from �0:00087 to �0:00083. In addition, ifthe newDelphimeasurement of the B deay multipliity, 4:96�0:06, is used insteadof the older one from Delphi and Opal, 5:25� 0:35, the orresponding systematierror hanges from �0:00024 to �0:00004 without hange in entral value and thetotal systemati error is further redued to �0:00080. The total preision of Rbwould be now 0.00110, 0.51% relative. For the �nal Delphi number these new



192 Summary and disussioninputs will be used. In this way, a better preision than 0.5% ould be reahed forthe �nal result.Lep experiments ompleted its data olletion on the Z pole entre-of-mass en-ergy in November 1995, and no more runs are sheduled (exept for alibration andalignment of the Lep detetors) for the future. However, the Lep Collaborationshave not yet �nished the analyses and their ompletions with the improved teh-niques will inrease the ombined preision even more. On the ontrary, more Zdata is sheduled at Sl ollider. Therefore, a preision lose to 0.3% for the worldaverage ould be reahed in the near future.



Appendix AAn overview of �nal stateradiation and fragmentationmodelsIn every proess that ontains oloured (harged) objets in the �nal and/or initialstates, gluon (photon) radiation may give large orretions to the overall topologyof events. Starting from the basi hard proess 2 ! 2, this kind of orretions willgenerate 2 ! n; n � 3, �nal state topologies. At high energies as at Lep, suhemission beomes extremely important in determining the event struture. Threeapproahes exist to the modeling of perturbative orretions.The �rst approah is the matrix element method, in whih Feynman diagramsare alulated, order by order. In priniple this is the orret approah, whih takesinto aount exat kinematis and the full struture of theory. The only problemis that alulations beome inreasingly diÆult in higher orders, and only seondorder QCD alulations are available. This approah an only handle a maximumof four partons at the end of the asade. Therefore its appliability at Z pole isstrongly limited.The seond one is the parton shower model. Here an arbitrary number of split-tings of one parton into two (or more) may be put together, without expliit upperlimit on the number of partons involved. The full matrix element expressions areno more used but only approximations on the branhing probabilities (derived bysimplifying the kinematis) and the full struture of theory (leading-log perturbativeQCD). Parton showers are expeted to give a reasonable desription of the substru-ture of jets and of the event struture. The struture of the parton asade shower isgiven in terms of branhings of the type a! b; in partiular, q ! qg, g ! gg andg ! q�q for QCD radiation and q ! q for QED radiation. Eah of these proesses isharaterized by a splitting funtion Pa!b(z). The branhing rate is proportional tothe integral R Pa!b(z)dz. The value of z desribes the energy sharing, with daugh-ter b taking a fration z and daughter  the remaining 1 � z of the a energy. Theshower evolution is stopped at a mass sale Q0. Therefore, Q0 and �QCD (i.e. �s)



194 An overview of �nal state radiation and fragmentation modelsare the parameters of the parton shower.The third approah is the olour dipole model whih is based on the fat thata gluon emitted from a q�q pair an be treated as radiation from the olour dipolebetween the q and �q. With good approximation, the emission of a seond softergluon an be treated as radiation from two independent dipoles, one between theq and g and one between the g and �q. In the model this is generalized so that theemission of a third, still softer gluon, is given by three independent dipoles, an so on.For gluon emission there are three di�erent kinds of olour dipoles onsidered: q�q,qg (or �qg) and gg dipoles. The ross-setion for eah of these is alulated from therelevant Feynman diagrams. The model also inludes a treatment of dipole radiationof photons.The QCD perturbation theory is valid when quarks and gluons are at shortdistanes. At long distanes, quarks and gluons beome to interat strongly andperturbation theory breaks down. In this on�nement regime, the oloured partonsare transformed into olourless hadrons. The fragmentation proess has yet to beunderstood from its origin, starting from the QCD Lagrangian. This has left waylear for a number of di�erent phenomenologial models. The three 'standards'desribing the hadronization phase in e+e� annihilation proesses are the following:string model, independent fragmentation and the luster model.The string model is based on the following ideas. As the quark and antiquarky independently, a olour string is strethed between them with a �xed amountof energy per unit length � (string tension) assoiated to the string. From hadronspetrosopy data it is dedued that � � 1 GeV/fm. As the q and �q move apart,the potential energy stored in the string inreases, and the string may break by theprodution of a new q0�q0 pair with loal ompensation of transverse momentum p?,so that the system splits into two olour singlet systems q�q0 and q0�q. If the invari-ant mass of either of these string piees is large enough, further break may our.The string break-up proess proeeds until only on-mass-shell hadrons remain, eahhadron orresponding to a small piee of string with a quark at one end and anantiquark at the other.However, as the quark-antiquark pair has non vanishing masses and/or transversemomentum, lassially they must be reated at a ertain distane so that the �eldenergy between them an be transformed into the sum of the two masses. Quantummehanially, the quarks may be reated in one point and then tunnel out to thelassially allowed region. The tunneling probability is saled by the transversemass, i.e., exp���m2q� � exp���p2?� �. This piture implies a suppression of heavy-quark prodution: for instane, the reation of a � pair is suppressed by a fator� 10�11 with respet to the reation of a u�u pair. The reation of a b�b pair is evenmore suppressed. Thus the presene of a B or D hadron in a multihadroni �nalstate is a signature of a primary prodution of b�b or � respetively. The tunnelingmehanism an be used also to explain the baryon prodution. In the simplestapproah, a diquark in a olour antitriplet state is just treated like an ordinary



An overview of �nal state radiation and fragmentation models 195antiquark. A string an break either by quark-antiquark or antidiquark-diquarkpair prodution.In general, the di�erent string breaks are ausally disonneted whih allows toproeed by an iterative proedure in the fragmentation. Eah step is ontrolled bya phenomenologial distribution alled the fragmentation funtion f(z), where z isthe fration of the remaining momentum taken by eah new partile (olour singlet)with respet to the original parton. Depending on whih primary quark pair isgenerated, a variety of di�erent hadrons an be reated. In the ase of bottom andharm primary quarks, sine the inertia arried by the heavy quark is retained bythe heavy hadron, the fragmentation funtion of heavy quarks is expeted to peak athigh value of z. The heavy hadron will arry a large fration of the original energy.This property beomes more pronouned as the heavy quark mass inreases.The most general fragmentation funtion is the so alled Lund symmetri frag-mentation funtion [35℄f(z) / (1� z)az exp ��bm2q=z� exp ��bp2?=z� (A.1)where a and b are two free parameters whih are determined from experimental data.The value of a may di�er for quark pair prodution or for diquark pair prodution,but it an be taken the same. In addition, the b parameter is universal. Typialvalues for a and b are � 0:4 and � 0:9 respetively. The expliit mass dependenein f(z) implies a harder fragmentation funtion for heavier hadrons. Unfortunatelythis formula predits a somewhat harder spetrum for B mesons than observed indata. The best fragmentation funtion for heavy avours is given by the Petersonet al. formula [36℄ f(z) / 1z �1� 1z � �Q1�z�2 (A.2)where �Q is a free parameter whih an be approximated by the squared ratio of thee�etive light quark mass to the heavy quark mass �Q � m2q=m2Q (� 0:04 in the aseof Q=harm and � 0:003 for Q=bottom).The independent fragmentation model was originally proposed by Feynman andField [37℄. It assumes that the fragmentation of any system of partons an bedesribed as an inoherent sum of independent proedures for eah parton separately.As in the string fragmentation, the independent fragmentation proeeds iterativelyin the suessive prodution of hadrons. A quark jet q is split into an hadron q�q1and a remainder jet q1, essentially ollinear with eah other. New quark and hadronavours are piked as already desribed. The sharing energy and momentum is givenby some probability distribution f(z), where z is the fration taken by the hadron,leaving 1 � z for the remainder jet. The proess ontinues until no more energy isavailable, typially the mass of the pion. The funtion f(z) is assumed to be thesame at eah step, i.e. independent of energy. For the f(z) distribution, one antake the Lund symmetri fragmentation funtion. The independent fragmentation



196 An overview of �nal state radiation and fragmentation modelsmodel is interesting for appliations where one wishes to study the importane ofstring e�ets.Cluster models are based on the fat that perturbative QCD predits that inhard proesses, on�nement of partons is 'loal' in olour and independent of thehard sale �QCD [38℄. This property, known as 'preon�nement' of partons, is on-�rmed by the phenomenologial analysis of jet fragmentation. After the perturba-tive parton branhing proess (desribed above), all outgoing gluons are split intoquark-antiquark or diquark-antidiquark pairs. At this point eah jet onsists of aset of outgoing quarks and antiquarks, inluding eventually also some diquarks andantidiquarks. A olour line an be drawn from eah quark to an antiquark or di-quark with whih it an form a olour singlet luster satisfying the preon�nementondition. Clusters have a distribution of mass that peaks at low values and fallsrapidly for large luster masses. If a luster is too light to deay into two hadrons,it is taken to represent the lightest single hadron of its avour. Its mass is shifted tothe appropriate value by an exhange of momentum with a neighboring luster inthe jet. Clusters massive enough to deay into two hadrons (below a given virtualut-o� value) deay isotropially into pairs of hadrons seleted in suh a way thata avour q is hosen at random from among u, d, s, the six orresponding diquarkavour ombinations, and . This spei�es the avours q1�q and q�q2 of the deayproduts of a luster q1�q2, whih are seleted at random from tables of hadronsof those avours. The seleted deay hannel is aepted or not aording to thephase spae kinematis allowed. A small fration of lusters have masses too high toonsider isotropi two body deays. These are fragmented using an iterative �ssionmodel until masses of the �ssion produts fall below some ut-o� value. Above thisthreshold the produed avour q is limited to u, d or s and the produt lustersq1�q and q�q2 move along the diretions of the original onstituents q1 and �q2 in theirentre-of-mass frame. Provided that the ut-o� value in not hosen too small (typ-ially it is about 4 GeV), the global features of events are insensitive to the detailsof the �ssion. However, the prodution rates of heavy hadrons are a�eted, beausethey are sensitive to the tail of the luster mass distribution. The spetra of heavyhadrons are predited to be hard also in luster models beause gluon radiation fromheavy quark lines is suppressed, leaving more energy to the leading partile than inlight quark jets.



Appendix BComparison with other preisemeasurements and world averageThe preision on Rb depends fundamentally on the vertex detetor harateristis,whih are ompared for the di�erent experiments in table B.1. In that table, the fol-lowing harateristis are given: the oordinates R� and Rz used for trak, impatparameter and vertex reonstrution, the number of silion layers, the radius of themost internal and external layers, the R� and Rz (if available) impat parameterresolution and the primary vertex reonstrution resolution. Meanwhile Aleph andDelphi reonstrut the primary vertex independently for eah hemisphere usingtraks from that hemisphere (reduing largely hemisphere tagging orrelations),L3 and Opal have a ommon event primary vertex. Due to the small and sta-ble Sl beams, in Sld the x and y oordinates of the primary vertex are measuredfrom the average of impat parameters. The average is obtained from traks in ap-proximately 30 sequential hadroni events. The z oordinate of the primary vertexis determined as at Lep from eah event separately.The Aleph Collaboration has reently presented two preise measurements ofRb whih are similar to the ones presented here, both using the full Lep 1 statistisreorded by the experiment between 1992 and 1995. The �rst analysis uses a doubletag method with single tag sheme and a tag based on lifetime and mass [106℄.The lifetime-mass tagging algorithm omputes jet lifetime probabilities P+j fromthe three-dimensional impat parameter signi�ane of harged traks. To improvethe rejetion of  hemispheres in this pure lifetime tehnique, it is ombined withanother tag exploiting the B=D hadron mass di�erene, as in the Delphi tags.However, here no seondary vertex is reonstruted and the mass tag is onstrutedas follows. The traks in eah jet are ordered by dereasing inonsisteny with theprimary vertex, until their invariant mass exeeds 1.8 GeV/2. For eah jet, the masstag variable is de�ned to be the trak probability �J of the last trak added. For ahemisphere, the mass tag variable �H is de�ned to be the value of �J for the jet withthe smallest value of �J (the most b like jet in that hemisphere). The two tags arethen ombined using the linear ombination Btag = �(0:7 log10 P+H + 0:3 log10 �H).



198 Comparison with other preise measurements and world averageTable B.1: Vertex detetor harateristis for all the Lep/Sl experiments. The fol-lowing data are provided: the oordinates used (R�,Rz), the number of silion layers,the radius of the most internal and external layers, the R� and Rz (if available) impatparameter resolution and the primary vertex (PV) reonstrution resolution.ExperimentAleph Delphi L3 Opal SldCoordinates used R�,Rz R�,Rz R�,Rz R� R�,RzNumber of layers 2 3 2 2 3Radius of layers (m) 6.5/11.3 6.3/11 6.4/7.3 6.1/7.5 2.9/4.1R� IP resolution (�m) 25 20 30 18 13Rz IP resolution (�m) 25 30 30 24PV resolution x (�m) 58 57 42 40 6.4PV resolution y (�m) 10 10 10 10 6.4PV resolution z (�m) 60 75 42 15The distribution of this variable for the di�erent avours is shown in �gure B.1. Theprimary vertex is reonstruted separately for eah hemisphere, reduing hemisphereorrelations.The seond analysis uses a multiple tag sheme1 [140℄. In this analysis, thelifetime-mass tag is omplemented by four other mutually exlusive tags. Two of thetags are designed to tag b events, one is designed to selet  events and one designedto selet uds events. These tags are onstruted using two neural networks, hightotal and transverse momentum leptons and �nally impat parameter probabilitiesfor traks with rapidity uts to enrih in  events. One neural net is designed toselet b quark hemispheres [150℄, with 25 event shape quantities as inputs. Theseond neural net is trained to selet  quark hemispheres, with one lifetime and 19event shape quantities. As in the ase ofDelphi, this measurement largely improvesthe preision of the single tag sheme and is highly orrelated with it, and thereforeis taken as the Aleph number. The eÆieny and purity of the lifetime-mass tagat the nominal ut used in this analysis is given in table B.2, where it is omparedwith those of the other experiments. The �nal result together with a breakdown ofthe error is given in table B.3.The Sld Collaboration has a measurement of Rb using a double tag method withsingle tag sheme and a vertex mass tag [143℄. The measurement is performed usinga sample of 200K hadroni Z deays olleted with the experiment at the SLACSl ollider during the years 1993 and 1996. The tag utilizes the three-dimensionalabilities of a CCD pixel detetor and the small and stable Sl beams to obtain ahigh b tagging eÆieny/purity, a shown in table B.2. The identi�ation of verties1In fat, they use the multiple tag sheme equivalent formalism desribed in hapter 5.
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Figure B.1: Distribution of the b tagging variables Btag (left) and the orreted massM(right) for data (points) and Monte Carlo breakdown of the b,  and uds ontributions(histograms) used by the Aleph and Sld experiments.is performed using a topologial vertexing proedure [152℄. Only verties whihare signi�antly displaed from the primary vertex are onsidered to be possible Bhadron deay verties. From all harged traks inluded in the seondary vertex, thee�etive invariant vertex mass M is then alulated. The b tagging performane ofthis vertex mass tag an still be improved by applying a kinemati orretion to thealulated invariant mass. Due to the loss of neutral partiles in the deay, the se-ondary vertex ight path and the seondary vertex momentum vetor are typiallyaollinear. In order to ompensate for the aollinearity, they orret the invariantmass using the minimum missing momentum P? transverse to the seondary vertexight path. The vertex mass tag is �nally de�ned asM = qP 2? +M2+ j P? j. Theability to make this orretion is spei� to Sld due to the small and stable beamspot of the Sl ollider and the high resolution vertexing. The distribution of Mis shown in �gure B.1. By requiring M > 2 GeV/2, the obtained b performanesare the ones given in table B.2. The quoted result together with a breakdown of theerror is given in table B.3.The analyses performed by the L3 and Opal Collaborations are also based ona double tag method with single tag sheme. In the ase of L3, b hemispheresare seleted using traks with large impat parameters. The tagging variable, herealled 'Disriminant', is similar to the lifetime probability P+H , and is shown in�gure B.2 [141℄. In Opal, hemispheres are seleted only if they have reonstrutedseondary verties onsiderably displaed with respet to the primary vertex. The



200 Comparison with other preise measurements and world averageTable B.2: b tagging performanes for all the Lep/Sl experiments. The eÆieniesand purities are given at the nominal uts de�ning the b tags for whih the bakgroundsare estimated from the simulation of the experiments. As it an be seen, Delphi is theexperiment with the best working purity, having simultaneously the best eÆieny of allLep experiments. ExperimentAleph Delphi L3 Opal Sldb purity (%) 98.1 98.5 86.4 90.5 97.6b eÆieny (%) 19.2 29.6 23.7 23.1 47.9Table B.3: Most reent R0b results for the �ve Lep/Sl experiments together with anerror breakdown. ExperimentAleph Delphi L3 Opal SldR0b 0.2159 0.2166 0.2179 0.2178 0.2124Data Statistis 0.0009 0.0008 0.0015 0.0014 0.0024Monte Carlo statistis 0.0005 0.0004 0.0008 0.0003 0.0009Event seletion 0.0002 0.0001 0.0003 0.0003Detetor resolution 0.0005 0.0002 0.0004 0.0004 0.0011Hemisphere orrelations 0.0003 0.0003 0.0011 0.0010 0.0004uds physis 0.0005 0.0005 0.0022 0.0009 0.0005Gluon splitting 0.0007 0.0005 0.0002 0.0006 0.0006Total systematis 0.0011 0.0009 0.0026 0.0017 0.0017Total error 0.0014 0.0011 0.0030 0.0022 0.0029tagging variable is de�ned as the deay length signi�ane, whih is shown in �gureB.2 [142℄. The seletion performanes at the nominal uts used to measure Rb aregiven in table B.2. To help in preision, lifetime tags are here ombined with leptontags but always using double tagging tehniques. After ombination of results forthe di�erent double tag possibilities (lifetime-lifetime, lifetime-lepton and lepton-lepton), the quoted results with errors for both experiments are given in table B.3.The results obtained by the Aleph, L3, Opal and Sld experiments with thetehniques previously outlined are ompared with theDelphi result in table B.3 and�gure B.3. It an be seen that the Delphi result is urrently the most preise singlemeasurement. In �gure B.3, two other measurements are shown, whih are inludedin the global ombination to quote the world average [6℄. The �rst measurement isfrom L3 and it is based on a neural network with a total of 11 event shape variables[151℄. With this tagging, Rb is measured from a �t to the data distribution of the
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Figure B.2: Distribution of the b tagging variables Disriminant (left) and L=�L (right)for data (points) and Monte Carlo breakdown of the b,  and uds ontributions (his-tograms) used by the L3 and Opal experiments.neural net by varying the b and non-b ontribution from simulation, using for thatpurpose an event single tag sheme (see hapter 5). The large error is dominated bysystemati unertainties in the fragmentation, whih reet unertainties in taggingeÆienies for the event single tag method. The seond measurement is from globallepton �ts at Lep [39℄. As said in hapter 1, lepton tagging relies on heavy quarksemileptoni deays. The lepton momentum distributions for b and  quarks arerather similar, but the transverse momentum distribution from  deays is softerthan that from b quark deays, allowing a separation between b�b and � events.Within leptoni hannels, the upper limit of b tagging eÆieny is low. It is twiethe b semileptoni deay ratio (about 10% for e and � separately). Momentum utsand identi�ation eÆienies for inlusive leptons and muons lowers the limit tobelow 10% for about 90% purity. The number of prompt leptons in a sample ofhadroni events is determined by the produts RbBR(b ! l), RbBR(b !  ! l)and RBR( ! l). The individual fators in the produts an be isolated by asimultaneous onsideration of the (p; p?) spetra of single and dilepton events. Byextending the maximum likehood �t to inlude the os� variation of the numberof single and dilepton events, A0;bFB, A0;FB an also be measured in priniple. Asthe momentum spetrum of the leptons is strongly a�eted by the heavy quarkfragmentation, the parameters hxE()i and hxE(b)i an be extrated from these �tswithin the framework of a partiular fragmentation model. Finally, the average bmixing parameter �� an also be obtained. The hoie of exatly whih of these nine
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Figure B.3: Summary of all Lep/Sl R0b measurements together with the world aver-age.heavy avour parameters have to be measured and whih need to be taken fromexternal soures omes from a balane between statistis and systematis. OnlyAleph performs a global �t with all nine quantities. Delphi �xes hxE()i, A0;bFBand A0;FB from external measurements and Opal �xes additionally R. From the(p; p?) spetrum, L3 measures Rb and BR(b ! l). The results obtained by thefour Lep ollaborations are published in referene [39℄, and their average is given in�gure B.3.The preision of eah experiment (given in table B.3 and �gure B.3) is a onse-quene of several fators. Between them, the method used to determine Rb (hemi-sphere multiple/single tag shemes), the b tagging performanes and the good MonteCarlo simulation desription of the data (whih requires very �ne understanding andtuning of physis and detetor resolution) are the most ritial. Thus tables B.1 andB.2 an be seen as fundamental parameters on Rb, whih determine the results of



Comparison with other preise measurements and world average 203table B.3.The world average inluding all measurements shown in �gure B.3 is [6℄R0b = 0:2170� 0:0009:This number is about one standard deviation above the Minimal Standard Modelpredition. The orrelation of this result with R is measured to be 20%. Theontours in the R0b -R0 plane orresponding to 68%, 95% and 99% on�dene levelsassuming Gaussian systemati errors is shown in �gure B.4, together with the Min-imal Standard Model predition. Exluding from the world eletroweak average the
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Figure B.4: Contours in the R0b -R0 plane derived from Lep and Sld data, orrespondingto 68%, 95% and 99% on�dene levels assuming Gaussian systemati errors. TheMinimal Standard Model predition for mt = 175:6 � 5:5 GeV/2 is also shown. Thearrow points in the diretion of inreasing values of mt.L3 event shape analysis and the Lep result from global leptons �ts2, the result isR0b = 0:2165� 0:0009:2There are several reasons for doing this. The event shape analysis from L3 is an old mea-surement using event single tag with very large systemati errors. The Rb value from the globallepton �ts is potentially dangerous beause in these �ts there is a large orrelation between Rband BR(b ! l) and the result is largely dependent on semileptoni deay models. In addition,



204 Comparison with other preise measurements and world averageThis number orresponds to the average of the �ve results of table B.3 and agreeswithin one standard deviation with the Minimal Standard Model predition R0b =0:2158� 0:0003. Therefore, this preliminary measurement again shows evidenes ata 0.42% preision level of the top quark dominated radiative vertex orretion inthe Z ! b�b vertex.The evolution with time of the R0b world average is shown in �gure B.5 takenfrom [154, 155, 156, 157, 158, 6℄. The 1991 and 1992 world results were dominatedby the analysis of semileptoni b deays. Some event single tag analyses usingevent shape properties and neural networks were also inluded in these averages.It was in 1993 that for the �rst time preise measurements of Rb using doubletagging tehniques with lifetime tags were presented. The situation up to 1995was basially improved with the inlusion of more data. The disrepany with theStandard Model predition was then serious, more than three standard deviations.In partiular, the Delphi result based only on 1991-1993 data only was about twostandard deviations above the Standard Model predition [117℄. However, thesemeasurements were systematially limited. In partiular, harm bakground andhemisphere orrelations were a worry. Pure lifetime tag with ommon event primaryvertex was not powerful enough to rejet  events in the b tag and to have smallhemisphere orrelation eÆienies. It was in Warsaw 1996 and Jerusalem 1997that new data were analyzed with new tehniques. The multiple tag measurementsfrom Aleph and Delphi based on more powerful tags with better bakgroundrejetion and smaller hemisphere orrelations (thanks mainly to the independentreonstrution of the primary vertex for eah hemisphere), allowed the auray tobe inreased and the question of the disrepany of Rb with the Minimal StandardModel to be suessfully resolved.In �gure B.6, the global �tted result for Rb (inluding the L3 event shapeand lepton �t results) with R �xed to its Standard Model value is plotted ver-sus sin2 �l;effW . The measurement of the leptoni ratio Rl provides a onstraint (seesetion 2.8) that is also shown on the �gure. If one assumes the Standard Modeldependene of the partial widths on sin2 �l;effW for light and harm quarks, and taking�s(M2Z) = 0:118� 0:003 from the world average [7℄, Rl imposes a onstraint on thetwo variables. A good agreement is seen for these three experimentally independentmeasurements, showing the onsisteny of the Lep/Sld data [6℄. Exluding fromthe Rb average the L3 event shape and the Lep lepton �t results, the agreement iseven better.
the urrent measurements of BR(b ! l) show some deviations from the expeted results as wellas some inonsistenies with the CLEO results [153℄, and it is therefore a potential soure of ad-ditional systematis not yet under ontrol. In other words, it is muh safer to use only double tagmeasurements based on lifetime tag beause they o�er the best possibility to ontrol systematis.
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