
1Measurement of inlusive and exlusive B-hadron lifetimes at LEPChristian HaagaaInstitut f�ur experimentelle Kernphysik, Universit�at Karlsruhe, Germanye-mail: hristian.haag�ern.hSine the introdution of high resolution vertex detetors with 3D hit reonstrution in the four LEP experimentsit has been possible to deliver very preise lifetime measurements of b-hadrons. This short review illustrates eahof the three main methods developed by the LEP experiments and ends with the status of the urrent ombinedaverages.1. IntrodutionThe lifetimes of b hadrons depend both on thestrength of the b quark oupling to the lighter and u quarks, and on the dynamis of b hadrondeay. The Spetator Model provides the sim-plest desription of B-hadron deay. Here, thelifetime depends only on the proess b ! Wwith the other light-quark onstituent(s) play-ing no role in the deay dynamis. This in turnleads to the predition that all b-hadron speieshave the same lifetime. However non-spetatore�ets suh as Pauli interferene,W exhange andweak annihilation an indue lifetime di�erenesamong the di�erent B-hadron speies. Based onthe heavy quark expansion formalism, the dif-ferene between the lifetimes of the b baryonsand mesons is predited to depend on 1=m2b andhigher order terms, whereas meson-meson dif-ferenes depend only on 1=m3b and higher or-der terms. The predited lifetime hierarhy is�(�b) < �(B0) � �(Bs) < �(B+), and there isa growing onsensus between models that a dif-ferene in lifetime of order 5 � 10% should ex-ist between the B+ and B0 meson. There ishowever an on-going debate questioning some ofthe assumptions made by suh models [1℄, andpreise measurements of all B-speies are learlyneeded to larify the situation. Furthermore mea-surements of spei� B-hadron lifetimes are vi-tal inputs to time dependent analyses suh asB-osillations or CP-asymmetry in the B-system.Lifetime measurements also provide tests of the

non-spetator e�ets of the deay dynamis andof QCD-orretion-models.2. MethodsMeasuring the lifetime of an unstable partilerelies on two measurements: the measurement ofthe deay-length l and the measurement of themomentum p of the deaying partile. The deaytime t of the partile is given by:t = mlp (1)where m is the partile rest-mass. This measure-ment requires good energy and vertex resolutionto be able to be unbiased from the D-asadedeay vertex. Three main analysis approaheshave been applied in the past. (a) In exlusiveanalyses, weakly deaying B-hadron is fully re-onstruted by seleting di�erent spei� deayhannels whih have a high branhing frationand reording and identifying the deay partiles.Those analyses work in general with very puresamples but with limited statistis. (b) Semi-inlusive methods are restrited to spei� topolo-gies. For example, only semi-leptoni deays areonsidered where the lepton is vertexed with op-positely harged pions from the D�+ ! D0�+deay and where the D0 is reonstruted inlu-sively. () The fully inlusive approah wherethe b-vertex is topologially reonstruted regard-less of the deay hannel, using impat parame-ter probabilities or sophistiated neural networks.



2These analyses typially have the best statistialpreision and are systematially limited.3. Analyses3.1. Exlusive MeasurementsThe ALEPH ollaboration has published anexlusive measurement of the �B0 and B� me-son lifetimes in July 2000 [2℄. They measuredthe lifetimes using a sample of about 4 millionhadroni Z deays olleted from 1991 to 1995by reonstruting semileptoni deays where thelepton is assoiated with a D�+ or D0 meson.D�+ and D0 were then distinguished by the ex-
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Figure 1. The invariant mass of D0 andidatesfor the four subsamples in the D�+l� event sele-tion: a) D0 ! K��+, b) D0 ! K��+���+, )D0 ! K��+�0, d) D0 ! K0s�+�0�. The super-imposed urves are the results of the �t desribedin the text.istene or nonexistene of a slow pion aroundthe nominal mass di�erene of 145:4 MeV=2.The modes used for the identi�ation of the D0'swere in detail D0 ! K��+, D0 ! K��+���+,D0 ! K��+�0, D0 ! K0s�+�0�. Finally the Bdeay vertex position is estimated by vertexingthe reonstruted D0 trak with the lepton. TheD0 andidate mass spetra for the four subsam-ples in the D�+l� event seletion are shown in

Fig. 1. Corresponding plots from the D0l� eventseletion look similar. The �tted urves onsistof a Gaussian funtion for the signal plus a linearbakground. Events within 2� of the �tted D0mass were seleted for the b-vertex reonstru-tion resulting in 1880 D�+l� and 2856 D0l�andidates with �B0(B�) purities of 85%(80%).For the measurement an un-binned maximumlikelihood �t was performed using the followinglikelihood funtion:L = ND�lYi=1 [f��(�B�=� �B0)F (ti; �i; �B�) (2)+f�0 (�B�=� �B0)F (ti; �i; � �B0) + f�bkgF �bkg(ti)℄�ND0lYi=1 [f0�(�B�=� �B0)F (ti; �i; �B�)+f00 (�B�=� �B0)F (ti; �i; � �B0) + f0bkgF 0bkg(ti)℄The oeÆients f�� and f�0 are the frations of theD�+l� sample arising fromB� and �B0 deays, re-spetively. Similarly, f0� and f00 are the frationsof B� and �B0 deays in the D0l� sample. TheoeÆients f�bkg and f0bkg are the bakground fra-tions of the samples, while the funtions F �bkg(t)and F 0bkg(t) are their normalized proper time dis-tributions. The funtion F (t; �; �) is a exponen-tial distribution onvoluted by deay length reso-lution and energy orretion funtion taking intoaount missing energy, mainly from the missingneutrino in the semileptoni deay. The �t tothe proper time distributions of the D�+l� andD0l� events has been performed to determine thetwo free parameters � �B0 and �B� . The values ob-tained are�B� = 1:648� 0:049(stat:)� 0:035(syst:) ps; (3)� �B0 = 1:518� 0:053(stat:)� 0:034(syst:) ps:The ratio of the lifetimes is�B�=� �B0 = 1:085� 0:059(stat:)� 0:018(syst:):(4)taking into aount the orrelation whih is�0:35. The result an be seen together with otherexlusive results in Fig. 3. The proper time dis-tributions for the two samples are shown in Fig.
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Figure 2. Proper time distributions with the resultof the �t overlaid for the two samples. The plotsshow the bakground ontributions to the samples,together with the �B0 and B� omponents.2 with the results of the �t overlaid. The largestsoures of systemati error were the B momen-tum reonstrution due to the missing energy, thebakground treatment due to unknown branhingfrations (e.g. BR(B ! D��l�)) and the param-eterization of deay length resolution.3.2. Semi-inlusive MeasurementsThe lifetime of the B0 meson has been mea-sured by the OPAL ollaboration using �B0 !D�+l��� deays olleted from 1991 to 1995 [3℄.The reonstrution of �B0 ! D�+l��� events wasperformed by ombining high p and pt lepton(eletron or muon) andidates with oppositelyharged pions from the D�+ ! D0�+ deay withsmall transverse momentum (pt < 0:3 GeV). Theseletion of pions relies again on the small massdi�erene between the D�+ and the D0. For a�nal seletion the mass di�erene is formed in aninlusive way by seleting a group of traks andalorimeter lusters ompatible with a D0 deay.
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Figure 3. The plot shows the most reent exlu-sive and semi-exlusive results of lifetime analy-ses from LEP.�M =qE2D� � j ~pD� j2 �mD0 (5)were alulated for same and opposite-signevents, where the D0 momentum vetor and en-ergy were reonstruted for opposite and samesign lepton-pion ombinations and are shown in�gure 4(a) and (b). For the B vertexing eventswith �M < 0:17 GeV were seleted where 36%of the seleted opposite sign events were sig-nal aording to Monte Carlo. The resolutionwas parameterized as a funtion RD�+(t; t0) giv-ing the expeted distribution of reonstruted
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Figure 4. Reonstruted �M distributions for se-leted (a) opposite-sign and (b) same-sign lepton-pion ombinations. The data are shown by thepoints with error bars, and the Monte Carlo sim-ulation ontributions from signal �B0 ! D�+l���deays, other resonant D�+ deays and ombina-torial bakground are shown by the white, lightgrey and grey histograms respetively.t for eah true value t0 the resolution funtionwas implemented as the sum of three Gaussiandistributions, whose widths vary linearly witht0. Similar resolution funtions RD�+��(t; t0),RD�+�0(t; t0) and RD�+K0(t; t0) were generatedfor the three main D�� bakground ontribu-tions �B0 ! D�+��l���, �B0 ! D�+�0l��� and�B0 ! D�+K0l���. �B0 was extrated by maxi-mizing the following log-likelihood funtionlnL = MaXi=1 lnLai + MbXi=1 lnLbi �Na �N b (6)were lnLai and lnLbi are the individual eventlog-likelihoods taken over all the Ma observedopposite-sign and M b same-sign events in thedata sample, and Na and N b are the orrespond-ing expeted numbers of events. From the �t aresult of�B0 = 1:541� 0:028(stat:)� 0:023(syst:) ps (7)

was obtained. The distributions of reonstrutedproper time t for opposite and same sign dataevents with ÆM < 0:17 GeV, together with the �tresults are shown in Figure 5. The most dominant
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Figure 5. Distributions of reonstruted propertime t for (a) opposite sign and (b) same signevents with ÆM < 0:17 GeV. The data are shownby the points with error bars and the expetationfrom the �t result by the histograms. The ontri-butions from signal �B0 ! D�+l���, resonant andombinatorial bakgrounds are indiated.soures of systemati errors were the B+ lifetimewhih was a parameter of the �t, the branhingfration BR(b ! D�+D(�)�s ), the traking reso-lution, details of the �tting method and other op-posite sign bakground involving a genuine leptonand slow pion from D�+ deay.3.3. Inlusive MeasurementsDELPHI has a new preliminary analysis basedon data taken in 1994 and 1995 using elaborateneural network tehniques for both reonstru-tion and enhanement of B+ and B0 verties.A neural network (TrakNet) was designed tosupply for eah trak in a given hemisphere, aprobability of whether that trak originated froma weakly deaying B-hadron or not. The maininputs to the network were impat parameter-based probabilities that the trak belonged to the



5primary or seondary vertex and trak rapidity.In addition, a neural network (BD-Net) was de-signed to disriminate between traks whose ori-gin was the weakly deaying B-hadron or the sub-sequent asade D-meson deay, using also par-tile identi�ation tags, impat parameter infor-mation and details of deay kinematis. For theseparation and the enhanement of B+ and B0mesons an additional neural network utilizing 4output nodes was developed (BHBN net). Eahoutput node delivered a probability for an eventhemisphere to ontain a B-hadron of a partiu-lar type (B+, B0, Bs or b-baryon). Input vari-ables inluded TrakNet-weighted vertex hargeand error, the number of harged pions per hemi-sphere, harged and neutral reonstruted energyin the hemisphere, probabilities that identi�edkaon/pion andidates stem from fragmentation orb-deay and quality variables like the invariantmass of the reonstruted vertex or a hemispherequality fator. The distribution of the two out-

Figure 6. The upper plots show the output of theB+ and B0 output nodes of the BHBN-net in the1994 data. overlaid is the b-hadron ompositionas seen in the Monte Carlo and the lower plotstrae the hange in purity per bin. The bak-ground, labeled 'bg' onsists of light and harmquark events.

put nodes whih were relevant for this analysis(B+ and B0 node) are shown in Figure 6. Forthe event seletion uts on the two output nodeswere applied to ahieve a purity of � 70%. Foreah event one out of four di�erent deay lengthalgorithms were hosen. These algorithms dif-fered by details of the trak-seletion for the ver-tex �t based on the TrakNet and the BD-Net.Choie of the algorithm was ditated by optimiz-ing the resolution and minimizing any bias whilestill retaining the best possible eÆieny. Thisresulted in the seletion of two data sets on-taining 38988(11573) B+(B0) andidates respe-tively. Monte Carlo events were run through thesame seletion proedure and in addition, were re-weighted to ompensate for known disrepaniesbetween data and MC (e.q. hemisphere quality).The lifetimes were extrated from a binned �2 �tbased on the following �2 funtion:�2 = XB�;B0 "NbinsXi=1 (WMCi �NDATAi )2(�MCi )2 + (�DATAi )2 # (8)Here �MCi and �DATAi are the error for the MCand the data entries in bin i respetively. NDATAiis the data entry in bin i and WMCi is the totalMC weight in bin i. The sum goes over both sam-ples. The �2 funtion is minimized with respetto the two �t parameters, �B+ and �B0 . The timedistribution of the two samples together with the�t an be seen in Figure 7. The result of the �twas:�B+ = 1:631� 0:012(stat:)� 0:021(syst:) ps; (9)�B0 = 1:546� 0:018(stat:)� 0:035(syst:) ps:�B+=�B0 = 1:054� 0:017(stat:)� 0:027(syst:):The most signi�ant systemati errors were thetime resolution, the detetor aeptane, B to Dbranhing frations, the position of the workingpoint and details of the �t and quality miss-mathbetween data and Monte Carlo. The result ofthe OPAL and the DELPHI analysis an be seentogether with the results from other inlusive andsemi-inlusive LEP measurements in Fig. 8.



6
Figure 7. The result of the �t in the B+ (left)and B0 (right) samples ompared data with theB-hadron omposition overlaid as given by theMonte Carlo. Here, 'bg' refers to the bakgroundfrom light and harm quark events. The �ts for1994(1995) had a �2=d:o:f: of 186/178(152/161)orresponding to a �2 probability of 33%(68%)and a orrelation parameter between �B+ and �B0of -0.49(0.50) respetively.4. Conlusion and OutlookTo summarize the results, the urrent worldaverages inluding measurements from LEP,BABAR, SLD and the Tevatron are presentedtogether with the theoretial preditions in Fig-ure 9. As one an see the predited B-hadronlifetime hierarhy is broadly on�rmed for all B-hadron speies. Only for the b-baryons the mea-surement and the predition di�er still by morethan two standard deviations. For the near fu-ture the experiments BELLE and BABAR at thetwo b-fatories KEK-B and PEP-II will soon de-liver the most preise measurements for B+ andB0. From the Tevatron RunII, improved exlu-sive measurements of b-baryon and Bs meson life-times are expeted.REFERENCES1. I. Bigi, N. Uraltsev, Gluoni enhanementsin non-spetator beauty deays: an inlusivemirage though an exlusive possibility, Phys.Lett. B280 (1992) 271;I. Bigi, M. Shifman and N. Uraltsev, Aspetsof heavy quark theory, Ann. Rev. Nul. Part.Si. 47 (1997) 591, and referenes therein;M. Neubert and C. T. Sahrajda, Spetatore�ets in inlusive deays of beauty hadrons,Nul. Phys. B483 (1997) 339.
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Figure 8. The plot shows the most reent inlusiveand semi-inlusive results from LEP.
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Figure 9. The urrent world average lifetime ra-tios of all b-Hadron speies exept B with respetto �B0 are shown together with the total errorbars. The dark grey bands show the theoretialpreditions and their unertainties.2. ALEPH Collaboration, Measurement of the�B0 and B� Meson Lifetimes, CERN-EP/2000-106;3. OPAL Collaboration, Measurement of theB0 Lifetime and Osillation frequeny using�B0 ! D�+l��� deays,OPAL PR 317, CERN-EP-2000-90;4. DELPHI Collaboration, Measurement of theproper lifetimes of B+ and B0 mesons, DEL-PHI 2001-051 CONF 479;


