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A REVIEW OF �ms�Andrea SiabàIstituto Nazionale di Fisia NuleareVia Livornese 1291, 56010 S. Piero a Grado (PI), Italy(Reeived July 13, 2000)The present status of the knowledge of the B0s meson osillations ispresented. An overview of the di�erent methods to detet B0s osillationsand possibly measure the value of the �ms parameter is shown, and themost reent results from di�erent experiments are ombined. The overallpreliminary lower limit on �ms is 14.6 ps�1 for a 95% C.L.PACS numbers: 12.15.Hh, 14.40.Nd1. IntrodutionMixing between partile and antipartile in neutral mesons is a wellknown onsequene of the �avour non-onservation in harged weak-urrentinterations.Although the osillation frequeny is known preisely in the ase of K0and B0 mesons, a measurement for the B0s is still laking, beause of themuh faster osillations. On the other hand, the knowledge of the B0s os-illation frequeny would give an important onstraint to the CKM matrixelement values.This paper is organized as follows. In Se. 2 the fundamentals of theosillation theory are brie�y explained. In Se. 3 the statistial tehniquesused in the interpretation of the analyses results are desribed. In Se. 4the existing analysis methods are lassi�ed and their performanes are eval-uated. Finally, in Se. 5 the results of the most reent preliminary worldombination are shown.� Presented at the Meson 2000, Sixth International Workshop on Prodution, Proper-ties and Interation of Mesons, Craow, Poland, May 19�23, 2000.(2689)
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Vtd,tsFig. 1. Feynman diagrams ontributing to the B0s and B0 mixing.2. Theoretial frameworkThe time evolution of a B0s (B0s) meson an be desribed in a perturbationtheory approximation by means of an e�etive lagrangian He� expressed asHe� � � MBs M12M�12 MBs �� i2 � �s �12� �12 �s � ; (1)while the Bs state is written as j	(t)i = a(t)jB0s i+b(t)jB0si [1℄. The physialstates and their masses and widths are found by diagonalizing He� , and theprobability for a meson produed at t = 0 in a de�nite �avour eigenstate tobe found at a time t in the opposite (or same) �avour state is1P (t)B0s!B0s(B0s ) = 12�s e� t�s [1�A os(�mst)℄ ; (2)where A � 1, �s is the average B0s lifetime and �ms is the mass di�er-ene between the mass eigenstates, often referred to as the �B0s osillationfrequeny�.The main interest of the osillation phenomenon lies in the possibilityto extrat information on the Cabibbo�Kobayashi�Maskawa (CKM) matrix.The evaluation of the Feynman diagrams (Fig. 1) allows to write the follow-ing equation:�mq = G2F6�2 jVtqV �tbj2m2tMBq�BF � m2tM2W�BBqf2Bq ; (3)q = d; s is the light quark �avour, Vqq0 are CKM matrix elements, MBq isthe Bq meson mass, �B = 0:55 � 0:01 is the ontribution of perturbative1 In the hypothesis that CP violation is negligible and ��s=�s � 1, where ��s is thewidth di�erene of the mass eigenstates. The e�et of these assumptions is estimatedas a systemati unertainty by some analyses.



A Review of �ms 2691QCD orretions, fBq is the disintegration onstant of the Bq meson andBBq , the bag fator, represents the ontribution of non-perturbative QCDe�ets [2℄. As jVtbj ' 1, Vtd an be diretly evaluated from the well measuredvalue of �md, but the result is spoiled by the large unertainty on the non-perturbative ontributions. On the other hand, the ratio between �ms and�md is �ms�md = MB0sMB0 �2 ����VtsVtd ����2 ; (4)where � = fB0spBB0s=fB0pBB0 = 1:14 � 0:06 is a�eted by muh lessertheoretial unertainties [3℄, thus providing a stronger onstraint on theCKM matrix. 3. Statistial methodsIn priniple, using Eq. (3), is possible to measure the osillation frequeny�ms, provided that, for every B0s meson produed, one measures (a) the�avour state at prodution time, (b) the �avour state at deay time, and ()the proper deay time t. The last quantity implies in fat the measurementof the deay length and the momentum of the B0s . The initial �avour stateis determined using, for example, jet and vertex harges or high momentumleptons in the hemisphere opposite to the B0s , fragmentation kaons in thesame hemisphere, or the forward-bakward asymmetry (available only toSLD, beause if the SLC e� beam polarization).In a real analysis, the ability to measure �ms will be limited by theproper time resolution �t, the mistag rate for the initial and the �nal �avourstates �, and the purity fB0s of the seleted sample in B0s andidates. Themost onvenient way to show the agreement of the data with a ertain hy-pothesis for the value of �ms is the so-alled �amplitude method� [4℄, on-sisting in �tting the amplitude A of the osillating term in Eq. (3). It isexpeted for A to be ompatible with 1 near the true value of �ms and withzero otherwise. The signi�ane of the �t is approximately expressed as:S � 1�A / pNfB0s (1� 2�) exp ��12(�ms�t)2� ; (5)where �A is the �tted amplitude error and N is the number of seleted B0smesons.The lower limit on �ms at a 95% on�dene level is de�ned as thesmallest value of �ms for whih an amplitude A = 1 is exluded at a 95%C.L., i.e. whih satis�es:A(�ms) + 1:645 � �A(�ms) = 1: (6)



2692 A. SiabàIn addition, the sensitivity of a measurement is de�ned as the expeted 95%C.L. lower limit on �ms if the true value of �ms is in�nite, i.e. the valuefor whih: 1:645 � �A(�ms) = 1: (7)4. Analysis tehniquesAnalyses for the measurement of the B0s mixing have been performedat e+e� olliders (LEP, SLC) and p�p olliders (Tevatron). Several analysismethods have been developed, but they an be lassi�ed in terms of thekind of seletion is applied to B0s mesons. Three lasses are de�ned: (a)inlusive analyses, (b) semi-exlusive analyses, and () exlusive analyses.In the following, the most relevant analyses at present are brie�y desribed.Analyses seleting inlusively semileptoni B deays (�inlusive leptons�)have been published by most LEP ollaborations [5�7℄ and SLD [8℄. Hadronijets with energeti leptons are seleted, and inlusive D verties are reon-struted by means of topologial algorithms. All speies of B mesons areseleted, although the data sample an be divided into subsamples havingdi�erent B0s purities, whih are nonetheless relatively low. The �nal state�avour tag is simply given by the harge of the lepton. The best performinganalysis omes from ALEPH, being also the most sensitive single analysisat present. As shown in Fig. 2, the sensitivity is 9.6 ps�1 and the limit is�ms > 9:5 ps�1 at 95% C.L.SLD has performed an inlusive analysis that does not require a highmomentum lepton in the jet [8℄. This tehnique, referred to as �Vertexharge dipole analysis�, relies on an algorithm able to reonstrut B andD deay verties exploiting their ollinearity, and uses the deay distanebetween the B and the D vertex signed by the vertex harge di�erene inorder to tag the B0s deay �avour. This tag is found to give the orret resultin the 79% of ases (Fig. 2). The ahieved sensitivity is 5.4 ps�1 and thelimit is �ms > 4:4 ps�1.Semi-exlusive analyses require usually that a D�s meson oming from asemileptoni B0s deay is reonstruted (�D�s -lepton�). This allows to ahievea higher sample purity and a better proper time resolution, but at the ex-pense of a lower e�ieny. ALEPH [9℄ and DELPHI [10℄ have performedsimilar analyses; the latter is also the seond best single available measure-ment. The D�s mesons are seleted in the hadroni deay modesD+s ! ��+,K�0K+, K0SK+, ��+�+��, K�+K�0, ��+, and in the semileptoni deaymodes �e+�e, ��+��. The D�s harge tags the �nal �avour state. Speialare must be taken of the physial bakground, onsisting in B ! DD�s Xevents, where the D meson undergoes a semileptoni deay. The DELPHI
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Fig. 2. (left) Amplitude vs. �ms for the inlusive lepton analysis by ALEPH.(right) Distribution of the vertex harge dipole in the SLD analysis.analysis ahieves an average B0s purity of 53%. The sensitivity and the lowerlimit on �ms are respetively 8.1 and 7.4 ps�1.Also D�s -hadron orrelations have been studied by ALEPH [11℄ andDELPHI [12℄; B0s ! D�s +hadron(s) deays are reonstruted, whih have amuh larger branhing ratio than D�s `+ deays, but a lower seletion purity.Anyway, they are an event sample unorrelated with other analyses, andgive a sizeable ontribution to the ombined D�s X limit.A searh for B0s osillations using the B0s ! �`+X� hannel has beenperformed by CDF [13℄. Neutral � andidates must form a D�s andidatewith a harged trak h�, and, together with a lepton `+, must be seleted asB0s semileptoni deays. The �nal data sample onsists in 1068 andidates,with a purity of 61:0+4:4�7:0%. Another lepton, oming from a semileptonideay of the other b-hadron, is required in order to determine the initial�avour of the B0s ; the mistag rate is found from data to be 0:24 � 0:08.A 95% C.L. lower limit for �ms of 6.2 ps�1 is derived, with a sensitivity of5.8 ps�1 (Fig. 3).The last ategory orresponds to B0s osillation analyses where the B0smeson is ompletely reonstruted in one or more hadroni deay hannels.ALEPH [9℄ and DELPHI [12℄ have published preliminary results for thedeay hannels B0s ! D�s �+, B0s ! D�s a+1 , B0s ! D0K��+, and B0s !D0K�a+1 (the last two hannels only in the DELPHI analysis), with theD�s and D0 mesons reonstruted in various deay modes. The sizes of theseleted samples are very small, but they are haraterized by a very preisemeasurement of the B0s proper time, due to the fat that all the partiles
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Fig. 3. (left) The measured amplitude (points with error bars) as a funtion of�ms for the CDF analysis. (right) The signal in the ALEPH exlusive analysis.produed in the B0s deay are reonstruted. These analyses have thereforea signi�ant impat in the amplitude measurement for large values of �ms,as it is evident from Eq. (5). In Fig. 3 the invariant mass distributions ofthe events seleted by the ALEPH analysis are shown.5. ConlusionsThe most reent results from the various B0s osillation analyses per-formed by the LEP, SLD and CDF ollaborations have been ombined bythe LEP B Osillations Working Group [14℄, after resaling all the anal-yses to the same values of the b-hadron frations and lifetimes and �md.The amplitude plot for the ombination (Fig. 4) allows to put a 95% C.L.lower limit on �ms of 14.6 ps�1, while the sensitivity is 14.6 ps�1. Froma study of the likelihood funtion value as a funtion of �ms, a minimumfor the likelihood is found at 17.1 ps�1 with a orresponding probability of�nding a lower minimum (whih gives the signi�ane of the minimum) ofapproximately 3%.It is foreseen for the near future the publiation of new analyses bothfrom SLD (�Ds+traks�, �lepton+kaon�) and from DELPHI (a fully inlu-sive analysis), and the update of existing analyses from ALEPH (�inlusive
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