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b -QUARK PHYSICS AT LEP�Tadeusz LesiakH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Poland(Re
eived Mar
h 5, 2001)A summary of important LEP measurements in the b-quark physi
s ispresented. The following topi
s are reviewed: b-fragmentation, the spe
-tros
opy and lifetimes of beauty hadrons, B0�B0 os
illations and the ex-tra
tion of the Cabibbo�Kobayashi�Maskawa (CKM) matrix elements jV
bjand jVubj.PACS numbers: 14.65.Fy, 13.25.Hw, 13.20.He1. Introdu
tionIn the period 1989�1995 the LEP 
ollider [1℄ was operated at 
enter-of-mass energies around the Z0 resonan
e (so 
alled LEP I programme).Ea
h of the four LEP experiments: ALEPH, DELPHI, L3 and OPAL [2℄,
olle
ted around 4.2 million of hadroni
 events. The fra
tion of these whi
hare b�b is high: Rb = �b�b=�had � 22%. Moreover, 
ontrary to �B-fa
tories�operating at the � (4S), at LEP there was su�
ient energy to produ
e allb-hadrons, in
luding b-baryons, B0s and other hadrons with higher spin andorbital momentum.Thanks to the relatively long lifetime of the beauty quark (� 1:5 ps),the b�b events 
ould be singled out by the presen
e of displa
ed se
ondaryverti
es, tra
ks with a signi�
ant impa
t parameter or a high rapidity, anda high transverse momentum of the leptons with respe
t to the jet axis(pT). The typi
al purity (e�
ien
y) of this so-
alled b-tagging was 60 (90)%,respe
tively [3, 4℄. This method, applied separately to both hemispheres,allowed to obtain a

urate measurements of the relative width of the Z0 intob-quarks were obtained. The 
ombined result, Rb = 0:21653 � 0:00069 [5℄,
orresponds to a pre
ision of 0.3% and is in agreement with the expe
tationfrom the standard model.� Presented at the Cra
ow Epiphany Conferen
e on b Physi
s and CP Violation,Cra
ow, Poland, January 5�7, 2001. (1711)



1712 T. LesiakThe enri
hed b�b samples allowed to perform many valuable tests of quan-tum 
hromodynami
s (QCD). In parti
ular, 
lear e�e
ts due to the b-quarkmass running were observed. Comparing with the determinations at the� (4S) energies: mb(� (4S)) � 4:2GeV, the measurements of ALEPH [6℄and DELPHI [7℄ of the running b-quark mass at the Z0 pole yielded theaverage of mb(Z0) = (2:96 � 0:36) GeV. This value is 
onsistent with theone predi
ted from QCD.The b-tagging is also absolutely 
ru
ial for many other LEP studies, likethe sear
h for the Higgs boson, as dis
ussed by Martinez-Rivero [8℄ at this
onferen
e. 2. b-fragmentation studiesThe hadronization of beauty quarks into physi
al states 
an be studiedby the measurement of the energy spe
tra of b-hadrons whi
h are 
ommonlydes
ribed in terms of the fra
tion, xB = EB=Ebeam = 2EB=ps, of the beamenergy retained by the weakly-de
aying b-hadron (EB denotes the energy ofbeauty hadron and ps is the 
enter-of-mass energy). The predi
ted distribu-tion of the energy of b-hadrons depends upon a 
onvolution of perturbativeQCD and the hadronization pro
ess itself. The nature of the latter is non-perturbative and is des
ribed by the phenomenologi
al models.The �rst studies [9�12℄ used the momentum spe
trum of the lepton fromsemileptoni
 de
ays of b-hadrons. They resulted in the mean value of xBof approximately 0.7. More re
ent analyses of ALEPH [13,14℄ were basedon semileptoni
 de
ays B ! l ��lD(�)(X)1. The 
harmed mesons were re-
onstru
ted through the de
ay modes D�+ ! D0�+, D0 ! K��+(�0),K��+�+��, K0s�+�� and D+ ! K��+�+. The neutrino energy wasestimated from the missing energy in the lepton hemisphere. The energyspe
trum of B mesons was obtained for approximately 3000 de
aysB ! l ��lD(�)(X). For the most re
ent measurement it yielded the valueof hxBi = 0:7499 � 0:0065 � 0:0069 [14℄ whi
h points towards a harderb-fragmentation to 
ompare with earlier studies. The SLD experiment [15℄used a sample of 4200 in
lusively re
onstru
ted B hadrons and yieldedhxBi = 0:710�0:003�0:006. Both ALEPH and SLD, had 
ompared the mea-sured energy spe
tra with the predi
tions of di�erent fragmentation models.The results are not fully 
onsistent but seem to favour the parametrizationsof Kartvelishvili [16℄ and Peterson [17℄.1 The 
harge-
onjugate states are always impli
itly 
onsidered.
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s at LEP 17133. Spe
tros
opy and produ
tion rates of beauty hadronsBefore the LEP start-up, only the non-strange pseudo-s
alars B0d andB+ and ve
tor meson B� were observed. The LEP studies 
on�rmed theobservation of the B�, yielded eviden
e for the pseudos
alar, strange state B0sand orbitally ex
ited B��, providing also hints for the presen
e of B��s andradially ex
ited states B(�)0 . As far as the b-baryons are 
on
erned, LEP
on�rmed unambiguously the existen
e of the �b, observed the ��b andpossibly the �b and the ��b .The experimental studies about the b-hadron spe
tros
opy were based onthe in
lusive re
onstru
tion of beauty hadrons. Four-momenta of b-hadronswere re
onstru
ted with the help of either a rapidity algorithm [18℄, or asa sum of four-momenta of tra
ks attributed to the se
ondary vertex [19℄.In the rapidity approa
h, parti
les with rapidities above 
ertain value, typ-i
ally around 1.5, are 
onsidered to be the produ
ts of b-hadron's de
ay.This allowed to re
onstru
t the four momenta of b-hadrons with the energy(angular) resolution of 7% (15mrad), respe
tively.The mass of the B0s meson was determined �rst from ALEPH [20℄, DEL-PHI [21℄ and OPAL [22℄ using six fully re
onstru
ted de
ays to Ds�, Dsa1and J= �. A bigger sample of 32 � 6 de
ays B0s ! J= � was 
olle
ted bythe CDF [23℄. The average mass [24℄ of the B0s is (5369:6 � 2:4)MeV.Using the samples of in
lusively re
onstru
ted B hadrons, all four LEP
ollaborations [18,25�27℄ had 
on�rmed the �rst observations of the ve
tormeson B�, reported by CLEO [28℄ and CUSB [29℄. As the mass splittingbetween the B� and B is signi�
antly smaller than the pion's mass, onlythe ele
tromagneti
 de
ays B� ! B
 are allowed. At LEP, the photonswere dire
tly dete
ted by L3. The other three experiments re
onstru
ted
 ! e+e� 
onversions. The world average [24℄ of the B��B hyper�ne split-ting (
f. Fig. 1(Aa)) yielded: �M(B��B) = (45:78�0:35)MeV. The B� andB yields have been measured by all LEP 
ollaborations [18,25�27℄ and foundto be 
onsistent with the statisti
al spin 
omposition:�B��B + �B� = 0:748 � 0:004 :The LEP experiments [25,30�32℄ gave the �rst experimental eviden
efor orbitally ex
ited B�� mesons by 
ombining single 
harged pions withB mesons re
onstru
ted in
lusively. A broad maximum was observed inthe spe
trum of the Q-value of B(�)� pairs (
f. Fig. 1(Bb)). In addition,ALEPH [33℄ had observed a similar resonant stru
ture by using the sampleof 404 fully re
onstru
ted 
harged and neutral B mesons. The shape ofthe maximum observed by this two approa
hes was well des
ribed by themixture of two broad and two narrow states, as expe
ted by the HeavyQuark E�e
tive Theory (HQET) [34℄. However, the detailed de
omposition
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Fig. 1. The distribution of the mass di�eren
e �M(B��B) (plot (A)) and�M(B���B) (plot (B)) before (plots (a)) and after (plots (b)) ba
kground sub-tra
tion. The data are represented by points with error bars. The 
urves on plots(b) show the results of the �t using a Gaussian distribution for the signal.into individual resonan
es is not possible yet. The world average [24℄ of themass of the B�� states is (5697 � 9)MeV and the produ
tion rate isfB�� = B(b! B��u;d)B(b! Bu;d) = (30� 10)% :Four events of fully re
onstru
ted de
ays �b ! �
�(a1) were observedboth by ALEPH [35℄ and DELPHI [36℄. The most pre
ise mass measure-ment of the �b was performed by CDF [37℄. The average mass of the �b ism�b = (5624�9)MeV. The ��b baryon was observed in
lusively by ALEPH[38℄ and DELPHI [39℄ as an ex
ess of the same sign pairs ��-l�. However,this partial re
onstru
tion did not allow for the mass determination. Theobservation of the de
ays �(�)b ! �b� was reported only by DELPHI [40℄and needs 
on�rmation.
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s at LEP 1715The produ
tion rates of pseudo-s
alar b-mesons and generi
 b-baryonwere measured at LEP and CDF. The average results [41, 42℄ yielded:fB0d = fB+ = (40:3 � 1:2)%; fB0s = (9:4 � 2:2)%; fb-baryon = (10:1 � 1:7)%:(1)All results 
on
erning the masses and produ
tion rates of beauty hadronsare in good agreement with the theoreti
al predi
tions, in parti
ular withthose given by HQET [34℄.4. Lifetimes of beauty hadronsThe lifetimes of beauty hadrons depend on the magnitude of the CKMmatrix elements jV
bj and on the dynami
s of the de
ays of beauty hadrons.A

ording to the spe
tator model, the lifetimes of all b-hadrons are equal.This predi
tion is modi�ed after taking into a

ount the e�e
ts resultingfrom the presen
e of the light quark (diquark) inside the beauty hadrons. Inthe framework of Heavy Quark Expansion these e�e
ts 
an be estimated asan expansion in powers of 1=mb. It leads to the following predi
tions [43℄:�(B+)�(B0d) =1 + 0:05� fB200MeV�2; �(B0s )�(B0d) =1�O(1%); �(�b)�(B0d) =(0:9� 0:95) ;(2)where fB � 200MeV is the pseudo-s
alar de
ay 
onstant. The LEP ex-periments, together with SLD and CDF, provided pre
ise measurements ofb-hadrons lifetimes whi
h allowed to test quantitatively the relations givenin Eq. (2).The lifetimes of beauty hadrons were measured using four basi
 te
h-niques. In the �rst, so-
alled topologi
al method, the b-de
ay verti
es werere
onstru
ted in
lusively and the 
harge of the b-hadron was determinedfrom the total 
harge of the tra
ks asso
iated to vertex. This approa
hprovided a large sample of events (� 74000 of B+ and B0d) at the pri
e ofa redu
ed purity (� 67%) and a substantial model dependen
e. The se
ond,semileptoni
 te
hnique exploited the partial re
onstru
tion of semileptoni
de
ays like B+ ! �D0l+�lX and B0d ! �D(�)�l+�lX. High p and pT lep-tons were identi�ed and the 
harm hadron of the appropriate 
harge waspartially or fully re
onstru
ted. This method provided samples of a rea-sonably high statisti
s and purity (ALEPH [44℄: 3700 events of B+ andB0d , purity � 85%). It required, however, the a

urate determination of themissing four-momentum in order to estimate the four-momentum of neu-trino. The third approa
h involved the full re
onstru
tion of b-hadrons in
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 de
ays. Their momenta were well determined, sin
e there were nomissing parti
les. Finally, some lifetime measurements were based on theimpa
t parameters of tra
ks from the de
ays of beauty hadrons, in parti
ularleptons.The best measurements of B0d and B+ lifetimes were performed by LEPexperiments and SLD using the topologi
al and semileptoni
 methods. Inthe topologi
al approa
h the purity of B0d sample was limited by irredu
ible
ontamination of B0s and �b. The main sour
e of systemati
 un
ertainties inthe semileptoni
 method was due to the presen
e of the physi
al ba
kgroundB ! D��l+�l. For B+, the most a

urate measurements were obtained byDELPHI [45℄, OPAL [46℄ and SLD [47℄, using topologi
al approa
h andby ALEPH [44℄ using D�-l pairs. The average value of the B0d lifetime isdetermined mostly by D�-l measurements of ALEPH [44℄, DELPHI [48℄and OPAL [49℄ and by topologi
al results of DELPHI [45℄ and SLD [47℄.The most a

urate measurements of the B0s lifetime were based on the studyof Ds-l pairs (ALEPH [50℄, CDF [51℄ and DELPHI [52℄) 
oming from thede
ay B0s ! Dsl+�lX and Ds-hadron pairs (ALEPH [53℄ and DELPHI [54℄)from B0s ! DshX.The results 
on
erning beauty baryons were 
ommonly given as life-times of �generi
 b-baryon� and �b. In the �rst 
ase the signal enri
h-ment was obtained by the re
onstru
tion of �0-l (e.g. ALEPH [55℄, im-pa
t parameter te
hnique) and p-l (DELPHI [56℄) pairs. The sample is
omposed mostly of the �b, but the 
ontribution for ��b , 
b et
. is notnegligible (� 15%). For �
-l pairs (ALEPH [55℄, DELPHI [56℄) the �b
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al expe
tations.



b-Quark Physi
s at LEP 1717lifetime is determined as the yield of other b-baryons states 
an be safelynegle
ted. One of the main sour
es of systemati
 un
ertainties in the deter-mination of b-baryon lifetimes 
omes from the �b polarization. The lat-ter modi�es the angular distributions of the �b's de
ay produ
ts. Thepolarization was measured using the average values of lepton and neu-trino energies in the samples 
ontaining the �0-l �nal state. The averageof measurements from ALEPH [57℄, DELPHI [58℄ and OPAL [59℄ yieldedP(�b) = �0:45+0:17�0:15 � 0:08. ALEPH [38℄ and DELPHI [39℄ performed alsothe �rst measurements of the ��b lifetime using ��-l� pairs. They were,however, of very limited statisti
al a

ura
y.The average values of lifetimes of beauty hadrons, as given by the LEP BLifetimes Working Group [42, 60℄, are presented in Fig. 2. As far asb-mesons are 
on
erned, the lifetime ratios are in good agreement with thetheoreti
al expe
tations, 
f. Eq. (2) and Fig. 2. The lifetimes of b-baryonsand the �b are signi�
antly smaller than expe
ted on
e. This dis
repan
ywas dis
ussed in numerous theoreti
al papers [43,61℄. It may indi
ate a po-tential problem in the operator produ
t expansion and the assumption ofthe quark�hadron duality. The experimental a

ura
y of �B0d and �B+ willimprove soon on the basis of new results from the B-fa
tories. The same isexpe
ted for the Bs and �b from TEVATRON.5. The bran
hing fra
tion for semileptoni
 de
ays B(b! lX)Measurements of the bran
hing fra
tion for semileptoni
 de
ays of beautyhadrons provide important information about the dynami
s of heavy quarkde
ays and allow to determine the size of the jV
bj CKM matrix element.The �dire
t� b ! l signal was separated experimentally from other 
om-ponents like the 
as
ade b ! 
(�
) ! �l(l) and the 
 ! �l transitions usingthe harder p and pT distributions of the lepton from prompt b-de
ays. Thede
ay topology, the 
harge 
orrelation between the b-quark and the leptonand double b-tagged events where both b-hadrons de
ayed semileptoni
ally[62�64℄ were also exploited to suppress the ba
kgrounds. The pre
ision ofall these methods was limited by the model dependen
e in the des
riptionof the signal and ba
kground spe
tra. The LEP average of the semileptoni
bran
hing fra
tion [65℄ yielded B(b ! lX) = (10:56 � 0:11 � 0:18)% andwas 
onsistent with the value measured by the CLEO 
ollaboration [66℄ asB(b ! lX) = (10:49 � 0:17 � 0:43)%. To a

ount for the di�erent beautyhadron spe
ies produ
ed, the LEP results were res
aled by 1=2(�B0d+�B+)=�bwhere �b denotes the average lifetime of beauty hadrons2.2 �b = fB0d �B0d + fB+ �B+ + fB0s �B0s + fb-baryon �b-baryon.
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e the total de
ay width is �xed, the yields of semileptoni
, double
harmed and 
harmless de
ays are 
orrelated. Therefore it is appropriateto analyse the results 
on
erning the B(b ! lX) in relation with the av-erage number of 
harm hadrons in B-de
ays (n
). The average of LEPmeasurements, n
 = 1:171 � 0:040, is 
onsistent with the results of CLEO(n
 = 1:159 � 0:049) [65℄. The measured values of B(b ! lX) and n
 are
onsistent with theoreti
al predi
tions.6. Measurements of jV
bj and jVubjThe elements jV
bj and jVubj of the CKM matrix are fundamental pa-rameters of the standard model that 
an be determined in b ! 
l��� andb ! ul��� de
ays. Experimentally, the semileptoni
 width is obtained fromthe average lifetime of b-hadrons and the semileptoni
 bran
hing ratio:� (B ! X
(u)l��l) = BR(B ! X
(u)l��l)�b ; (3)whi
h leads to the following formulae for the jV
bj and jVubj:jV
bj = 0:0411 rBR(B ! X
l��l)0:105 s1:55 ps�b[ps℄ � (1� 0:04) ; (4)jVubj = 0:00445 rBR(b! Xul��l)0:002 s1:55 ps�b[ps℄ � (1� 0:05) : (5)This way of extra
tion of the jV
bj is 
ommonly known as the in
lusivemethod. In the so-
alled ex
lusive approa
h, the magnitude of the jV
bjwas extra
ted from the measurement of the di�erential partial width of thede
ay B0d ! D�+l��� as a fun
tion of ! i.e. the produ
t of four-velo
ities ofthe B and D� mesons:! = vB vD� = m2B +m2D� � q22mBmD� ; q2 = (pB � pD�)2: (6)The variable ! ranges from one in the point of zero re
oil, when the D�+ isprodu
ed at rest in the B0d rest frame, to about 1.5. The di�erential de
ayrate is predi
ted to be d�d! = K(!)F2D�(!) jV
bj2 ; (7)where K(!) is a known phase-spa
e fun
tion and FD�(!) denotes the hadro-ni
 form-fa
tor. In the heavy quark limit (mb ! 1), the form-fa
tor 
oin-
ides with the Isgur�Wise fun
tion and its magnitude at zero-re
oil 
an be
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s at LEP 1719estimated using HQET [34℄ to be FD�(! = 1) = 1. This value is modi�edto 0:88�0:05 [42℄ after taking into a

ount the e�e
ts of a �nite quark massand QCD 
orre
tions. The Isgur�Wise form-fa
tor is approximated withthe expansion around ! = 1 with the parameter �̂, interpreted as the slopeof FD� at zero re
oil. As the phase spa
e fun
tion vanishes in the limit ofzero-re
oil, the di�erential de
ay rate has been measured 
lose to ! = 1 andextrapolated to determine the produ
t FD�(1) jV
bj.TheD�+ mesons were observed in the de
ays toD0�+. Due to the limitedphase spa
e available in this de
ay, the 
harged pion, denoted below as ��,was produ
ed almost at rest in the D� rest frame. The D0 was re
onstru
tedeither ex
lusively, in parti
ular de
ay modes K��+(�0); K��+�+�� andK0s�+�� (ALEPH [67℄ and OPAL [68℄), or in
lusively, by looking for generi
se
ondary verti
es 
onsistent with the hypothesis of the D0 de
ay, insidethe jet 
ontaining the lepton and 
harged pion (DELPHI [69℄, OPAL [68℄).The values of FD�(1) jV
bj and �̂2 were extra
ted by a maximum likelihood
DELPHI d�=d!

FD�(!) jV
bj
!
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1 1.1 1.2 1.3 1.4 1.5Fig. 3. The di�erential de
ay width (upper plot) and the produ
t of the de
ay form-fa
tor FD�(!) and the jV
bj (lower plot) of the de
ay B0d ! D�+l��� as a fun
tionof the variable !. The dotted (
ontinuous) line shows the results of a �t to thedata histogram negle
ting (in
luding) the statisti
al 
orrelations among the bins.



1720 T. Lesiak�t to the re
onstru
ted ! spe
tra (see Fig. 3). The �t took into a

ount the
ombinatorial and physi
s ba
kgrounds. The �rst was estimated using eventswith wrong-sign l�-��� 
harge 
orrelation and from the mass sidebands. Thelatter was due to the presen
e of the de
ays B0d ! D��+l� ��l where the D��+de
ays to D�� or D�K and possibly also from non-resonant B0d ! D�+hl� ��lde
ays. The average of LEP results yieldedFD�(!) jV
bj = 34:5 � 0:7� 1:5 � 10�3 ;�̂2 = 1:01 � 0:08 � 0:16 :The re
ent study of CLEO [70℄ gave somewhat higher value of FD�(!) jV
bj =42:4 � 1:8 � 1:9 � 10�3. The results for jV
bj, extra
ted by the LEP jV
bjWorking Group [71℄, using both in
lusive and ex
lusive methods, arejV
bjin
lusive=40:7�0:5�2:0)�10�3 ; jV
bjex
lusive=(39:8�1:8�2:2)�10�3 ;jV
bjLEP average = (40:4 � 1:8)� 10�3:The magnitude of the jVubj was determined �rst by CLEO [72℄ and AR-GUS [73℄ from the yield of leptons with momenta above the kinemati
al limitfor b ! X
l ��l de
ays. In addition, the CLEO [74℄ 
ollaboration measuredthe jVubj from the ex
lusive de
ays B ! �l ��l and B ! �l ��l. The drawba
kof the �rst two approa
hes is their strong model dependen
e. At LEP theextra
tion of the jVubj was re
ently performed by ALEPH [75℄, DELPHI [76℄and L3 [77℄ from the study of properties of the hadroni
 system re
oilingagainst the lepton. The main di�
ulty of this method was the isolation ofthe b! u transitions from the dominant b! 
, whi
h yield was around 50times bigger. The dis
rimination between b! 
 and b! u is based on thedi�eren
es in the invariant mass of the system a

ompanying the lepton, inkaon 
ontent and in the de
ay vertex topology and multipli
ity.The 
ombination of LEP measurements yielded the value of the semilep-toni
 bran
hing ratio for the b ! u transition of BR(b ! Xul� ��l) =(1:74�0:57)�10�3 . Using Eq. (5), this result 
an be translated into a valuefor the jVubj provided by the LEP jVubj Working Group:jVubjLEP average = (4:13+0:63�0:75)� 10�3 ;whi
h is 
onsistent with the re
ent CLEO determination [74℄: jVubjCLEO =(3:25+0:61�0:64)� 10�3. The systemati
 un
ertainties asso
iated with modellingb ! u and b ! 
 transitions are 10% (17%) for LEP (CLEO) results,respe
tively. They are, however, mostly un
orrelated.
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kground subtra
ted energy spe
trum of leptons E�l , measured in theB meson rest frame, as obtained by the DELPHI for the b ! u enri
hed (upperplot) and b ! u depleted (lower plot) samples. The shaded histograms show theexpe
ted E�l distribution for the signal of b! u semileptoni
 de
ays normalized tothe �tted value of jVubj/jV
bj.7. B0�B0 os
illationsLEP did the �rst observation of time-dependent B0d�B0d os
illations(ALEPH [79℄). The probability that a primary B0d(s) has os
illated to a B0d(s)is given by:P �B0q ! B0q �B0q�� (t) = 12�q e� t�q [1� 
os(�mqt)℄ ; (8)where �md(s) is the mass splitting of the two mass eigenstates. The B0s�B0sos
illations are expe
ted to be more than twenty times faster than thosewith B0d�B0d.To observe time-dependent B0�B0 os
illations both the produ
tion andde
ay �avour had to be tagged and the proper time must be a

uratelymeasured. For the B0d�B0d system, the B �avour at the de
ay time 
an betagged by the 
harge of the lepton, kaon or D� meson attributed to the
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ay produ
ts or by the jet (hemisphere) 
harge. The latter is the mo-menta weighted 
harge of parti
les belonging to a jet (hemisphere). TheB �avour at the produ
tion time 
an be established either from the tra
ksbelonging to the same hemisphere as the B 
andidate (same-side tag) or theopposite hemisphere tra
ks (opposite-side tag) 
an be used. The basi
 sameside tag is the 
harge of a tra
k from the primary vertex. It is 
orrelatedwith the produ
tion state of the B if that tra
k is the �rst parti
le in thefragmentation 
hain or a de
ay produ
t of a B�� meson. The 
harge of a lep-ton from b! l� or of a kaon from b! 
! s or the hemisphere 
harge 
anbe used as opposite-side tags. The os
illations were studied by performinga maximum likelihood �t to the distributions of fra
tions of events taggedas mixed and unmixed as a fun
tion of the proper time. Fig. 5(a) shows theB0d os
illations. Here both the produ
tion and de
ay �avour were tagged byleptons. The like-sign di-leptons were a signature of an os
illation.a) b)
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Fig. 5. (a) Fra
tion of events in whi
h the os
illation B0d�B0d took pla
e as a fun
-tion of the re
onstru
ted proper time; (b) 
ombined measurements of the B0sos
illation amplitude as a fun
tion of �ms.The 26 individual measurements of mass di�eren
e �md provided byLEP, SLD and CDF were averaged by the LEP B Os
illations WorkingGroup [41, 42℄ to be �md = (0:487 � 0:014) ps�1:Among the re
ent measurements, the most a

urate was performed by OPAL[49℄. It was based on in
lusive re
onstru
tion of B0d ! D�+l� ��l de
ays. TheB0d de
ay vertex was re
onstru
ted by interse
ting the lepton with the soft
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s at LEP 1723pion from the de
ay D�+ ! D0��. The �avour at the produ
tion (de-
ay) time was tagged using the jet 
harge (lepton's 
harge), respe
tively.The present average is dominated by LEP results. However, it is worth-while to stress that the preliminary results of B0d�B0d os
illations obtained atB-fa
tories [80℄ are not yet in
luded.Up to now, no experiment was able to show eviden
e for the fastB0s�B0s os
illations. The experimental results are thus presented as lowerlimits of the os
illation frequen
y �ms. The B0s os
illations were sear
hedfor using fully re
onstru
ted de
ays, D�s l+ �nal states and in
lusive meth-ods. Analyses of fully re
onstru
ted B0s have been performed in the 
han-nels B0s ! D(�)s �+, D(�)s a+1 , D0K��+ and D0K�a+1 by ALEPH [81℄ andDELPHI [82℄. The sample 
olle
ted by DELPHI was 
omposed of 44 de-
ays with an estimated B0s purity of around 50%. Due to the ex
ellentde
ay length resolution, this sample has a good sensitivity in the region ofhigh �ms. Analyses of Ds-l �nal states have a similar B0s purity but worseproper time resolution. They lead to the samples of a few hundred events(ALEPH [81℄, DELPHI [52℄). The highest sensitivity was a
hieved using theanalyses of in
lusive leptons. These studies provide around 50000 
andidateswith a B0s purity of around 10% (ALEPH [83℄). Moreover, the SLD 
ollabo-ration [84℄ studied the B0s�B0s os
illations using topologi
ally re
onstru
tedverti
es of heavy quark de
ays.To 
ombine results of the di�erent experiments and methods a spe
i�
amplitude method was put forward. The mixing probability, as given byEq. (8), was modi�ed by multiplying the os
illating term by the ampli-tude A. Thus, for ea
h �xed value of �ms, the data were �tted to a fun
tionproportional to 1 � A 
os(�mst). This 
orresponds to Fourier analysis ofos
illation data with the amplitude studied as a fun
tion of the os
illationfrequen
y. The os
illation amplitude was expe
ted to be A = 0 (A = 1)for frequen
ies whi
h are far from (
lose to), respe
tively, the true value of�ms. The measured os
illation amplitudes were 
ombined [41℄ to providethe world average of amplitude spe
trum presented in Fig. 5(b). A value of�ms 
ould be ex
luded at 95% C.L., 
orresponding to a value of the ampli-tude su
h that: A+1:645�A � 1. The amplitude spe
trum, 
ombined fromLEP, SLD and CDF measurements, ex
ludes mixing for�ms > 15:0 ps�1 ; LEP : �ms > 11:8 ps�1 :The sensitivity, de�ned as the expe
ted limit in �ms at 95% C.L. 
or-responds to:�msenss = 18:0 ps�1 ; LEP : �msenss = 14:5 ps�1 :The amplitude spe
trum ex
eeds value one in the range of os
illation fre-quen
ies between 15 and 20 ps�1, rea
hing a maximum at �ms = 17:8 ps�1.



1724 T. LesiakThis is interpreted as a hint of B0s�B0s os
illations. The deviation of themeasured amplitude from A = 0 is about 2.5 standard deviations. SLD andLEP experiments will provide improved limits on �ms over this year. Newresults are also expe
ted from CDF and, presumably D0, after the startof next run at TEVATRON in Mar
h 2001. Altogether it does not seemunlikely that a signal for B0s os
illations at more than three standard devi-ations 
an be obtained. More detailed information about neutral B mesonsos
illation 
an be found in Refs. [41, 42℄ and [85�87℄.For the strange-beauty mesons, the width di�eren
e �� s = �Hs ��Lsbetween the two mass and CP eigenstates3 BLs and BHs is expe
ted to benon-negligible rea
hing the value of around 20%. Experimentally the �ms
an be determined either by observing two di�erent exponentials in thelifetime plots of B0s or by measuring the lifetime of a CP eigenstate (e.g.B0s ! J= �) and 
omparing the estimated value with the average of the�B0s . Assuming that �B0d = �B0s , the 
ombination of results from LEP andCDF yielded �� s=�s = 0:16+0:08�0:09 or �� s=�s < 0:31 (95% C.L.) [42℄. Theresults 
hange to �� s=�s = 0:24+0:16�0:12 or �� s=�s < 0:53 (95% C.L.) if theassumption of equal B0d and B0s lifetimes is relaxed. These results are inqualitative agreement with theoreti
al expe
tations. However, they do notallow yet to draw a 
on
lusion that the width di�eren
e �� s is non-zero.8. SummaryThe LEP measurements provided a dominant 
ontribution in many do-mains of the b-quark physi
s. Among the major a
hievements are the de-terminations of lifetimes of individual b-hadrons whi
h have been measuredwith an a

ura
y of (1:5�6)%, the results 
on
erning the CKM matrix ele-ments jV
bj and jVubj and the measurement of the os
illation frequen
y forB0d�B0d mesons together with the stringent limit on �ms. Last but not least,LEP studies had improved signi�
antly the knowledge of spe
tros
opi
 fea-tures of b-hadrons.The LEP measurements of jV
bj, jVubj, �md and �ms, together with
onstraints from the "K parameter, had large impa
t on the determinationof the parameters of the unitary triangle (
f. Fig. 6) leading to the values [86℄:�� = 0:206 � 0:043; �� = 0:339 � 0:044; 
 = (58:5 � 6:9)Æ;sin 2� = �0:28� 0:27; sin 2� = 0:723 � 0:069:3 Negle
ting CP violation.
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