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CP VIOLATION MEASUREMENTSAT THE TEVATRON�S. Tkazykrepresenting the CDF and D0 CollaborationsFermi National Aelerator LaboratoryP. O. Box 500, Batavia, IL 60510, USAe-mail: tka�fnal.gov(Reeived April 23, 2001)The CDF ollaboration has adapted several heavy �avor tagging teh-niques and employed them in analyses of time-dependent �avor asymme-tries using data from the Tevatron Run I. The tagging algorithms were ali-brated using low-pT inlusive lepton and dilepton trigger data samples. Thetagging tehniques were applied to a sample of � 400 B0d=Bd0! J= K0Sdeays and were used to measure the CP violation parameter, sin(2�).Prospets for future improved measurements of the CP violation parame-ters at the Tevatron are brie�y disussed.PACS numbers: 13.25.Hw, 11.30.Er1. IntrodutionCP violation was �rst observed in kaon deays over 30 years ago. In theStandard Model the Cabibbo�Kobayashi�Maskawa (CKM) matrix relatesweak and mass eigenstates of quarks. It an also provide a possible meh-anism for explanation of the observed CP violation e�ets. The unitaryCKM matrix is desribed by four physial parameters, one of them being aomplex phase.An analysis of unitarity onstraints in whih all of the elements are ofthe same order of magnitude, e.g.: VudV �ub+VdV �b+VtdV �tb = 0 and VudV �td+VusV �ts + VubV �tb = 0 provides a rudimentary test of the CKM desription ofCP violation. The magnitude of the omplex elements have been determinedfrom b-hadron lifetimes, branhing frations and � more reently � preise� Presented at the Craow Epiphany Conferene on b Physis and CP Violation,Craow, Poland, January 5�7, 2001. (1747)



1748 S. Tkazyk�avor osillation measurements. The relative omplex phases of the CKMmatrix elements an be studied in measurements of the CP -asymmetries inB-deays. An analysis of the asymmetry in the deay rates of B0 and �B0to a ommon CP eigenstate J= K0S provides a measurement of the phase� � arg(�VdV �bVtdV �tb ). The asymmetry, ACP � N( �B0)�N(B0)N( �B0)+N(B0) , where N( �B0) andN(B0) are numbers of observed deays to J= K0S given the known �avor ofthe B meson at prodution, arises from the interferene between the diretdeay path, �B0 ! J= K0S , and the mixed deay path, �B0 ! B0 ! J= K0S .The CP -asymmetry ACP depends on the CP phase di�erene betweenthe two amplitudes, � and the �avor osillations term represented bysin(�mdt), where �md is the mass di�erene between the two B0d masseigenstates, and t is proper deay time. In the Standard Model ACP 'sin(2�) sin(�mdt) sine other ontributions are expeted to be very small.Values of sin(2�) are onstrained to a range of 0:3 � sin(2�) � 0:9 fromindiret eletroweak measurements [1℄. In the past, two LEP ollaborationsreported CP asymmetry values of angle � measured with samples of fullyreonstruted B0= �B0 ! J= K0S deays, sin(2�) = 4 � 2 � 1 (OPAL [2℄)and sin(2�) = 0:84+0:82�1:04 � 0:16 (ALEPH [3℄). More reently, two new re-sults from the experiments at B fatories were published, where sin(2�) =0:34 � 0:20 � 0:05 (BaBar [4℄) and sin(2�) = 0:58+0:32�0:34(stat:)+0:09�0:10(syst:)(BELLE [5℄).In this talk I will desribe the �avor tagging tehniques adapted by CDFfor appliation in the hadron ollider environment and disuss their per-formane in the �avor osillation measurements. I will also report on theCP analysis of B0d=Bd0!J= K0S deays reonstruted in a data sample of110 pb�1 olleted by the CDF detetor at the Tevatron ollider at Fermi-lab during the 1992�1996 data taking period. The desription of the CDFdetetor an be found in previous publiations [6, 7℄.2. The sample of B0d=Bd0!J= K0SThe reonstrution of B0d mesons was done via the deay B0d=Bd0 !J= K0S , with J= ! �+�� and K0S ! �+��. The seletion of the B an-didates begins by identifying J= partiles that deay into two muons ofopposite harge. All pairs of the oppositely harged partile traks are on-sidered to be andidates for the K0S deay produts. The B andidate massand momentum are alulated subjet to the onstraints that the invariantmasses of the muon pair and the pion pair are equal to the world averagemass of their parent partile, J= and K0S, respetively; ome from separateverties; the reonstruted K0S andidate points bak to the J= vertex; andthe J= K0S system points bak to the primary interation vertex. The sili-



CP Violation Measurements at the Tevatron 1749on miro-vertex detetor (SVX) information was used for these onstraintswhen available. For a B andidate with both muons measured in the silionvertex detetor, the typial mass resolution is � 10 MeV=2, and the properdeay length resolution is � 50 �m. The normalized mass distributions,MN = (m���� �MPDG)=��t, broken into SVX (left) and non-SVX (right)subsamples, are shown in Fig. 1. The MPDG is the world average B0d mass,��t is the mass resolution returned from the �t, and m���� is the invariantmass of the of the two-muon and two-pion ombinations. The total numberof reonstruted B mesons is 395 � 31, with a signal-to-noise ratio of 0.7.The sample with both muons reonstruted in SVX ontains 202�18 eventswith a signal-to-noise ratio of 0.9, and the remainder of the sample ontains193�26 events with a signal-to-noise ratio of 0.5. The SVX sample was usedto make a time dependent analysis of the CP asymmetry. The preliminaryresult from the analysis of this data sample was already published [10℄. Thenon-SVX sample with the degraded time resolution, was used to performthe time integrated measurement of the asymmetry.
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-20 -10 0 10 20Fig. 1. Normalized mass distributions of the B0d=Bd0!J= K0S andidates.3. Identi�ation of B �avor at prodution and deayExperimental analysis of the CP asymmetry in the deay mode B0d=Bd0!J= K0S requires determination of the B0d �avor at the time of prodution.The fration of events that are �avor tagged is alled tagging e�ieny, ".Among the sample of tagged events the �avor of the B0d meson is deter-mined orretly for NR events, and inorretly for NW events. The frationD, de�ned as D = (NR �NW)=(NR +NW) is alled �tagging dilution�, andis used to desribe the observed asymmetry, AobsCP = DACP . The tagging



1750 S. Tkazyktehniques used in this analysis are very similar to the ones used in theB0 �B0 osillation measurements. The Same Side Tagging (SST) and SoftLepton Tagging (SLT) algorithms were essentially the same as those usedin the `D(�) [9℄ and inlusive lepton [8℄ analyses. The Jet Charge Tagging(JTQ) algorithm was modi�ed from that in Ref. [8℄ to inrease the e�ienyof identifying low-pT jets.3.1. Opposite side tagging with soft lepton and jet hargeThe Opposite Side Flavor Tagging tehniques use the presene of theother b-hadron in the event on the opposite side of the reonstrutedB0d=Bd0 ! J= K0S deay. The �avor of the B meson at the produtiontime is determined either from the harge of the jet on the opposite side orby the presene of the lepton oming from the deay hain b ! `�. TheOpposite Side Flavor tagging methods were studied using high statistissamples of semileptoni B deays [8, 9℄, as illustrated in Fig. 2, and theywere alibrated using a sample of � 1; 000 B�u ! J= K� deays.

Fig. 2. Flavor osillation measurements performed as a test of the tagging teh-niques. Flavor asymmetry as a funtion of the proper deay length t. Left: SameSide Tagging algorithm applied to B ! `D(�); more details of the analysis are inRef. [9℄. Right: Soft Lepton and Jet Charge �avor tagging algorithms applied tothe inlusive lepton data samples. Results from an unbinned likelihood �t are su-perimposed on the data points. Detailed desription of the analysis is published inRef. [8℄. The tagger performane data for all three algorithms are shown in Table I.The SLT algorithm orrelates the harge of the lepton in the event withthe �avor of the B0 at the prodution time, `�(`+) implies B0 (B0). Its per-formane was heked through observation of the B0d �B0d �avor osillation



CP Violation Measurements at the Tevatron 1751TABLE ISummary of the statistial power of the taggers from the CDF experiment, mea-sured by "D2.Tagging Type E�ieny Dilution E�. dilutionmethod " [%℄ D [%℄ "D2[%℄SST SVX 35.5�3.7 16.6�2.2 2:1 � 0:5non-SVX 38.1�3.9 17.4�3.6SLT all 5.6�1.8 62.5�14.6 2:2 � 1:0JTQ all 40.2�3.9 23.5�6.1 2:2 � 1:3Total � 6:3using an inlusive lepton trigger sample [8℄, as shown in Fig. 2. The dilutionof the soft lepton tag, as measured using the J= K+ sample, isD=63�15%:In the JTQ algorithm a momentum weighted harge average of partilesin a b-jet on the opposite side, Qjet, is used to determine the harge ofthe b-quark. The event is onsidered as tagged when jQjetj > 0:2. Theperformane of the JTQ was also heked with the analysis of the �m anddilution D using the inlusive lepton trigger sample (Fig. 2). The dilution ofthe JTQ method, as measured with the J= K+ sample, is D = 24 � 7%. Asummary of the performane of tagging algorithms, desribed by the valueof the dilution and the tagging e�ieny, is presented in Table I. The JetCharge and Soft Lepton tagging algorithms are desribed in more detail inanother CDF publiation [8℄.3.2. Same Side TaggingThe Same Side Tagging (SST) tehnique relies on the orrelation betweenthe �avor of the B hadron and the harge of a nearby hadron produed eitherin the fragmentation proess that formed a B meson from a b quark or fromthe deay of B�� meson. The harge orrelations are the same in both ases:a B0d meson is assoiated with a positive partile. The SST algorithm seletsas a �avor tag, that partile whih has the minimum momentum omponenttransverse to the momentum sum of the B and the partile. The partile hasto be ontained in an ��� one of 0.7 around the B momentum diretion,have pT > 400 MeV=, and ome from the primary vertex. The performaneof this method was alibrated by tagging B ! `D(�) deays and observingthe time dependene of the B0dB0d osillation [9℄, as shown in �gure 2. Inaddition to the usual measurement of the frequeny of the osillation �md,the amplitude of the osillation, D, alled dilution was also determined.The method has been expanded in sope to be used on the sample ofthe non-SVX events, whih have largely redued impat parameter informa-tion. The performane of the Same Side Tagging algorithm is summarizedin Table I.



1752 S. Tkazyk4. Flavor asymmetry in B0d ! J= K0S sampleA ombination of three tagging methods was applied to the full sam-ple of �400 events, and it improved the results of the previously publishedanalysis [10℄. The dilution and e�ienies for the opposite side tagging al-gorithms were determined using a sample of B ! J= K+ deays, to maththe kinemati properties of the two samples. The SLT algorithm is hara-terized by high dilution but lower e�ieny, ompared to the performaneof the JTQ algorithm. Eah event an be tagged by one algorithm on theopposite side and one on the same side. When both SLT and JTQ tags areavailable, the tagger with higher dilution was seleted to avoid introdutionof orrelations. Therefore, eah event in this sample is tagged by a maximumof two algorithms.Tagged events are simultaneously �tted for a ombination of the threetagging methods, using an unbinned likelihood �t with the values of �mdand B0d lifetime �xed to the world values. The �tting also takes into aountthe remaining tag orrelations. The asymmetry values for the three taggingmethods are shown in Fig. 3. Those events without proper time determina-
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CP Violation Measurements at the Tevatron 1753tion are presented separately as a single point. We measure sin(2�) =0:79+0:41�0:44(stat.+ syst.). The urves shown in Fig. 3 present the results ofthe �t. For omparison a �t result is shown with the value of �md �oating.As another hek of the validity of the applied tehniques, the analysis wasperformed on a sample of � 450 B0d ! J= K�0 deays. The results of this�t agreed well with expetations and they are shown in Fig. 3.5. Prospets for Run II5.1. Detetor upgradesFollowing a very suessful physis program at the Tevatron, the CDFand D0 ollaborations, de�ned their physis expetations and aspirationsfor the next data olletion period, whih is beginning in Spring of 2001,and it will last until the turn on of the LHC at CERN. Among the topisrelated to b-hadron physis, measurements of the CP angles, �; � and , anddetermination of the Bs osillations parameter xs = �ms=�s are of speialimportane. The Tevatron, after ommissioning of the Main Injetor, isexpeted to deliver ollisions at luminosities exeeding 1032m�2s�1. Datasamples in exess of 2 fb�1 per experiment are expeted in the �rst two yearsof data taking.Both ollaborations implemented a series of upgrades of their detetors,to eliminate the existing limitations and meet the new set of physis goals.The sope of enhanements inluded onstrution of new silion detetorswith larger aeptane and apability of measuring spatial oordinates in3 dimensions. For the �rst time silion vertex trak proessors are instru-mented in the online trigger systems, whih will allow for triggering on trakswith the non-zero impat parameter, e.g. originated from b-hadron deays.The CDF detetor will have an enhaned partile identi�ation apabilityfor lower momentum partiles, using the time-of-�ight system omprised thelong sintillator bars. It is espeially important for identi�ation of kaonsin the momentum range relevant for tagging the �avor of b-hadrons. TheD0 detetor will have a superonduting solenoid with the 2 T magneti�eld, and a traking system based on sintillating �bers. The new trakingdetetors will signi�antly improve momentum measurements for hargedtraks, and will allow for preision reonstrution of short lived partilesduring data taking. 5.2. Physis expetationsMany important topis related to B physis will be addressed by CDFand D0 ollaborations during the times when two new experiments, BaBarand Belle, are operating at the B-fatories at SLAC and KEK. Multiple



1754 S. Tkazykanalyses performed on existing data samples make both CDF and D0 ollab-orations on�dent that their physis programs an be suessfully realized.The expeted signal size of reonstruted B0d=Bd0!J= K0S deays, withJ= ! �+�� andK0S ! �+��, should inrease from 400 to 10k events. Thisnumber an be easily doubled if a lower (1.5 GeV/ instead of 2.0 GeV/)muon momentum threshold is implemented in the CDF triggering system.Additional 8k B0d=Bd0!J= K0S deays followed by J= ! e+e� deay areexpeted. The �avor tagging algorithms will be alibrated using about 40kB�d ! J= K� events and 20k B0d ! J= K�0 events. The ombined �avortagging e�etiveness for three algorithms measured with the urrent datasetis "D2 = 6:3�1:7%. The expeted value inreases to "D2 � 7% for the newdetetor. With suh value of the tagging e�etiveness the expeted error onsin(2�) is equal to Æsin(2�) = 0.084 for 18k reonstruted events, and de-reases below 0.04 for a sample of 28k B0d deays. This unertainty inludessystemati errors in the dilution due to the statistis of the alibration sam-ples. The orresponding numbers for the D0 ollaboration are summarizedin Table III. The time-of-�ight subsystem reates a new possibility of tagging�avor of b-hadrons using kaons. Combination of opposite side kaon taggingalgorithm with the previously used algorithms will inrease the tagging ef-fetiveness to "D2 = 9:4%. The summary of expeted tagging performaneand the estimated error on the value of sin 2� for both experiments is shownin Table II. TABLE IISummary of the expeted statistial power of the taggers at both experiments,measured by "D2.Tagging "D2 Detetor Detetor "D2method [%℄ upgrade upgrade [%℄CDF D0SST 2.0 new traking same 2:0SLT 2.0 �, e ID �, e ID 3:1overage overageJTQ 3.0 new traking fwd traking 4:7Opp.Side K 2.4 TOFTotal � 9:4 � 9:8The other very important and unique to the physis program at the Teva-tron is the measurement of the mass di�erene in the B0s meson system. Inaddition to the studied previously B0s osillations in the semileptoni deays,the upgraded CDF and D0 detetors will be able to trigger on hadroni B0sdeay modes: B0s ! D�s �+, D�s �+���+, with D�s ! ���;K�0K�. A large



CP Violation Measurements at the Tevatron 1755TABLE IIIPreision of sin(2�) measurement expeted by the D0 ollaboration.Deay B0 ! J= Ksmode J= ! �+�� J= ! e�e+Trigger E�. [%℄ 27 20Events 40k 30KÆ sin(2�) 0.04 0.050.03sample, exeeding 20k fully reonstruted events, is expeted to be reordedin 2 fb�1 of integrated luminosity. The time-of-�ight detetor will providean additional tagging method with Kaon identi�ed on the same side as de-aying B0s meson. The ombined e�etive tagging e�ieny is expeted toinrease to "D2 � 11:3%. The silion detetors in both experiments willhave an exellent impat parameter resolution. For example, in the CDFdetetor instrumented with an additional layer of silion diretly mounted onthe beam pipe, the expeted proper lifetime resolution is 45 fs, and in om-bination with high e�etive tagging e�ieny will result in a measurementof �ms up to the value of 63 ps�1.6. ConlusionMultiple tagging methods have been validated in the hadron olliderenvironment of the Tevatron. The statistial power of the taggers, mea-sured by the quantity "D2, was determined using data sets aumulatedby the CDF ollaboration. Using a sample of over � 400 events of fullyreonstruted B0d=Bd0 ! J= K0S deays and multiple tags, we measuredsin(2�) = 0:79+0:41�0:44. This result an be translated into the frequentist on-�dene interval of 0 < sin(2�) < 1 at 93% on�dene level. This year, theTevatron will begin a new ollider run, delivering an expeted twenty-foldinrease in data over the following two years. With detetor and triggerimprovements in both experiments, we expet to aumulate a sample of atleast � 10,000 B0d=Bd0!J= K0S events, allowing the unertainty on sin(2�)to be redued well below 0.08. All tagging methods will be important toolsin the study of CP violation e�ets in the next run of the Tevatron. Theunique to the Tevatron experiments measurement of the �ms will have sen-sitivity up to the expeted maximum value.
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