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CP VIOLATION MEASUREMENTS AT B FACTORIES�Henryk PaªkaH. Niewodniza«ski Institute of Nulear PhysisRadzikowskiego 152, 31-342 Kraków, Poland(Reeived November 21, 2002)Reent results from KEK-B and PEP-II B fatories are reviewed withan emphasis on measurements of CP violating e�ets involving B0 mesonosillations.PACS numbers: 13.25.Hw, 12.15.Hh, 11.30.Er1. IntrodutionCP violation has been studied in the K0 system for nearly forty yearssine its disovery in K0L deays. The measured strength of the CP violation(" and "0) an be aommodated in the Standard Model in a simple way [1℄.Yet, the onsisteny of these results with the general sheme of hargedweak interations and CP violation in the Standard Model is non-trivialand further investigations must be pursued. The B meson system, wherethe predited e�ets are large, is partiularly promising for quantitative testsof the Standard Model desription of CP violation. For this purpose the newgeneration of B fatory experiments have been built and put into operationat KEK (Belle) and SLAC (BaBar).These letures overview the present experimental status of CP violationstudies in the B meson system. The ontent of the letures is based on theBelle experiment data, the BaBar's results are also referred to. I start witha brief introdution to the Standard Model desription of CP violation. Insetions 2�4 I desribe the experimental environment at B fatories: theproperties of the B mesons soure, the olliders and the detetors. In thenext setions two results onerning CP violation e�ets whih involve B0osillations are disussed. First, I overview the status of the primary mile-stone of B fatories: the measurement of the sin 2�1 (also known as sin 2�)in B0 ! J= K0 deays. Next, I desribe the analysis of B0 ! �+�� de-ays, where diret CP violation might appear in a form of a time dependente�et.� Presented at the XLII Craow Shool of Theoretial Physis, Zakopane, PolandMay 31�June 9, 2002. (4413)



4414 H. Paªka2. CP violation in B meson deaysIn the Standard Model of eletroweak interations, CP violation is loselyrelated to the Cabibbo�Kobayashi�Maskawa (CKM) matrix, onneting theeletroweak eigenstates (d0; s0; b0) of the down, strange and bottom quarkswith their mass eigenstates (d; s; b) through the unitary transformation:0� d0s0b0 1A = 0� Vud Vus VubVd Vs VbVtd Vts Vtb 1A �0� dsb 1A � V̂CKM �0� dsb 1A : (1)The elements of the CKM matrix desribe harged-urrent ouplings.2.1. Parametrisations of the CKM matrixFor six quarks, three Euler-type angles and a single omplex phase areneeded to parametrize the CKM matrix. This omplex phase is the singlesoure of CP violation in the Standard Model, as was shown by Kobayashiand Maskawa in 1973 [1℄. In one of possible parametrizations (the �standardparametrization� [2℄), the three-generation CKM matrix takes the form0� 1213 s1213 s13e�iÆ13�s1223 � 12s23s13eiÆ13 1223 � s12s23s13eiÆ13 s2313s12s23 � 1223s13eiÆ13 �12s23 � s1223s13eiÆ13 2313 1A ; (2)where ij = os �ij and sij = sin �ij.The observed hierarhy of the strengths of the quark transitions mediatedthrough harged-urrent interations implies thats12 = 0:22 � s23 = O(10�2) � s13 = O(10�3) : (3)By introduing new parameters �, A, � and � via relationss12 � � = 0:22; s23 � A�2; s13e�iÆ � A�3(�� i�) ; (4)the standard parametrization (2) beomes:V̂CKM =0� 1� 12�2 � A�3(�� i �)�� 1� 12�2 A�2A�3(1 � �� i �) �A�2 1 1A+O(�4) : (5)The phase onvention is suh, that all the CKM matrix elements are real ex-ept Vub and Vtd. This approximation is alled the �Wolfenstein parametriza-tion� of the CKM matrix [3℄. It orresponds to an expansion in powers of thesmall quantity � = 0:22, and is useful for phenomenologial analyses. Thepreision of the leading order terms is adequate to the urrent measurementerrors, however the next-to-leading order terms in � will be needed soonwith the data samples being aumulated at the B fatories.



CP Violation Measurements at B Fatories 44152.2. The unitarity triangles of the CKM matrixThe unitarity of the CKMmatrix, V yCKM�VCKM = 1 = VCKM�V yCKM, leadsto a set of twelve equations. Six of them represent normalisation relationsand another six are orthogonality relations. The orthogonality relations anbe represented as six triangles in the omplex plane, all having the samearea. In only two of them however, all three sides have omparable magni-tudes O(�3). The orthogonality relations for the �non-squashed� trianglesare given by Vud V �ub + Vd V �b + Vtd V �tb = 0 ; (6)V �ub Vtb + V �us Vts + V �ud Vtd = 0 : (7)The equation (6) results from the produt of 1st and 3rd olumn and theequation (7) from the produt of 1st and 3rd row of the CKM matrix. Thesetwo relations beome idential in the Wolfenstein parametrization (at leadingorder in �) yielding(�+ i�)A�3 + (�A�3) + (1� �� i�)A�3 = 0 : (8)The triangle in the ��� plane orresponding to (8) is alled �the� unitaritytriangle of the CKM matrix. The relation (6) de�nes another form whihis also ommonly used to disuss measurements related to the unitaritytriangle. The triangle in this form is shown in Fig. 1. It involves the twosmallest elements of the CKM matrix, Vub and Vtd. Vub is involved in b! utransitions suh as in B meson deays to harmless �nal states. Vtd appearsin b ! d transitions that an proeed via diagrams involving virtual topquarks, examples of whih are the box diagrams desribing the B0 �B0 mixing.Beause the lengths of the sides of the unitarity triangle are of the sameorder, the angles an be large, leading to potentially large CP-violatingasymmetries from phases between CKM matrix elements.
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Fig. 1. The unitarity triangle and the proesses to measure its elements.



4416 H. PaªkaThe side of the unitarity triangle that is proportional to VtdV �tb formsan angle �1(�)1 with the side proportional to VdV �b and an angle �2(�)with the side proportional to VudV �ub. Experimental sensitivity to the angles�1 and �2 an therefore arise from interferenes between the B0 �B0 mixingamplitude (whih involves Vtd) and deay amplitudes that involve Vb andVub, respetively. The third angle, �3(), is the argument of V �ub.The main aim of the B fatories experiments is to over-onstrain theunitarity triangle by the measurements of its elements in many proesses.Suh multiple measurements will preisely onstrain the position of the apexof the unitarity triangle and test a onsisteny of the Standard Model de-sription of CP violation.2.3. Flavour osillationsThe ability of a few neutral mesons (reently also neutrinos) to hangefrom their partile to their anti-partile state is a remarkable onsequeneof quantum mehanis and the struture of the weak interations. If thephysial partiles are a mixture of states of well de�ned �avour, then these�avour eigenstates an be onsidered mixtures of the physial partiles. Themasses of these physial partiles must slightly di�er, so they develop aphase di�erene as they evolve in time. Therefore the physial partileontent of a �avour eigenstate evolves with time: an initially pure �avoureigenstate develops a omponent of the opposite �avour. The mixing of�avour eigenstates to form the physial partiles is then equivalent to theosillations of �avour eigenstates into one another.The light BL and heavy BH mass eigenstates of the neutral Bd meson,made of b and d quarks, are given by2:jBLi = p jB0i+ q j �B0i ; jBHi = p jB0i � q j �B0i : (9)B0 and �B0 are the �avour eigenstates. They are related via CP transforma-tion: CP jB0i = e2i�B j �B0i, where �B is the arbitrary phase. The omplexoe�ients p and q are normalized (jpj2 + jqj2 = 1). The phase of q=p de-pends on phase onventions and is not an observable; only the modulus ofthis quantity, jp=qj, has a physial meaning.The mass di�erene �mBd and width di�erene �Bd between the twomass eigenstates are de�ned as:�mBd � mBH �mBL ; ��Bd � �BH � �BL : (10)1 The naming onvention for angles in the triangle of Fig. 1 is the one used by Belle.The other widely used onvention is also given in parenthesis.2 CPT invariane is assumed.



CP Violation Measurements at B Fatories 4417The two mesons are expeted to have a negligible di�erene in lifetime,��Bd=�Bd�10�2 [4℄. In partiular, ��Bd=�Bd�xd, where xd��mBd=�Bd= 0:73 � 0:05. Negleting ��Bd , the time evolution of a state preparedinitially (i.e. at time t = 0) in a pure B0 or �B0 state, an be written as:��B0phys(t)� = e�imte��t2 �os �mBdt2 jB0i+ i�qp� sin �mBdt2 j �B0i� ;�� �B0phys(t)� = e�imte��t2 �os �mBdt2 j �B0i+ i�pq� sin �mBdt2 jB0i� ; (11)where m = 12 (mBH +mBL) and � = 12(�BH + �BL).2.4. CP violation involving �avour osillationsThe B0( �B0) meson time-dependent deay rates to a spei� �nal state f ,whih is aessible to both B0 and �B0, provide a rih ground for the obser-vation of CP violating e�ets. Partiularly interesting is the ase where bothtransitions are of a omparable strength: jTf j2 � jT f j2, with Tf � hf jHjB0iand T f � hf jHj �B0i. This ondition is met if the �nal state f is a CP eigen-state, fCP.Introduing the omplex parameter �f : �f � qp T fTf , the deay ratesalulated from (11) are:��(t) = �1 + j�fCP j22 � 1� j�fCP j22 os�mBdt� Im(�fCP) sin�mBdt� e�� t ;(12)where �+(t) � jhfCPjHjB0phys(t)ij2=jTfCP j2 and��(t) � jhfCPjHj �B0phys(t)ij2= jT fCP j2 : (13)It an be seen from (12) that for j�fCP j = 1 and Im�fCP = 0, the deay rates�+(t) and ��(t) are equal at any time, and thus no CP violation is present.In all other ases, for �fCP 6= �1, the rates di�er and time dependent CPviolating e�ets an be observed. The observable is the time-dependent CPasymmetry:ACP(t) � � (j �B0phys(t)i ! fCP)� � (jB0phys(t)i ! fCP)� (j �B0phys(t)i ! fCP) + � (jB0phys(t)i ! fCP) : (14)It an be written as:ACP(t) = SfCP � sin�mBdt+AfCP � os�mBdt ; (15)



4418 H. Paªkawhere the oe�ients of the sine and osine terms are:SfCP = 2 Im�fCPj�fCP j2 + 1 and AfCP = j�fCP j2 � 1j�fCP j2 + 1 : (16)CP violation arising from the weak phase di�erene between q=p and T fCPTfCP(=) j�fCP j = 1; Im �fCP 6= 0), results in a non-vanishing sine term. Interms of �avour eigenstates, this CP violation e�et is due to an interferenebetween the deay of a B0 meson with and without mixing.In the ase of the deay proess involving a single weak phase �D, oneobtains T fCPTfCP = �fCPe2i�De�2i�B ; (17)where �fCP = �1 is the CP parity of the �nal state fCP. It follows that:�fCP = �fCPe2i(�D+�M) ;SfCP = Im�fCP = �fCP sin 2(�D + �M) ;AfCP = 0 ; (18)where the phase �M = arg(VtdV �tb) � ��1(� ��) results from CKM fatorsinvolved in the box diagrams desribing the dispersive part of the B0 ! �B0mixing amplitude. Using the usual phase onvention, by whih the ratio ofamplitudes beomes real (�D = 0), the asymmetry beomes:ACP(t) = ��fCP sin 2�1 sin�mBdt : (19)Note that the asymmetry vanishes in the time-integrated rate, therefore timedependent measurement is indispensable to observe the CP violating e�et.A theoretially lean way [5℄ of measuring sin 2�1 is provided by the�gold-plated� J= K0S;L deay modes (�J= K0S=�1; �J= K0L=1). Their bran-hing frations are relatively high (� 10�4) and experimental signaturesare distint. The deays proeed via the tree level quark diagram b ! �swhih involves the V �sVb produt. A possible ontribution from the penguindiagram b ! sg� ! s� is small and involves the same weak phase as thethree diagram. Thus, diret CP violation is ruled out in these modes, withnegligible theoretial unertainty.The osine term in (15) is non-zero only when jT fCPTfCP j 6= 1 =) j�fCP j 6= 1.It signals the presene of CP violation in the deay (diret CP violation).Note that unlike the mixing indued CP violation, the diret CP violationosine term in (15) does not time integrate to zero.



CP Violation Measurements at B Fatories 4419B0 ! ���+ is the promising deay mode to observe CP violation e�etrelated to the osine term. The amplitude for this deay mode an reeive aontribution from a tree diagram b! u�ud as well as a Cabibbo suppressedgluoni penguin diagram b ! dg� ! du�u. Reent measurements suggestthat the penguin ontribution is not negligible. A weak phase of the pen-guin ontribution is di�erent from the phase of the larger tree amplitude,and very likely their strong phases di�er too. The presene of the extra on-tribution modi�es also the mixing indued asymmetry term SfCP , thereforeits measurement will yield some sin 2�e�2 .3. B fatories and detetorsAlthough CP violation e�ets in the B meson system are larger than forK mesons, their observation remained a signi�ant experimental hallenge.The hallenge lies in the fat that B mesons deay muh more quikly thanKmesons. Therefore time dependent CP measurements for B mesons involvean observation of �ight distanes of frations of a millimetre, ompared tometers for kaons. Furthermore, the deay rates to experimentally aessibleCP eigenstates are very muh smaller for B mesons: O(10�4), ontrary tothe large O(1) branhing frations of kaons. Therefore, the prerequisiteof the CP violation observation is a high luminosity soure of B mesonsprodued with a boost to dilate their deay distanes. Suh soures havebeen niknamed �B fatories�, for their ability to produe B meson samplesexeeding by order of magnitude data samples available at a onventionalollider like CESR.3.1. The onept of an asymmetri beam energy B fatoryThe � (4S) resonane that is formed in e+e� annihilation at ps �10:58 GeV is the leanest soure of B mesons. The resonane is the lightestb�b bound state with quantum numbers JPC = 1��, the �rst one ourringabove B meson pair prodution threshold. The ross-setion for the res-onane formation is approximately 1 nb, and it ompetes with � 3 timesstronger QED ontinuum prodution e+e� ! q�q (where q = u; d; s; ). Thismodest ontinuum bakground an be e�etively suppressed thanks to dis-tint topologial harateristis of B �B events.The � (4S) deays exlusively into B+B� and B0 �B0 �nal states3, withapproximately equal rates. Due to the intrinsi spin of the � (4S) the pro-dued B0 �B0 pairs are in a oherent L = 1 state. Eah neutral meson of thepair evolves aording to the time evolution of a single B0 meson given byequations (11). The two mesons evolve oherently (they are entangled) and3 Experimentally, this statement has a 4% auray: BF (� (4S)! non�B �B) � 4% [2℄.



4420 H. Paªkathe orrelation between them holds at any time after prodution until oneof them deays. If the �rst meson deays into a �avour spei� �nal state(or into a CP eigenstate), the other meson in the pair, at the same instant,must have the opposite �avour (the opposite CP eigenvalue).The mean lifetime of B mesons amounts to � 1:5 ps. Therefore, themesons produed from the � (4S) deay, having momenta � 330MeV, travelon average only � 30�m before they deay. Suh �ight distanes are toosmall to be measured with urrently available detetor tehnologies, makingtime-dependent studies of the deay rates asymmetries impossible. Thesemeasurements were not possible at the CESR symmetri energy storage ringat Cornell whih operated for nearly two deades.To resolve this problem, an asymmetri beam energy e+e� ollider op-erating at the � (4S) was proposed [6℄ in the late 1980s. In suh an arrange-ment, the � (4S) is produed with a boost in the laboratory frame and theB mesons emerging from the resonane travel measurable distanes alongthe boost axis before they deay.3.2. B fatory aeleratorsTwo asymmetri beam energy e+e� olliders have been built and om-missioned in late 1998 to aomplish a program of CP violation studies inthe B system: PEPII at SLAC in the United States and KEKB at KEKin Japan. The layout of KEK-B, situated in the tunnel previously hostingTRISTAN ollider, is shown in Fig. 2. PEPII ollider also partially reusesfailities of PEP mahine.Design parameters of both olliders are summarised in Table I. Theasymmetri B fatories use double storage rings and very large numbers ofbunhes to obtain high luminosity. The urrents of the individual bunhesare similar to that ahieved at onventional storage rings suh as CESR. Be-ause of the high bunh density, the operation of omplex feedbak systemsis needed to avoid beam instabilities due to oupling between bunhes.The beam energy asymmetry is slightly larger for PEP-II than for KEK-B,resulting in the enter-of-mass boosts � = 0:56 and � = 0:45, respetively.KEK-B employs the beam rossing angle sheme to minimise parasitiollisions between inoming and outgoing bunhes. The rossing angle ofKEK-B is 22mr. Beam ollisions at suh large angle have never been op-erated before. KEK-B ontinues development of speial RF avities (rabavities) to rotate the bunhes before rossing and ollide them head on atthe interation point. The use of rab avities will result in an additionalgain in luminosity, while preserving all bene�ts of the rossing angle olli-sions.PEP-II uses magneti separation to suppress the e�et of parasiti ol-lisions. The use of strong magnets lose to the interation region results in



CP Violation Measurements at B Fatories 4421

Fig. 2. Layout of KEK-B aelerator.somewhat larger beam bakgrounds, ompared to the rossing angle sheme.It also imposes tighter onstraints on the onstrution of the detetor layerslosest to the interation region.The performane ahieved by bothB fatories sine the startup of physisruns in 1999 is quite remarkable. A omparison of integrated luminositieslogged by eah experiment at KEK-B and PEP-II is shown in Fig. 3.By the summer of 2002, both B fatories delivered similar integratedluminosities and eah experiment aumulated data sample orrespondingto over 80 million B �B pairs. The peak luminosity for PEP-II was 4:5 �1033/m2/se while KEK-B had ahieved 7:4 � 1033/m2/se. The beamurrents of KEK-B are still below the design values and the reent KEK-Binstantaneous luminosities (the slope of the urve in Fig. 3) bodes well forupoming data-taking.



4422 H. Paªka TABLE IDesign parameters of B-fatory aelerators.KEK-B PEP-IILER HER LER HEREnergy E(GeV) 3.5 8.0 3.1 9.0�(� (4S)) 0:45 0:56Luminosity L(m�2s�1) 1� 1034 3� 1033Collision mode �11mr (rab) Head-onCirumferene C(m) 3018 2199Beta funtion ��x=��y(m) 100/1 100/1 37.5/1.5 75/3Tune shift �x=�y 0.05/0.05 0.03/0.03Emittane "x="y(nm) 19/0.19 19/0.19 64/2.6 48.2/1.9Energy spread �E=E(10�4) 7.7 7.2 9.5 6.1Total urrent I(A) 2.6 1.1 2.14 0.98No. of bunhes NB 5120 1658Bunh spaing SB(m) 0.6 1.26RF frequeny fRF(MHz) 508 476RF voltage V(MV) 22 48 9.5 18.5Cavity type ARES SC 1-ell normalNo. of avities 28 60 10 20

Fig. 3. The rate of integrated luminosity logged by the Belle experiment at KEK-B(lower line) and the BaBar at PEPII.



CP Violation Measurements at B Fatories 44233.3. DetetorsThe most hallenging requirement, for the B fatory detetor is the de-tetion of deay verties of short lived partiles. To deal with this require-ment double-sided silion strip detetors are employed. This tehnique ine+e� environment has been mastered in experiments at LEP. However, itsuse was by no means straightforward in rather harsh radiation onditionsand low momentum traking of a B fatory experiment. The other di�ultrequirement for the B fatory detetor is the e�ient separation of kaonsfrom pions over wide momentum range. This is partiularly important athigh momenta to be able to distinguish �B0 ! �+�� from a stronger deay�B0 ! K��+.The onepts of the two detetors are similar. A omparison of theirmain omponents is shown in Table II and a shemati view of the Belledetetor is shown in Fig. 4. TABLE IIA omparison of main omponents of B fatory detetors: BaBar [7℄ and Belle [8℄.BaBar BelleSVD 5 layers 3 layersr (m) 3:2� 14:4 2� 5:8CDC 40 layers 50 layersr (m) 24� 80 9� 86PID DIRC+dE=dx Aerogel/TOF+dE=dxEM Calorimeter CsI(Tl) CsI(Tl)Magnet 1.5 T 1.5 TKL=� RPC RPCLinseed Oil GlassGoing outwards from the ollision point in Belle, harged traks fromB meson deay are measured in a three layer silion vertex traker (SVD)with a preision of 55�m at a momentum of 1GeV whih results in about100�m preision in z diretion on the B deay verties. They next passthrough a drift hamber (CDC) �lled with a Helium based gas to minimisemultiple sattering and e�ets of synhrotron radiation bakgrounds. Thehamber measures trak momentum p with a preision of �p=p = (0:2 p �0:3)% providing exellent invariant mass resolutions. This is followed byan Cesium-Iodide rystal alorimeter, loated inside the oil of the magnet,that has better than 2% energy resolution for 1GeV photons.



4424 H. Paªka

0 1 2 3 (m)

e- e+
8.0 GeV 3.5 GeV

SVD

CDC

CsI KLM TOF

ACC
150°

17°EFC

Fig. 4. A ross-setion of the Belle detetor.Di�erent approahes for high momentum partile identi�ation havebeen implemented in Belle and BaBar. At Belle aerogel Cerenkov radi-ators (PID) are used. Aerogel bloks are readout by high gain �ne-meshphotomultipliers whih an operate in a 1.5 Tesla magneti �eld. Sine thethreshold for the aerogel is around 1.5 GeV, K=� separation below this mo-mentum is arried out using high preision time-of-�ight sintillators (TOF)with time resolution of 95 ps. The aerogel and TOF ounter measurementsare omplemented by dE=dx measurements in the CDC. The dE=dx systemprovides K=� separation in the ionisation loss relativisti rise region around2:5GeV and below 0:7GeV. For high momentum kaons, an e�ieny of 88%with a misidenti�ation probability of 9% has been ahieved. At BaBar adi�erential imaging ring Cerenkov (DIRC) detetor is used. Cerenkov lightis produed in quartz bars and then transmitted by internal re�etion out-side of the detetor through a water tank to a large array of phototubeswhere the ring is imaged. The detetor provides partile identi�ation overthe full momentum range for partiles that are energeti enough to reah it.Additional partile identi�ation is provided by dE=dx measurements fromthe drift hamber and from the 5-layer SVD.



CP Violation Measurements at B Fatories 4425The last layer of the spetrometer, loated behind the superondutivesolenoid oil, onsists of a K0L and muon detetion system (KLM) that iden-ti�es muons with less than 2% fake rate above 1GeV. Ating as a hadronabsorber it also detets K0L showers with an angular resolution of few de-grees. 4. The measurement of sin 2�1The measurement of a CP violating phase in B0 �avour osillations re-quires three steps skethed in Fig. 5. First, a sample of B0 ! fCP deaysinto CP eigenstates has to be fully reonstruted. Seondly, the �avour ofthe B0 ! ftag meson aompanying the partner deayed to a CP eigenstatemust be tagged. Finally, the deay verties of the two B0 mesons must beidenti�ed and their spae oordinates measured, to obtain lifetimes di�er-ene �t. These ingredients are brie�y disussed in the following setions.
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4426 H. Paªka TABLE IIISummary of B0 ! fCP andidates. �fCP : CP eigenvalue; Nre: number of iden-ti�ed deay andidates Nev: number of events with �avour tagging and vertexreonstrution information used for the sin 2�1 determination.Mode �fCP Nre Nev Purity (%)J= (`+`�)K0S(�+��) �1 1285 1116 97:6� 0:1J= (`+`�)K0S(�0�0) �1 188 162 82� 2 (2S)(`+`�)K0S(�+��) �1 91 76 96� 1 (2S)(J= �+��)K0S(�+��) �1 112 96 91� 1�1(J= )K0S(�+��) �1 77 67 96� 1�(K0SK��+)K0S(�+��) �1 72 63 65� 4�(K+K��0)K0S(�+��) �1 49 44 72� 4�(pp)K0S(�+��) �1 21 15 94� 2All with �fCP = �1 �1 1895 1639 93:6� 0:3J= (`+`�)K�0(K0S�0) +1(81%) 101 89 92� 1J= (`+`�)K0L +1 1330 1230 63� 4All 3326 2958 81� 1Majority of the reonstruted andidates deay to CP odd eigenstates,and the highest purity �golden mode� J= K0S onstitutes about one thirdof the total sample. We also use B0 ! J= K�0 deays where K�0 !K0S�0. Here the �nal state is a mixture of even and odd CP eigenstates,depending on the relative orbital angular momentum of the J= and K�0.We �nd that the �nal state is primarily CP even; the �fCP = �1 fration is0:19 � 0:02(stat) � 0:03(syst) [10℄. Figure 6 shows the mb distributions ofthe seleted B0 andidates exept for B0 ! J= K0L, that have �E valuesin the signal region.Finally, andidate B0 ! J= K0L deays are seleted by requiring ECLand/or KLM hit patterns that are onsistent with the presene of a showerindued by a K0L meson. While these detetors an not measure the energyof the hadroni shower indued by a K0L preisely enough, they measurethe diretion of suh a shower with a few degrees auray. With the hy-pothesis of a B0 ! J= K0L deay, and having measured the K0L diretion,the magnitude of the K0L momentum an be inferred. Figure 7 shows thedistribution of B momenta in the rest frame of � (4S), alulated with theB0 ! J= K0L two-body deay hypothesis. The signal andidates peak nearpB � 0:3 GeV, while the three identi�ed ategories of bakgrounds generatea �atter distribution. The histograms in Fig. 7 are the results of a �t to the
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Fig. 6. The beam-energy onstrained mass distribution for all B0 deay andidatesother than B0 ! J= K0L.signal and bakground distributions. There are 1330 signal andidates inthe 0:20 � pB � 0:45 GeV signal region and the �t indiates a signal purityof 63%. A fration of the bakground under the pB peak is due to otherB meson deays. The CP asymmetry of this bakground has been studiedand the e�et has been inluded in a systemati error on the measurement.Although the reonstrution of a good purity sample of CP even eigenstatesJ= K0L is an experimental hallenge, the measurement of its sign reversed,as ompared to J= K0S , time-dependent asymmetry provides a ruial testof the experimental method.More detailed desription of the reonstrution and seletion riteria forall fCP �nal states used in the measurement an be found in Ref. [11℄.The event yields in BaBar from the � 80 fb�1 data sample [12℄ aresimilar. They selet a total of 2640 events with the purity of 78% for theCP asymmetry analysis.
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Fig. 7. The pB distribution for B0 ! J= K0L andidates with the results of the �t.4.2. Flavour taggingIdenti�ation of the �avour of the B meson aompanying the CP eigen-state is the seond step of the analysis. Sine only a small fration of Bdeays (O(10�3)) ould be reonstruted in exlusive hannels we do this,for the sake of e�ieny, without fully reonstruting the deay. For ex-ample, high momentum leptons in a partially reonstruted �nal state areindiative of a diret semi-leptoni B deay and the harge of the leptonis a diret indiation of the �avour of B. Lower momentum leptons fromasade semileptoni deays b !  ! l� also give the �avour indiation bythe opposite orrelation between the lepton harge and B meson �avour.Similarly: kaons, harged slow pions from D� ! D0�+ deays, and en-ergeti pions from two-body B deay (e.g. �B0 ! D�+�+) an be used toidentify the �avour of the aompanying B meson. Suh information is om-bined in a set of look-up tables shown in Fig. 8. The look-up tables lassify�avour information aording to the sign of the b quark harge, q = +1for B0; q = �1 for �B0, and the quality (reliability) of the tagging infor-mation, 0 � r � 1:0. Here r = 0 orresponds to no �avour disrimination
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Fig. 8. A blok diagram of the B0 tagging algorithm. A set of look-up tables,based on MC simulation, is used to identify and quantify the �avour of the B0aompanying the B0 ! fCP deay.and r = 1 gives an unambiguous �avour assignment. The look-up tableinformation, q and r, is extrated from a Monte Carlo simulation. It isused however only to sort data into six intervals of r, aording to esti-mated �avour purity. The tagging algorithm is alibrated on the ontroldata samples and the wrong-tag probabilities in eah tagging reliability in-terval, wl (l = 1; 6), that are used in the �nal CP �t are determined diretlyfrom data. Samples of B0 deays to exlusively reonstruted self-tagginghannels are used to obtain wl by measuring time-dependent B0-B0 �avourosillation. For example, we apply our tagging algorithm to reonstrutedB0 ! D�l+�l events, for whih the �avour of the B is known from theharge of the lepton, to lassify the tagging information on the aompany-ing B meson into six ranges of r. The result is shown in Fig. 9 in terms ofthe time-dependent asymmetry between unmixed and mixed B0 pairs. Theasymmetry is (Nof �Nsf)=(Nof +Nsf) = (1� 2wl) os(�md�t), where Nofand Nsf are numbers of opposite and same �avour events, �t is the timedi�erene measured from the distane �z between deay verties and �mdis the mixing parameter measured in dediated analyses. With this de�ni-tion, the derease of the osillation amplitude at �t = 0 from a value of one(no mixing) measures the wrong �avour tag probability wl. For no �avourdisrimination: wl = 0:5 and the osillation pattern annot be observed (theamplitude is zero); for a perfet �avour tag: wl = 0, and the amplitude ismaximal. As it an be seen from Fig. 9, for the highest �avour tag qualityevents (0:875 � r � 1) the amplitude almost reahes the ideal value of 1; in



4430 H. Paªkathis ategory the wrong �avour tag probability is wl = 0:020�0:006. On theopposite end, for the least reliable �avour tag ategory (0 � r � 0:25) ourability to tag orretly the B �avour is very limited: wl = 0:458�0:006. Weuse these measured tag probabilities to weight CP eigenstate events whenextrating time-dependent CP asymmetries.
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Fig. 9. B0� �B0 osillation measurement in self-tagged B0 ! D�l+�l sample, usedto determine wrong �avour tag probability.This algorithm gives tagging information for 99:5% of the reonstrutedCP eigenstate events. While some of the events have tags of low reliability,an overall tagging e�ieny is 28:8 � 0:6%, orresponding to almost 1=3 ofour B sample being perfetly tagged.BaBar's �avour tagging tehnique di�ers from our in details [12℄. Theyobtain a similar tagging performane, with overall e�ieny of 28:1� 0:7%.



CP Violation Measurements at B Fatories 44314.3. B meson deay vertex measurementIn a B fatory experiment one lifetime of the B0 meson orresponds toa deay distane of the order of 200�m along the boost diretion (z) anda full B0 ! �B0 mixing period is 2�=�mBd � 1600�m. The maximum ofthe time-dependent CP asymmetry (19) ours at around a quarter period400�m, where the probabilities of mixed and unmixed B0 states are equal.The Belle's silion vertex detetor measures the position of the deay vertexalong the boost diretion (z) with a preision of about 100�m: 75�m forB0 ! fCP and 140�m in a more omplex ase of B0 ! ftag. These salesalone illustrate the level of di�ulty of time-dependent measurements in aB fatory experiment.The performane of vertexing and deay distanes measurements in Belleis demonstrated by our measurement of B mesons lifetimes. At a B fatorythe deay distane in z of a single B meson an not be determined preiselybeause a position of the B prodution point is not known aurately enough.All the traks in the event belong to seondaries from both B's deays,therefore the are no primary traks left for the primary vertex determination.The beam spot position an not be used as the prodution point estimatebeause it is elongated too muh: the size of the interation region in zdiretion amounts to � 3 mm.Therefore, unlike the measurements at LEP or hadron mahines, thelifetimes are determined from a distribution of the deay lengths di�erene�z of the two B mesons, where one B deay is fully reonstruted and onlypartial reonstrution is possible for the seond B. It is in fat the same teh-nique whih is needed in the time-dependent CP asymmetries measurements.The measured lifetimes di�erene distributions for neutral and harged Bmesons are shown in Fig. 10. One sees a lear di�erene of widths of thedistribution for the signal of the long lived B deays and the distribution forbakgrounds (dashed line) whih measures our detetor resolution. The �tsto the distributions (solid line) yield preise determinations of the hargedand neutral B meson lifetimes [13℄ and their ratio: �+=�0 = 1:09 � 0:03where the auray of the result, for the �rst time in a single measurement,allows the observation of the lifetimes di�erene. The detetor resolution isunderstood over the span of 10 B lifetimes and over 3 orders of magnitudein B deay rate. This demonstrates our ability to measure time-dependentCP violation e�ets.In the ase of the CP asymmetry measurement the vertex position of theB0 ! fCP deay is determined using leptons from J= deays or hargedhadrons from � deays. The vertex of the B0 ! ftag is obtained usingwell reonstruted traks that are not assigned to fCP. Eah vertex positionis required to be onsistent with the interation region pro�le, determinedrun-by-run, smeared in the r-� plane to aount for the B meson deaylength. With these requirements, we are able to determine a vertex evenwith a single trak.
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CP Violation Measurements at B Fatories 44334.4. Results and ross-heksFigure 11 shows the observed �t distributions for the q�fCP = +1 (solidpoints) and q�fCP = �1 (open points) event samples. The asymmetry be-tween the two distributions shows lear indiation of CP violation. We
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Fig. 11. The �t distributions measured by Belle: for the events with q�fCP = +1(solid points) and q�fCP = �1 (open points). Solid and dashed lines show theresults of the �t with sin 2�1 = 0:72.determine sin 2�1 from an unbinned maximum-likelihood �t to the observed�t distributions. The probability density funtion (PDF) for the signaldistribution is given byPsig(�t; q; wl; �fCP) = e�j�tj=�B04�B0 [1� q�fCP(1� 2wl) sin 2�1 sin(�md�t)℄ :(20)The B0 lifetime �B0 and mass di�erene �md are �xed at their world averagevalues [2℄. The PDF is onvolved with the appropriate �t resolution funtionto determine the likelihood for eah event as a funtion of sin 2�1. ThePDF for the ombinatorial bakground is modelled as a sum of exponentialand prompt omponents onvolved with a sum of two Gaussians. The onlyfree parameter of the �t is sin 2�1, and it is determined by maximising thelikelihood funtion. The �t yieldssin 2�1 = 0:719 � 0:074(stat) � 0:035(syst) : (21)The systemati error is dominated by unertainties in the vertex reonstru-tion (0.022). Other signi�ant ontributions ome from unertainties in wl



4434 H. Paªka(0.015), the resolution funtion parameters (0.014), a possible bias in thesin 2�1 �t (0.011), and the J= K0L bakground fration (0.010). The errorsintrodued by the unertainties of �md and �B0 are less than 0.010.Several heks of the result are performed. The analysis is repeatedfor various subsamples separately. The results are listed in Table IV; theyare all onsistent with eah other. Figures 12(a)�() show the raw asym-metries and the �t results for all modes ombined, for ()K0S , and forJ= K0L, respetively. A �t to the non-CP eigenstate modes B0 ! D(�)��+,D���+, J= K�0(K+��), and D��`+�, where no asymmetry is expeted,yields 0:005� 0:015(stat). Figure 12(d) shows the raw asymmetry for thesenon-CP ontrol samples. TABLE IVThe Belle meaurements of sin 2�1 for various subsamples (statistial errors only);Nev : number of andidates in the subsample.Sample Nev sin 2�1J= KS(�+��) 1116 0:73� 0:10other ()KS modes 523 0:67� 0:17J= KL 1230 0:78� 0:17J= K �0 (KS�0) 89 0:04� 0:63ftag = B0 (q = +1) 1465 0:65� 0:12ftag = B0 (q = �1) 1493 0:77� 0:090 < r � 0:5 1600 1:27� 0:360:5 < r � 0:75 658 0:62� 0:150:75 < r � 1 700 0:72� 0:09data before 2001 1587 0:78� 0:10data in 2002 1371 0:65� 0:11All 2958 0:72� 0:07We assumed in the above �ts j�j = 1 whih implies, as disussed inSetion 2.4, no diret CP violation e�ets. This is the Standard Modelexpetation for the B0 ! �K0 deay. In order to test this assumption, wealso performed a �t with SfCP and j�j as free parameters. We obtainj�j = 0:950 � 0:049(stat) � 0:025(syst) (22)and ��fCPSfCP = 0:720�0:074(stat) for all CP modes ombined. This resultis onsistent with the assumption used in our analysis.
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CP Violation Measurements at B Fatories 44375.1. Seletion of B0 ! �+�� andidatesThe results presented here are from a data sample of 41:8 fb�1 olletedby the Belle experiment. Details of the analysis an be found in Refs. [14,15℄.The experimental tehnique is similar to that disussed at the sin 2�1measurement, there are however a number of ompliations. The vertexingand �avour tagging desribed in Setions 4.2 and 4.3 applies the same to the�+�� asymmetry measurement, however the andidates seletion is morehallenging. The branhing fration for B0 ! �+�� is quite small om-pared to the harmonium modes, only (4:8 � 0:6) � 10�6. Furthermore thetwo-body deay results in high momentum traks, making these andidateslook more like e+e� ! q�q ontinuum bakground, thus more e�ient bak-ground suppression is needed. For this purpose we use a Fisher disriminantdetermined from event shape variables (Fox�Wolfram moments) and the re-onstruted B0 diretion in the ms with respet to the beam axis. Fig. 14shows the distribution of the bakground suppression variable (LikelihoodRatio LR) for the signal events (open irles) and o�-resonane data (losedirles). By requiring LR > 0:825 the ontinuum bakground is redued by

LRFig. 14. The distribution of bakground suppressing variable LR: solid points areontinuum data, the open points: the signal (ontrol sample of fully reonstrutedlow multipliity B deay hannels). B0 ! �+�� andidates are seleted withLR > 0:825.



4438 H. Paªkaan order of magnitude, while retaining two third of the signal. The strongbakground from B0 ! K+�� deay is suppressed by using kaon identi�a-tion. Figure 15 shows the �E distribution for �+�� andidates. The signalyield is extrated by �tting the �E distribution with a Gaussian �+��signal funtion, plus ontributions from misidenti�ed B0 ! K+�� events,three-body B-deays, and ontinuum bakground. From the �t, we estimatethe numbers of events: 73.5 � 13.8 �+�� events, 28.4 � 12.5 K+�� events,and 98.7 � 7.0 ontinuum events in the signal region. The K+�� ontami-nation is onsistent with the K ! � misidenti�ation probability measuredindependently. The ontribution from three-body B-deays is negligible inthe signal region.

Fig. 15. The energy di�erene distribution �E for the B0 ! �+�� andidates.The signal peaks at �E = 0 (hathed Gaussian), the remainingK+�� bakgroundpeaks at �0:045 (dashed Gaussian). The ontinuum is parametrised as a fallingbakground, while B0 deays with > 2 partiles in the �nal state appear at lownegative �E. 5.2. Time dependent asymmetryThe �t resolution for the signal is parametrised by onvolving a sumof two Gaussians with a funtion that takes into aount the ms motionof the B mesons. The resolution funtion for the bakground has the samefuntional form but the parameters are obtained from a sideband region inmb and �E. Using these resolution funtions, we determine a B0 lifetimefor the B0 ! �+�� andidates. The �t yields �B0 = 1:49 � 0:21(stat) ps,whih is onsistent with the world average [2℄.



CP Violation Measurements at B Fatories 4439After �avour tagging and vertexing requirements are applied, an un-binned maximum-likelihood �t to the �t distributions is performed withthe two CP violation parameters as the only free parameters. For the al-ulation of the PDF, the purity of events is determined event-by-event ina funtion of �E and mb, properly normalised by the average signal andbakground frations in the signal region.The result of the �t to the 162 andidates (92 B0- and 70 B0-tags) thatremain after �avour tagging and vertex reonstrution is:S�� = �1:21+0:38�0:27(stat)+0:16�0:13(syst) ;A�� = +0:94+0:25�0:31(stat) � 0:09(syst) :The result is 1.3� away from the physial boundary S2��+A2�� = 1, whih isstill onsistent with a statistial �utuation. Eah of these two measurementsis less than 3� away from zero, whih is not yet statistially signi�ant. Theorrelation between S�� and A�� is 0.28. More details an be found inRef. [14℄.The �t distributions before and after bakground subtrations togetherwith the �t results (solid lines) are shown in Fig. 16.We have performed a number of ross-heks of these results, inluding�ts to B0 ! K+�� whih should not exhibit any CP asymmetry or �tsto the bakground from side-bands (Fig. 16 (e)). None of this �ts showsigni�ant asymmetry.BaBar results on the B0 ! �+�� are based on a sample of 88�106B �Bpairs. Their methodology di�ers from Belle's. They perform a multidimen-sional �t to a sample of 26070 events of whih 157 � 19 � 17 are signalevents. The �t has a total of 76 parameters, among them the CP violationparameters S�� and A��. The observed �avour tagged �t and asymme-try distributions in BaBar data, after applying uts to enhane the signalfration, are shown in Fig.17. In ontrast to Belle, BaBar obtains:S�� = +0:02� 0:34 � 0:05 ;A�� = +0:30� 0:25 � 0:04 :The S�� results of the two experiments are statistially marginally onsis-tent.
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Fig. 16. The �t and asymmetry distributions for the B0 ! �+�� andidates inBelle data. (a) ftag = B0 andidates (q = +1); (b) ftag = �B0 andidates (q = �1);() �+�� yields after bakground subtration. The errors are statistial only. (d)the CP asymmetry for B0 ! �+�� after bakground subtration. (e) the rawasymmetry for B0 ! �+�� sideband (bakground) events. The urves in (a)�() show the results of the unbinned maximum likelihood �t. The solid urve in(d) shows the resultant CP asymmetry, the dashed (dotted) urve denotes theontribution from the osine (sine) term.
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