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The rare avor-hanging neutral urrent deay B0s ! �+�� [1℄ is one of the mostsensitive probes to physis beyond the Standard Model (SM) [2-6℄. The deay has notbeen experimentally observed and the best previously published branhing ratio limit isB(B0s ! �+��) < 2:0 � 10�6 at 90% on�dene level (CL) [7℄, while the SM predition is(3:5�0:9)�10�9 [8℄. Similarly, the best previously published limit on the related branhingratio, B(B0d ! �+��) < 1:6�10�7 [9℄, is about three orders of magnitude larger than its SMexpetation. The B(B0s ! �+��) an be enhaned by one to three orders of magnitude invarious supersymmetri (SUSY) extensions of the SM. For example, minimal supergravitymodels at large tan� [3-5℄ predit B(B0s ! �+��) � O(10�7) in regions of parameter spaewhih aount for possible deviations of the muon anomalous magneti moment from its SMexpetation [10℄ and are onsistent with the observed reli density of old dark matter [11℄.Similarly, SO(10) models [6℄, theoretially attrative beause they an naturally aommo-date neutrino masses, predit a branhing ratio as large as 10�6 in regions of parameterspae onsistent with these same experimental onstraints. R-parity violating SUSY modelsan also aommodate B(B0s ! �+��) up to 10�6 [4℄. Correspondingly, the B(B0d ! �+��)an be enhaned by the same models. Even modest improvements to the experimental limitsan signi�antly restrit the available parameter spae of these models.We report on a searh for B0s ! �+�� and B0d ! �+�� deays using data reordedby the upgraded Collider Detetor at Fermilab (CDF II) at the Tevatron pp ollider. TheCDF II detetor onsists of a magneti spetrometer surrounded by alorimeters and muonhambers and is desribed in detail in Ref. [12℄. The omponents relevant to this analysisare briey desribed here. A large-radius ylindrial drift hamber (COT) provides 96measurement layers, organized into alternating axial and �2Æ stereo superlayers [13℄. A�ve-layer silion mirostrip detetor (SVX II) provides preise traking information nearthe beamline [14℄. These are immersed in a 1:4 T magneti �eld and provide a preisemeasurement of harged partile momenta in the plane transverse to the beamline, pT .Four layers of planar drift hambers (CMU) outside the alorimeters detet muons withpT > 1:4 GeV= whih penetrate the �ve absorption lengths of alorimeter steel [15℄. Anadditional four layers of planar drift hambers (CMP) instrument 0:6 m of steel outsidethe magnet return yoke and detet muons with pT > 2 GeV= [16℄. The CMU and CMPhambers eah provide overage in the pseudo-rapidity range j�j < 0:6, where � = � ln(tan �2)and � is the angle of the partile with respet to the beamline. The dataset reported here7



orresponds to an integrated luminosity of L = 171 � 10 pb�1 [17℄.The data used in this analysis are seleted by the dimuon triggers desribed here. Muonsare reonstruted as trak stubs in the CMU hambers. Two well-separated stubs are re-quired and eah is mathed to a trak reonstruted online by a hardware proessor usingCOT axial information [18℄. The mathed traks must have pT > 1:5 GeV=. A ompleteevent reonstrution performed online then on�rms the pT and trak-stub mathing require-ments. If the overlapping CMP hambers ontain a on�rming muon stub, the mathedCOTtrak is required to have pT > 3 GeV=. The two traks must originate from the same vertex,be oppositely harged, and have an opening angle inonsistent with a osmi ray event. Theinvariant mass of the muon pair must satisfy M�+�� < 6 GeV=2. Events in whih neithermuon is reonstruted with a CMP stub must additionally satisfy p�+T + p��T > 5 GeV= andM�+�� > 2:7 GeV=2. Events passing these requirements are reorded for further analysis.Our o�ine analysis begins by identifying the muon andidates and mathing them to thetrigger traks. To avoid regions of rapidly hanging trigger eÆieny, we omit muons whihhave pT < 2 GeV=. To redue bakgrounds with at least one fake muon, striter trak-stubmathing requirements are made and the vetor sum of the muon momenta must satisfyj~p �+��T j > 6 GeV=. To ensure good vertex resolution, stringent requirements are made onthe number of SVX II hits assoiated with eah trak. Surviving events have the two muontraks onstrained to a ommon 3-D vertex satisfying vertex quality requirements. The two-dimensional deay length, j~LT j, is alulated as the transverse distane from the beamlineto the dimuon vertex and is signed relative to ~p �+��T . For eah B-andidate we estimate theproper deay length using � = M�+��j~LT j=j~p �+��T j. In the data, 2981 events survive all theabove trigger and o�ine reonstrution requirements. This forms a bakground-dominatedsample with ontributions from two prinipal soures: ombinatori bakground events inwhih at least one of the legs is a fake muon and events from generi B-hadron deays(e.g. sequential semi-leptoni deays b ! ��X ! �+��X or double semi-leptoni deayin gluon splitting events g ! bb ! �+��X). Using the best previously published limit asan estimate for the branhing ratio, we expet at most about 28 (9) B0s(d) ! �+�� deaysto survive these uts.We model the signal B0s(d) ! �+�� deays using the Pythia Monte Carlo (MC) [19℄ tunedto reprodue the underlying event ontributions and the inlusive B-hadron pT spetrum asdetermined from the data [20℄. The Pythia generated events are passed through a full dete-8
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FIG. 1: Distributions of the disriminating variables for events in our bakground-dominateddata sample (solid histograms) ompared to Monte Carlo B0s ! �+�� events (dashed histograms).Only events whih survive the trigger and o�ine reonstrution requirements and have � > 0 areinluded. The histograms are arbitrarily normalized.tor simulation and satisfy the same requirements as data. To normalize to experimentallydetermined ross-setions, we require the B0s(d) to have pT (B0s(d)) > 6 GeV= and rapidityjyj < 1.To further disriminateB0s(d) ! �+�� deays from bakground events we use the followingfour variables: the invariant mass of the muon pair (M�+��); the B-andidate proper deaylength (�); the opening angle (��) between the B-hadron ight diretion (estimated asthe vetor ~p �+��T ) and the vetor ~LT ; and the B-andidate trak isolation (I ) [21℄. Figure 1shows the distributions of these variables for bakground-dominated data and MC simulatedsignal events.To avoid biasing our result, a \blind" analysis tehnique is employed to determine theoptimal seletion riteria for these four variables. The data in the searh mass window5:169 < M�+�� < 5:469 GeV=2 are hidden and the optimization performed using onlydata in the mass sideband regions, 4:669 < M�+�� < 5:169 GeV=2 and 5:469 < M�+�� <5:969 GeV=2. The searh region orresponds to mass windows approximately �4 times thetwo-trak invariant mass resolution entered on the B0s and B0d masses [22℄. We onsider a9



wide range of requirements and use the set of (M�+��, �, ��, I ) riteria whih minimizethe a priori expeted 90% CL upper limit on the branhing ratio. For a given number ofobserved events, n, and an expeted bakground of nbg, the branhing ratio is determinedusing: B(B0s ! �+��) � N(n; nbg)2�B0s L� �total ; (1)where N(n; nbg) is the number of andidate B0s ! �+�� deays at 90% CL, estimated usingthe Bayesian approah of Ref. [23℄ and inorporating the unertainties into the limit. Thea priori expeted limit is given by the sum over all possible observations, n, weighted bythe orresponding Poisson probability when expeting nbg. The B0s prodution ross-setionat the Tevatron, �B0s , is estimated as �B0s = fsfu�B+, where fsfu = 0:1000:391 [24℄ and �B+ is takenfrom Ref. [25℄. For the B0d ! �+�� limit we substitute �B0d for �B0s , fd for fs, and assumefd = fu. The fator of two in the denominator aounts for the harge-onjugate B-hadron�nal states. The expeted bakground, nbg, and the total aeptane times eÆieny, � �total,are estimated separately for eah ombination of requirements as desribed below.For both signal and bakground, the variables � and �� are the only signi�antly orre-lated variables and have a linear orrelation oeÆient of �0:3. This allows us to estimatethe number of bakground events as nbg = nsb(�;��) fI fM , where nsb(�;��) is the numberof sideband events passing a partiular set of � and �� uts, fI is the fration of bakgroundevents expeted to survive a given I requirement, and fM is the ratio of the number of eventsin the searh mass window to the number of events in the sideband regions. Sine M�+��and I are unorrelated with the rest of the variables, we an evaluate fM and fI on sampleswith no � or �� requirement, thus reduing their assoiated unertainty.We estimate fI from the bakground-dominated sample desribed above for a variety ofpossible thresholds. We investigate possible soures of systemati bias by alulating fI inbins of M�+�� and � and onservatively assign a relative systemati unertainty of �5%.Sine the M�+�� distribution of the bakground-dominated sample is well desribed by a�rst-order polynomial, fM is given by the ratio of widths of the searh to sideband regions.Monte Carlo studies demonstrate that our estimate of nbg aurately aounts for generibb ontributions to the bakground, while two-body deays of B-mesons (B0s(d) ! h+h�,where h� = �� or K�) are estimated to ontribute to the searh region at levels at leasttwo orders of magnitude below our expeted sensitivity.10



To build on�dene in the bakground estimate, we hek our predition against obser-vation using these bakground-dominated ontrol samples: ���� events and �+�� eventswith � < 0. In eah sample we ompare the bakground preditions to the number ofevents observed in the searh mass window for a wide range of (�, ��, I ) requirements.No statistially signi�ant disrepanies are observed. For example, using the optimizedset of seletion riteria desribed below and summing over these ontrol samples, we geta total predition of 3 � 1 events and observe 5. An additional ross-hek is performedusing a fake muon enhaned �+�� sample. By requiring at least one of the muon legs tofail the muon identi�ation requirements, we redue the signal eÆieny by a fator of 50while inreasing the bakground aeptane by a fator of three. In this sample, using theoptimized requirements, we predit 6� 1 and observe 7 events.We estimate the total aeptane times eÆieny as � �total = � �trig �reo ��nal, where �is the geometri and kinemati aeptane of the trigger, �trig is the trigger eÆieny forevents in the aeptane, �reo is the o�ine reonstrution eÆieny for events passing thetrigger, and ��nal is the eÆieny for passing the �nal uts on the disriminating variablesfor events satisfying the trigger and reonstrution requirements. For the optimization, only��nal hanges as we vary the requirements on M�+��, �, ��, and I .The aeptane is estimated as the fration of B0s(d) ! �+�� MC events whih fallwithin the geometri aeptane and satisfy the kinemati requirements of at least one ofthe triggers employed for this analysis. We �nd � = (6:6� 0:5)%. The unertainty inludesroughly equal ontributions from systemati variations of the modeling of the B-hadronpT spetrum and longitudinal beam pro�le, and from the statistis of the sample. It alsoinludes negligible ontributions from variations of the beamline o�sets and of the detetormaterial desription used in the simulation.The trigger eÆieny is estimated from samples of J= ! �+�� deays seleted with atrigger requiring only one identi�ed muon. The data are used to parameterize the triggereÆieny as a funtion of pT and � for the unbiased muon. The eÆieny for B0s(d) ! �+��deays is determined by the onvolution of this parameterization with the (p�+T ; ��+; p��T ; ���)spetra of signal MC events satisfying the aeptane requirements. Inluding the onlinereonstrution and seletion requirements, the total trigger eÆieny is �trig = (85 � 3)%.The unertainty is dominated by the systemati unertainty aounting for kinemati dif-ferenes between J= ! �+�� and B0s(d) ! �+�� deays. It also inludes ontributions11



from variations in the funtional form used in the parameterization, the e�ets of two-trakorrelations, and sample statistis.The o�ine reonstrution eÆieny is given by the produt �reo = �COT �� �SVX, where�COT is the absolute reonstrution eÆieny of the COT for harged partiles within thegeometri aeptane, �� is the muon reonstrution eÆieny given a COT trak, and �SVXis the fration of reonstruted muons whih satisfy the SVX II requirements. Eah termis a two-trak eÆieny. A hybrid data-MC method is used to determine �COT as follows.Oupany e�ets are aounted for by embedding COT hits from MC traks in data events.The MC simulation is tuned at the hit level to reprodue residuals, hit width and hit usagein the data. For embedded muons with pT > 2 GeV=, we measure �COT = 99%. Using theunbiased J= ! �+�� samples, we estimate the muon reonstrution eÆieny, inludingthe trak-stubmathing requirements, to be 96%. A sample of J= ! �+�� events satisfyingour COT and muon reonstrution requirements is used to determine �SVX = 75%. The totalreonstrution eÆieny is given by the above produt, �reo = (71 � 3)%. The unertaintyis dominated by the systemati unertainty aounting for kinemati di�erenes betweenJ= ! �+�� and B0s(d) ! �+�� deays. It also inludes ontributions from the variation ofthe COT simulation parameters and sample statistis.The eÆieny ��nal is determined from the B0s(d) ! �+�� MC sample and varies from28� 78% over the range of (M�+�� , �, ��, I ) requirements onsidered in the optimization.The MC modeling is heked by omparing the mass resolution and �, ��, and I eÆienyas a funtion of seletion threshold for B+ ! J= K+(J= ! �+��) events. The B+ !J= K+ MC sample is produed in the same manner as the B0s ! �+�� sample. TheB+ ! J= K+ data sample is olleted using dimuon triggers very similar to the triggersused in the analysis, but with a larger aeptane for B+ ! J= K+ deays. We make thesame requirements on the dimuon traks and vertex as employed in the analysis. The MCeÆieny reprodues the sideband-subtrated data eÆieny for a range of ut thresholdsand is onsistent within 5% (relative), whih is assigned as a systemati unertainty on ��nal.In both the data and the MC the mean of the three-trak invariant mass distribution iswithin 3 MeV=2 of the world average B+ mass. The two-trak invariant mass resolution isalso well desribed by the MC.Using the proedure desribed above, the optimal set of seletion riteria is determinedto be a �80 MeV=2 window around the B0s mass, � > 200 �m, �� < 0:10 rad and I > 0:65.12



The mass resolution, estimated from the MC for the events surviving all requirements, is27 MeV=2 so that the B0d and B0s masses are readily resolved. We de�ne a separate searhwindow entered on the world average B0d mass. We use the same set of seletion riteriafor the B0d ! �+�� searh. The total aeptane times eÆieny is � �total = (2:0 � 0:2)%for both the B0s ! �+�� and B0d ! �+�� deays.Using the optimized set of seletion riteria one event survives all requirements and hasan invariant mass of M�+�� = 5:295 GeV=2, thus falling into both the B0s and B0d searhwindows as shown in Figure 2. This is onsistent with the 1:1 � 0:3 bakground eventsexpeted in eah of the B0s and B0d mass windows. Using Equation 1 we derive 90% (95%)CL limits of B(B0s ! �+��) < 5:8 � 10�7 (7:5 � 10�7) and B(B0d ! �+��) < 1:5 � 10�7(1:9� 10�7). The new B0s ! �+�� limit improves the previously best published limit [7℄ bya fator of three and signi�antly redues the allowed parameter spae of R-parity violatingand SO(10) SUSY models [4, 6℄. The B0d ! �+�� limit is slightly better than the reentlypublished limit of the Belle Collaboration [9℄.
FIG. 2: The �+�� invariant mass distribution of the events in the sideband and searh regionssatisfying all requirements. The one event in the searh region falls into both the B0s and the B0dsearh windows.We thank the Fermilab sta� and the tehnial sta�s of the partiipating institutions fortheir vital ontributions. This work was supported by the U.S. Department of Energy and13
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