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We present a measurement of the mass differentyg of the two Bg mass eigenstates. We use a flavor
tagging method based on the lepton charge, in a sample of events with two muons at low transverse momen-
tum. The sample corresponds to an integrated luminosity of 90! pbllected by the Collider Detector at
Fermilab. The result obtained ismy=0.503+ 0.064(stat} 0.071(syst) ps’. [S0556-282199)50215-4

PACS numbgs): 12.15.Ff, 13.20.He, 14.40.Nd

The Bg meson, a bound state ofgaquark andd quark, is @ second-order weak process involving an internal loop with
one of a few particles which can tranform from its particle W0 W bosons and two up-typeu(c,t) quarks coupling to
state to the associated antiparticle state. This takes place viae b andd quarks. By far the dominant contribution to this

process comes from loops with top quarks, and so a measure-
ment of the rate oBJ—B] transitions is sensitive to the
*Visitor. Cabibbo-Kobayashi-Maskawé&CKM) [1] matrix element

051101-2
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Vi (while Vi, is assumed to be=1 due to unitarity con- frequency than &85 [6], effectively giving a random-sign
straints on the CKM matrix Given a particle which is ini- muon. Fourth, for all of the above cases, the muon can also
tially in a pureB state, the probability of it decaying aﬂ be produced in a sequential semileptonic dedayc

at timet in its rest frame is —u”" v, which has the exact opposite correlation of muon
sign with b flavor from the above sources. Fifth, residual
punch through or decay in flight of hadrons contribute to
muon detection not related witha—cuv decay. Finally,
events with two muons can be generated by direct production
wherer is the average of the lifetimes of the two mass eigen-and decay of charm. The shape of thg histogram is then

states of thd3-BY system{2]. Measuring the time evolution obtained by taking all possible combinations of two muons
of this probability of aBg oscillating into agg requires a from these sources, weighted with the appropriate fractions

. ) of each source.
detgrmlnatlon Of_ theb-quark flavor(i.e., b or b) of the B The CDF detector has been described in detail elsewhere
particle at both its production and decay tim@svor tag-

ging), and the measurement of its proper decay time. [7]. Only the features most relevant to this analysis are re-
In,this paper, we determine the mass differedaa, by ported here. CDF consists of a magnetic spectrometer sur-

i the f f oscillati Bﬁ 8% The dat rounded by a calorimeter and muon chambers. The momenta
Measuring the Irequency of osCIllalionsteg=by. The dala ¢ charged particles are measured up to a pseudorapglity

used in this analysis w_ere collgcted during the 1994-95 runye |7|<1.1 in the central tracking chamb&ETC), which is
of the Tevatronpp Collider, with the Collider Detector at jnside a 1.4 T superconducting solenoidal magnet. A low-
Fermilab(CDF), and correspond to an integrated luminosity noise, four-layer silicon microstrip vertex deteci@], lo-
JL£dt~90 pb . The sample consists of events containingcated immediately outside the beampipe, provides precise
two muons and at least one displaced vertex of tracks Nafack reconstruction in the plane transverse to the beam and
consistent with coming from the primary interaction point.is ysed to identify secondary vertices framand ¢ quark
The distance between these vertices is used for the estimai@cays. The muon detection systé@MU) consists of drift
of the decay length of thB candidate. _ chambers, located outside the calorimeter, allowing the re-
The charge of the muon in the semileptonic dedmy construction of track segments for penetrating particles. In
—cu” v [3]is used to identify the flavor of thB at the time  this analysis, only the region up ta;|<0.6 is used. An
of its decay(whereB refers generically to any particle, in- additional set of chamber<CMP), located outside a 0.6 m
cluding baryons, containing b or b quark. Since QCD thick iron wall, provides additional information for the de-
processes produdg particles in pairs of opposite flavor, we tection of muons. A three-level dimuon trigger selects events
infer the flavor at production of onB from the charge sign With two muons of transverse momentym» 2.2 GeVk, as
of the muon coming from the semileptonic decay of the otheimeasured by the Central Fast Track@FT), a hardware
B. track processor with a momentum resolution a‘ﬁﬁt/pt2
The ability to perform precisiob physics measurements =0.03 (GeVkt) ! At least one of the muons has to be

at app collider has been demonstrated by CDF with e detected in both the CMU and CMP drift chambers.
lifetime measuremenfg] and the determination afmg [5]. _ Offline muon identification is based on the three-
These measurements have been obtained using fully or pafimensional matching of the track segment in the muon
tially reconstructedd decay events, where the background chambers with the_ segment reconstructed in the CTC and on
calculations are rather straightforward, but the number of1€ energy deposited in the calorimeter towers close to the
events is limited. In this paper, we show that a precise mealuon trajectory. The invariant mass of the two muons is
surement ofAm, is also possible using a more inclusige  required to be greater than 5 Ge¥/in order to reject
meson identification. This provides a much larger datglimuons from the following sources: muons produced by the
sample at the cost of a lower purity and a more complicate§@meB particle in a double semileptonic decy-cuv,c
background evaluation. —Suv; muons fro_m alJ/ ¢ decay; or muons fronb’s in

The mass differenc&amy is obtained by fitting for the gluon splitting tobb. In addition, the transverse momentum
oscillation frequency in a plot of the like-sign event relative to the beamline of each muon is required to be
fraction, f g(ct)=N_g(ct)/[N s(ct)+Npgct)], where greater than 3 GeV\l This requirement, almost fulfilled by
Nog(ct)[ N, s(ct)] is the number of events in which the two muons detected both in the CMU and CMP, is motivated by
muons are of oppositdike) sign. the description of the fake muon contamination, as discussed

Since theb andb quarks hadronize and decay indepen-later. _ , _ _
dently, each muon can come from several sources. First, the The algorithm used to find displaced vertidgsesumed

b quark can hadronize into B which decays directly to a to beb or c quark decay vertices distinct from the primary
one is based on the correlation between the impact param-

muon of negative charge, or intoBf; which oscillates 10 a  gterd [10] and the azimuthal angké of tracks coming from

By and then decays directly to a muon of positive chargethese vertices. Tracks from a displaced vertex form a line in
Second, theb quark can hadronize into B~ or A,, and  the d-¢ plane with a non-zero slope, while tracks from the
decay directly to a muon. Third, thequark can hadronize primary vertex will have a smaltl and show no obvious
into agg, which can oscillate into 82, with a much higher  correlation with ¢. A cluster is formed by three or more

eftlr

27

P(t)= [1—cogAmgyt)]
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g 0.6
g | -e- RUN 1B Dimuon Data (90 pb™)
% Vertex side ‘Lgb 0.55 |- — FitAm,=0.50 £ 0.06 (stat) & 0.07 (syst) ps?
@
3
2 05

X 04

Away sid
0.35
u

0.3
FIG. 1. Sketch of secondary vertex reconstruction scheme in a
dimuon event. The primary vertex is represented in the figure as the 025 Lol
origin of the X-Y axes. The impact parametérand the azimuthal ) 0 005 01 0.5 02 025 03 035 04
angle ¢ of tracks from a displaced vertex are related dy ct (cm)
=R sin(¢— ).

FIG. 2. Fractionf g of like-sign dimuon events as a function of
proper decay lengtitt. Superimposed is the result of thé fit

correlated tracks, with eadlexcluding muon trackshaving  yascribed in the text.

a significanced/ 04> 2, whereoy is the uncertainty on the

impact parameter. At least one of the muons has to be asso- The fractionf g of events with like-sign muons is shown
ciated with the cluster of tracks identified, regardless of ity Fig. 2 as a function of the proper decay lengthof the B
impact parameter significance. The tertiary vertex positiorharticle with an identified secondary vertex. The rise for
(presumed to be the charm decay vertaxthen found by positive ct is due to the mixing, whereas the peak at the
fitting all the tracks in the cluster excluding the muon track.origin is an artifact of the larger fake contribution in this
The direction of the momentum obtained is extrapolateqggion,

back from the vertex to the muon trajectory. The position of "The Monte Carlo simulation is based on tisaJET gen-

the intersection with the muon is taken as the seconday Vere'rator[ll] for the bb production process and fragmentation
tex (B candidate decay vertgxFigure 1 shows a sketch of b P 9 i

the reconstruction method. The B particle decays are simulated with a different Monte

More than 95% of events in the selected sample have onlCarlo program[12] based on measurements of branching

Yfactions from CLEO experiment at the Cornell Electron-

one secondary vertex reconstructed: in the case of two S€Gositron Storage RIN(CESR and experiments at the Large

ondary vertices reconstructed, only one is randomly piCkeqz'lectron Positron collidefLEP) at CERN[13]. A detailed
up simulation of the CDF detector and the reconstruction code
is applied to each event. In addition, a simulation is used to
replicate the trigger conditions for dimuon events. We used
the HERWIG generatof14] as a check for possible effects on
Mgy . this analysis from a different fragmentation and hadroniza-
Ct:'—xy?':(pt ;Mg ) tion modelling. The fractiorf, s is described with a model
that takes into account the sample composition, resolution
where Mg, is the B meson mas$6] andL,, is the two di- effects and the lifetime oB mesons. We use the simulation

mensional decay length projected onto the direction of thd® Parametrize the secondary vertex reconstruction effi-
transverse momentum of the cluster. The fa€ttp, ,m%) is ciency, as a function of the reconstructed proper time, and

a correction based on a Monte Carlo simulation program O]ehe resolution in momentum and position of the vertex. The

the bb producti dd ing th secondary vertex reconstruction efficiency is flat above one
€ bb production and decay process, passing e Same Sgisatime. In addition, we correct the production fractions of

Iect|_on as the reaI_ data. This faqtor is necessary due to thlg particle species, assumed equal to the ones measured at the
partial reconstruction of th8 particle decay products. It is CERNe'e collider LEP[13], to account for the different

pa}(rametrlzed as a function of the reconstrugiednd mass o, sis efficiencies of these species as determined in the
mg of the B cluster defined by the set of tracki belonging to g lation. Sequentid—c— u* decays constitute a major
the d-¢ cluster. The fraction of diredd—cu~ v decays is  source of dilution of the mixing oscillation because they
enhanced with respect to charm decays to muons by requimisidentify theB flavor. The fractions of sequential decays
ing the momentum of the muon transverse to the momenturfor muons on the secondary vertex side and for muons on the
direction of the remaining tracks in the clustgr'{') to be away side are determined using the Monte Carlo simulation,

For each event, the proper decay lengthof one of the
two B’s is determined by:

greater than 1.3 Ge¢/ and the possible dependence of this fraction on the recon-
The sample selected amounts to 2044 like-sign dimuoistructed proper time is also taken into account.
events and 3924 opposite-sign events. Two sources of background were investigated: fake iden-

051101-4
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TABLE I. Values of the parameters considered in jfefit. TABLE Il. Systematic errors ok my determination.
Parameter Input to fit Output from fit S(Amg) (ps b

Amy 0.503+0.077 ps*t 7o .Fa,Fs,Fokg +0.043
Th 1.56+0.06 ps 1.530.04 ps Fake shape +0.011
Fq (38.5£2.2)% (38.2:2.2)% Sequential decays +0.048
Fs (8.9x2.1)% (8.6:2.0)% C?contribution +0.027
Fbkg (16.7£5.2)% (17.6:3.6)% Resolution orL,, +0.006

Resolution onp; +0.001
- _ , Am, +0.003
tification of muons andc production. The fake muon con- parametrization of (p,,m) +0.009
tamination was studied on a sample of dimuon events iNertexing efficiency vt +0.006
which one muon track is detected in the CMU chambers angitting procedure ~0.013

extrapolates into the fiducial region of the CMP chambers

but is not detected there. This sample consists mainly of

hadrons not interacting strongly in the calorimeter. TheZo: Fd: FsandFpyg in the systematic error. This separa-

(lg)n has been done both analytically and by Monte Carlo

charge of the two particles detected as muons is complete ith consistent results
uncorrelated and the absolute contributions to the sample L . .
Table Il summarizes the different sources of systematic

LS andT(r?S te(\j/? ?tz v;/_ere \]fetﬂf'ed to bet the samte th::;rl tl?%rrors onAmgy, which have been estimated as follows. The
errors. Thect distribution ot these events was extracted lak~,, .o ainties on the parameters constrained in the fit give a

ing into account the.s.mall contaminatioq of real muons in th,econtribution of £0.043 ps'. The shape of the fake muon
fake sample_. In add_mon, from a comparison of the k'nemat'cbackground has been parametrized independently of the
characteristics of this sample of misidentified muons and th@ye-sign fraction. Variations of this shape contribute less
Monte Carlo simulation of théb signal, we determined the than +0.011 ps! to the Amy value. The fraction of se-
expected fraction of fake events in the data to gy  quential decays has been variedb§5% with respect to the
=(16.7+5.2)%. This study was based on the muon impactvalue obtained by the Monte Carlo and used in the fit, with a
parameter, on the transverse component of the muon maontribution of+0.048 ps?'. The effect of a residual charm
mentum with respect to the cluster of displaced tracks and opontamination was evaluated with a contribution of 2% and a
the invariant mass of the cluster. The last two variables wer&ariation of =20 % of the charm effective lifetime obtained
also defined with respect to a jet of tracks within a conefrom simulation. The resulting uncertainty #0.027 ps*.
around the muon. The same study of the kinematic behavidrrom simulation, the bias of the fitting procedure amgy

of the data sample selected shows that the charm contribd}as been evaluated to be0.013 ps*. This bias is not used
tion is consistent with zero. The effect of possible residuaf© correctAmy, but rather is considered as a contribution to
charm contamination is considered in the discussion of théhe total systematic uncertainty. Finally, the other small ef-
systematic effects in the measuremeni\of. fects listed in Table Il are estimated by varying the corre-

' ; - : : ding contributions in the fit.
A x2 fit was then applied to the fractiof s of like-sign ~ SPO \ o . .

. . : 2 The total systematic uncertainty is obtained by adding all
dimuon events, constraining tH& particle lifetime to the the contributigns in quadrature T%e final result i)é' 9
value 7=1.56+0.06 ps[13], the fraction ofBS mesons at Am.—0.503+0 064stai)ﬂ;0 07Xsysh ps? '
Fq=(38.5+2.2)%, the fraction o8] mesons afF .= (8.9 , d- T o )
+2.1)% (these values are corrected for the species deper;l:hIS result is consistent with the world averad Amq

— =1
dent efficiency, and finally, the fraction of events with fake _O'I."kllg%voeﬂ;s i‘?]S 61‘ the sample used in this analvsis with
muons aF = (16.7+-5.2)% with act shape as determined ppINg P y

above. The results obtained are reported in Table |, where thtge one used iif5] is negligible.

errors are the output from the fit. Theé per degree of free- We thank the Fermilab staff and the technical staffs of the
dom of the fit is 1.1. The function used in the fit procedure toparticipating institutions for their contributions. This work
describe the fractio g of like-sign dimuon events is super- was supported by the U.S. Department of Energy and Na-
imposed on the data in Fig. 2. tional Science Foundation, the Istituto Nazionale di Fisica
The error onAmy returned by the fit is due to both the Nucleare of Italy, the Ministry of Science, Culture, and Edu-
statistics and the errors assumed on the constrained parawcation of Japan, the Natural Sciences and Engineering Re-
eters. We separate these two contributions in our final resulsearch Council of Canada, the National Science Council of
including the contribution from the uncertainty on the Republic of China, and the A.P. Sloan Foundation.
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