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Search for time-dependenth-BS oscillations using exclusively reconstructed; mesons
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A search fong—B_g oscillations is performed using a sample of 400 000 hadrdRidecays collected by
the SLAC Large Detector experiment. TBY candidates are reconstructed in 8&—D X channel with
D —¢m , K*°K™. The BS production flavor is determined using the large forward-backward asymmetry of
poIarizedZ°—>bEdecays and charge information in the hemisphere opposite that (B‘S)th:andidate. The
decay flavor is tagged by the charge of g . From a sample of 361 candidates with an aveﬂa&@urity
of 40%, we exclude the following values of the oscillation frequenayns<1.4 ps® and 2.4 Am
<5.3 ps! at the 95% confidence level.
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I. INTRODUCTION
The primary motivation for studying neutrBl meson os-

cillations is to measure the poorly known Cabibbo-
Kobayashi-MaskawaCKM) matrix elementV,q. The B
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system is surrounded by the Cherenkov Ring Imaging Detec-
tor (CRID), a two-radiator system that allows good pion and
kaon separation in the momentum range between 0.3 and
35 GeVck.

The goal of the analysis is to measure or constrain the

oscillation frequency corresponds to the mass_differencepscillation frequency. This is accomplished by usBYde-

Amy, between the physical eigenstates of Bfg- B sys-
tem, which is sensitive tfV,4|. Although Amy is measured
to within 2.5%]1], theoretical uncertainties lead to a 20%
uncertainty in the extraction dfV,yq| [2]. However, many
uncertainties cancel in the ratio of mass differences irBfe
and B! systems:

2
=(1.15+0.05°2

2
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wheremg  andmg_are theB meson masses$g  andfg_are
the decay constants, arBiad and BBs are the “B param-
eters.” Using this formula, and assumimgs|=|V¢y, one
can obtain a 5-10 % theoretical uncertainty|¥iy| [2,3].

As yet, theBg oscillation frequency has not been mea-
sured. The published lower limit chmg based on the com-
bined results from ALEPH, DELPHI, OPAL and the Collider
Detector at FermilagCDF) is 13.1 ps?! at the 95% confi-
dence level1]. In the context of the standard model, other
measurements suggest tianhg may be just beyond this cur-
rent limit [4]. L

This article describes a stud$] of B)—B? oscillations
with the SLAC Large DetectofSLD) experiment at SLAC.
The measurement cﬁfg mixing requires excellent decay time
resolution in order to resolve the very fast oscillations. Th
technique described in this paper, usiB@—>DS_X decays
[6] with D — ¢~ or K¥*°K ™, has excellent decay length
resolution (the best of anyB? analysis to dateand high
purity (reconstruction of & helps to discriminate against
the prominent backgrounds froB" and Bg mesong This
work also represents the first use of polarized beams in
search fong mixing, which provide an effective new means
of identifying the flavor of theBg meson at production.

Il. APPARATUS AND EVENT SELECTION

This analysis is based on a data set of 400 000 events
the forme*e™—Z%— hadrons, collected from 1996 through

1998 by the SLD experiment. A detailed description of the

experiment can be found elsewh¢i®8]. The analysis uses

charged tracks reconstructed in the Central Drift ChambeFh

(CDO) and the pixel-based CCD vertex detect®XD3).
The momentum resolution from the combined CDC an
VXD3 fit is determined to ber,, /p, =0.01000.0024, ,
wherep, (in GeV/c) is the momentum of the track trans-

(S

cay candidates that are flavor tagged at both production and
decay, and by measuring the proper time of the decay
through measurements of tlﬁ decay length and energy.
The decay time distributions d8@ mesons whose flavor at
production and decay are differefithe samg so-called
mixed (unmixed events, are modulated by the oscillation
frequency. A fit to these distributions constraifmg.

Event reconstruction consists of four main steps: hadronic

event selectionZ’—bb event selectionD; decay recon-
struction, and partial reconstruction B? decays. A hadronic
event is identified as having at least seven charged tracks, a
total energy of at least 18 GeV, and an event thrust axis
satisfying |cosf,,s/<0.85. The thrust axis is calculated
based on the energy clusters found in the liquid-argon calo-
rimeter. The hadronic event selection removes essentially all
dilepton events and other non-hadronic backgrounds. To en-

hance the fraction oZ°—bb events in the sample, events
are required to have at least one topologically reconstructed
secondary vertefQ] with a vertex mass greater than 2 GeV
in either hemisphere. The vertex mass calculation includes a
correction for the missing momentum transverse to Bhe
flight direction in order to partially account for missing par-
ticles. A neural networK10] is used to select a candidate
secondanyB vertex (if multiple topological secondary verti-
ces existand its decay tracks. The resulting event sample is
97% purebb with a single hemispherk tagging efficiency
of 54%.

The Dy is reconstructed in one of two modeB,
— ¢~ or KXOK~—K*K~ 7. Oppositely charged tracks
are first paired to form @ (K*°) candidate and a third track
is then attached to form B¢ candidate. To maximize the
discrimination between tru®, and combinatorial back-
Bround events, kinematic information for ti candidate
is fed into another neural network. In this case, the neural net
inputs include CRID particle identification information for
each of the three daughter tracks, KieK ~ (K~ 7 ") invari-
ant mass forp (K*©) candidates, the fit probability for the
D, decay vertex, thd_ decay length normalized by the

%‘ecay length error, the total momentum of thg , the angle

between the neutral mesog @r K*°) momentum in thé

rest frame and thB flight direction, and the angle between

e m~ or K~ from the D, decay and the™ from the
neutral meson decay in the rest frame of the neutral meson.

dThe neural net cut that maximizes the sensitivity of the

analysis toBg mixing is determined separately for each of
the twoDg decay modes. The resultihi@gK 7= mass distribu-

verse to the beam line. The track impact parameter resolutiotion for both modes combined is shown in Fig. 1.

in the transverse plane is,,=8&33/(psin*?¢) um and
along the beam direction “isr,=10®33/(psin®?6) um,
wherep (in GeV/c) is the track momentum and is the

The Bg decay vertex is found by vertexing the virtual
track with other tracks in the hemisphere. The virtial
track is constructed by combining the 4-momenta of the

polar angle with respect to the electron beam. The trackinghree daughter tracks and constraining the pabento pass
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beam is determined event by event. The resulting error in the
IP position is 3.5um in the transverse plane and Lm
along the beam, the best resolution of any high energy phys-
ics collider. By making use of this well-determined beam
spot, the very small beam size, and information from the
high precision CCD vertex detector, this analysis has a
unigue sensitivity for measuring decay times of Bene-
sons.

An estimate of theBg decay length resolution is deter-
mined event-by-event according to the vertex fit and IP un-
certainties, with correction factors applied for each particle
decay hypothesisg?, BS, B, or b baryon as determined
from a Monte Carlo simulation. The SLD Monte Carlo simu-
e lation usesJETSET 7.4 with the B decay model tuned to
1.7 18 19 2 21 22 CLEO and ARGUS datpl1]. Parametrizing the decay length

M(Kkr) (GeV) resolution as a sum of two Gaussians with normalizations of

FIG. 1. Distribution ofKK 7 invariant mass fogpm and K* °K 9'6 (corg and OA(t%”)’. the estimated multiplicative correc-
candidates combined, for the events that includB2acandidate tion factors _for theBs_S|gnaI eventg are 1.07 and 2_'16 for the
vertex. The solid line shows a fit with the same functional form asCOre and tail resolutions, respectively. The resulting average
is used in the likelihood function: two Gaussian distributions with decay length resolution for tth signal events is 5@m
common mean for thé®, signal, a single Gaussian for ti2" (corg and 151um (tail).
contribution and a second-order polynomial for the background. The B meson boost is calculated from separate estimates

for the charged and neutral particle contributions to the total

energy. The charged energy is determined by summing all
through the decay vertex. The parent track error matrix igshe charged tracks associated with Bidecay assuming the
determined from the propagation of the track measuremergion mass(except for the two kaons from the_ decay.
errors of the daughters. THRE vertex fit is accomplished in  The neutral energy estimate uses five different techniques.
two steps{(1) identify an intersection of the virtu@, track  The first four techniques are calorimeter-based and use vari-
W|th another Charged traCk in the same hemisphere to act Qﬁjs Constraint$beam energy, Jet energag mass and Calo_
a seed for theB¢ decay vertex and2) add other charged rimeter information to estimate the neutral energy of tBe
tracks to the seed vertex if they are more consistent withneson[12]. The fifth technique is based only on the infor-
coming from theB¢ decay than coming from the primary mation from the charged decay tracks and the kinematics of
interaction point(IP). To find the seed, thB track is indi-  the decay B vertex axis, charged track momentum s
vidually vertexed with each tracfexcludingD, daughters  mass constraiit[13]. The results from the five algorithms
in the same hemisphere. The vertex that is farthest from thgre then averaged, taking correlations into account, to obtain
IP-and upstream of th® (or consistent with being up- the total B energy. The resulting average boost resolution
stream within %) and has a vertex fif? of less than 5 is C\%TYB/%B) is represented by a sum of two Gaussians with

chosen as the seed. In order to determine if another tra idths (normalizations of 8% and 18%(0.6 and 0.4for the
should be added to the vertex, we examine two parametergo signal events
. )

(1.) the distanced from the IP. to t_he seed vertex a(@ the . Our final data sample includes 361 events within
distancel along the same direction from the IP to the point + 40 MeV of theD_ mass peakFig. 1) with an averag®.

of closest approach of the track. If the ratiéD is greater . 0 " - .
than 0.5 and the track forms a good vertex with Ehe (fit purity of 48.1%. The composition of tHR, signal sample is
calculated from the published branching ratio measurements

X°<5), the track is added to the vertex. The latter Conditionwith the relative reconstruction efficiencies of various deca
is imposed to reject spurious tracksften from a second y

charm decay if th@ decayed to two charm particlehat do modes talfen. from the Monte_ Carloosimuilation. V\/Oe est(i)mate

not point back to thé3 vertex. OnlyB decays for which the that EheDS signal p+eak CPnS'StS @;— D X (55'1@'+Bd

total charge of all associated tracksQs=0 or =1 are kept —DsX (22.4%, B"—DsX (15.6%, b baryon —DgX

for the ¢ mode and those for whic®=0 are kept for the  (5.5% and promptc— D (1.4%. For the hadroni®? de-

K*9K~ mode. The selected tracks are then vertexed togeth@ays, roughly 10% of the decays yield a wrong sigg

with the D_ to obtain the best estimate of tRBedecay posi- (BS—D{ X instead oBJ— D X), due tow* —D_ . Of the

tion. 361 BY candidates, 39 are semileptonic decay candidates
The IP location, needed to calculate B¢ decay length, (B2—D_1"vX). The fraction of wrong-sigiD, decays for

is determined from tracks that have vertex detector hits anthe semileptonic modes is about 5%. These events have a

extrapolate within & of the beam line. The coordinates significantly higherB fraction and tagging purity than the

transverse to the beam are averaged over approximately 3tadronic decay sample, and therefore are parametrized sepa-

sequential hadroniz® events, while the position along the rately.

No. combinations / 0.01 GeV
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II. TAGGING . -_'éi_'blbls'i'T}éA'éké'm""”"”"m}\'""””_-
The flavor of theBg at decay is determined by the charge L} datatic / ]
of theDg . ADy is assumed to come fromBf and aD is 4 [ — 16450 | —
assumed to come fromBC. The BY flavor at production is = g:::ﬂ'gjzz(stat ooy /2 Ll
obtained by exploiting the large forward-backward asymme- 2t S oy v
try in polarizede*e_z—Z°—bb decays. The differential § ﬁ 5 l| - H
cross section for the decay is given by aors ++ *HW%H' H' HH 5 bt
E T
do(d) 1 AP)(1+co20 : v T
oC — o \ 4
dcoso ! ePe)(1+cos6) 4 * 4
+2Ap(Ae— Pg)COSH, (2 oL \ 1

0 25 5 75 1|0 12|.5 1I5 1‘I/.5 2|0 22|.5 25
where the asymmetry parameter can be expressed in terms of Amsg (ps™)
vector and axial-vector couplingéy=2av/(a?+v?) and

0 is defined as the angle between the outgoing fermion an
the electron direction. The electron polarization is defined a§egion obtained from statisticélotal) uncertainties. Values afm,

Pe:[N(R)_N(!‘)]/[N(R)+N(L)]’ whereN(R) [N(L)] is for which the allowed band is belok=1.0 are excluded at the
the number of right-handedeft-handed electrons in a beam .o _sided 95% confidence level.

bunch. The outgoint quark is produced preferentially along

the direction opposite to the spin of td8 boson. Therefore,

by knOWing the polarization of the electron beam and the IV. EITTING AND RESULTS

direction of the jet, the flavor of the primary quark in the jet

can be inferred. The correct tag probability depends on the To determine theB? oscillation frequency, an unbinned
polar angle of the jet with respect to the incident electronlikelihood function is used to describe the proper time distri-
beam direction and the electron beam polarization. The awution of mixed and unmixed events. For sigigl— D X
erage electron beam polarization achieved during the run isvents tagged as mixédnmixed, the proper time distribu-
about 73%. The resulting average correct tag probability ision has the form

about 72%. In addition to the polarization tag, information

FIG. 2. MeasuredB? oscillation amplitude as a function of
ms. The light-gray(dark-gray band shows the 90% confidence

from the hemisphere opposite to the recon;tru&%ds used P (AM, treg mixed

to improve the identification of the production flavor. A se-

ries of neural networks is used to combine momentum- +eo 1

weighted jet charge, vertex charge, dipole chd®jelepton = j, Eexq_t/TBs)[ll(l_ans)
S

charge and kaon charge information. The purity of the oppo-
site_ hemisphere charged tags has been calibrated from the X cogAmgt)]eg (1) Gg (trec,t)-dt,  (3)
data to be (70.240.8)%. Combining all available tags, the N N

overall production flavor tag purity is (77480.8)%. In the . o

end, candidates for which the flavor of tBameson at decay Wheretre. is the reconstructed proper time,is the true
is more than 50% likely to be different from the flavor at Proper time,rg_is the B lifetime, g (t) is the reconstruc-
production are said to be “mixed.” tion efficiency ancBBs(trec,t) is the proper time resolution

TABLE |. B production fractions and various branching ratios assumed in the amplitude fit. The uncer-
tainties for the branching ratios do not include the uncertainty fB{d;— ¢ ).

Parameter Value and error Reference
f(b—B?) 0.100+0.012 [15]
f(b—By,B*) 0.401-0.010 [15]
f(b—b baryon) 0.099+0.017 [15]

Ry f(b—BY)-B(B?—D:X)-B(D! — ") (6.21737h %1074 (15,16

f(b—W —D;)-B(Dg —¢7") (3.66=0.45)x 1073 [16]
B(BS,B* —~DzX)-B(Dg — ") (3.71+0.28)x 1073 [15]
B(BY,BT—D_ X)/B(BY,B"—D;X) 0.172+0.083 [15]
B(c—D;)-B(Dg —¢m) (3.4+0.3)x 1073 [15]
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TABLE Il. Table of statistical and dominant systematic uncertainties for sevarglvalues.

Amg 10 pst 15 pst 20 pst
Measured amplitud& 0.029 1.027 2.513
o +0.933 +1.361 +2.283
syst +0.088 +0.312 +0.776
Op —0.084 -0.313 —0.789
f(b—BY) oots o082 TooL
f(b—b baryon) o004 o001 0010
Ry B(b—BY)- B(BI—DJ X) ~o0m 0048 ~0068
B(b—W~—Dy) o013 0082 o012
B(B3,B"—~DgX) 0oL o1 o047

0 p+ -
B(By,B"—Dg X) +0.012 +0.058 +0.153

BBIB DX ~0013 ~0.060 ~0156
B(c—Dy) 0003 o007 ooL

Decay length resolution Foos oo Fooae
Boost resolution “0.043 +0.042 0140

fo, “o01s “5.006 +0.076

Average production flavor tag 29029 oo oo
Production flavor tag shape 9020 oo 3%
Proper time offset oo o oo

function for theB? events. The overall mistag probability is which do not oscillate, are constructed in an analogous fash-
ne.=7i(1— 75 )+ (1— 7)) 75 , where; is the production ion, but with Am=0. The probability density function for
S S’ S
flavor mistag probability andy{;s is the decay flavor mistag the data sample has the form
probability for theBg events. The efficiency and proper time fo

f
resolution functions are derived from Monte Carlo simula- p—f_ | _—=p +ﬂp + Ep .
. . . . D B B B
tions. The Monte Carlo vertexing resolution is based on our s\N s N, "¢ Ng+

understanding of the impact parameter resolution, which is

carefully tuned to match the data. A comparison of decay fbbaryon fec

length resolution between data and Monte Carlo using + Nbba,yonpbbary°”+N_CCP°° +[1_st]P°°mb'
3-prong 7 decays shows good agreement. The proper time

resolution is expressed in terms of decay length and boost 5)

resolutions ¢ ,0,z) according to
o= (5 5l
oy (1) YBC +(t 3
construction efficiencies taken from the Monte Carlo simu-
lation. The functionP,. describes the prompt charnz{
where the indices, j=1 for core and 2 for tail resolution. _,cc) events, and is obtained from Monte Carlo simulation.
Both o and o,z are determined event by event. The decayThe time distribution for the combinatorial eveni,,, is
length resolutionr depends on th&; vertex fit error ma-  parametrized directly from the data using events in Be
trix and IP uncertainties, and the boost resolutief; is  mass sidebands. The sideband regions are defined as 1.7
parametrized as a function of charged track energy in thecm,, <1.8 GeV (lower sideband and 2.05myy,,
decay. The decay time resolution function is comprised of-2 2 Gev (upper sideband The parameterd\;, are nor-
four oy Gaussian distributions given by the variosts and  malization constants, obtained by integrating the sum of
o, core-tail combinations. Prnixed @Nd PynmixegOVer all reconstructed proper time.
The distribution fong mesons, which are also subject to  |n the absence of a signal, the amplitude fit metfibg is
oscillations, is identical to Eq(3) with B subscripts re- used to set a limit ohmg. The amplitude fit is equivalent to
placed byBg subscripts. The terms fdB* and b baryon, a Fourier analysis, in which one searches for peaks in the

The fraction of theD ¢ signal above the combinatoriay .
backgroundeS, is estimated from the previol3, mass fit

(Fig. 1) as a function ofmgk .. The remaining fractions are
calculated based on the measured branching ratios with re-

1/2

. (4)

032009-5



KENJI ABE et al. PHYSICAL REVIEW D 66, 032009 (2002

frequency spectrum of oscillation. To perform an amplitudebarely visible at the edge of the light-gray band, shows the

fit, the likelihood function is modified by replacing castf)  effect of adding the total systematic error to the calculations.

with A-cosAmy). The amplitudeA and its erroro, are then  Based on the result of the amplitude fit, the values ofB@e

measured at each assumed valudwof;. If mixing occurs at  oscillation frequency excluded at the 95% confidence level

the chosen value aAmg, the fitted value ofA should be areAm¢<1.4 ps?'and 2.4<Am<5.3 ps'™.

consistent with unity. At values afmg sufficiently far from

the true mixing frequency, the fitted value of A should be V. CONCLUSIONS

close to zero, consistent with no oscillation. ValuesAahg In conclusion. we have performed a search Bﬁr—@

for which A+1.6457,<1 can be excluded at the 95% con- " = 7 0 Pt . S

fidence level. We have tested this procedure on simulatei:]sc'"""t'org)S using 36B;—D X candidate events with an

data forAm values of 4, 10, 17 and 270 psto verify that averageB, purity of 40%. The excluded values of oscillation

the amplitude fit behaves as expected in all cases. frequency areAmg<1.4 ps* and 2.4Ame<53 ps* at
The amplitude plot for this analysis is shown in Fig. 2. the 95% confidence level. The analysis exploits th_e unigue

There is no evidence for a significant signal anywhere in théarge polarized forward-backward asymmetryZh—bb de-

plot, so we use the analysis to set a limit Am,. The cays to enhance the production flavor tag. Combining the

systematic errors oA are evaluated according to R¢L4],  good production flavor tag and excellent proper time resolu-

all of which are negligible compared to the statistical errorstion, the analysis contributes to the world average at high

The systematics are dominated by uncertainties in a smallmg despite low statistics. Taken in conjunction with other

reconstructed proper time bidsvaluated at 100% of the published results, our result raises the 95% C.L. world limit

simulated correction, typically a few hundreths of a picosecon Am, from 13.1 ps?* to 13.9 ps™.

ond), in the production flavor tagevaluated with+0.8%
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