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1. Introduction

In the standard model (SM), the light)(and heavy i) mass eigenstates of the mix8§
system are expected to have sizeable mass and decay width differéfMes: My — M and
Als=T| —Iy. The two mass eigenstates are expected to be almosChue@enstates. TheP-
violating phase that appearshin- ccsdecays, due to the interference of the decay with and without
mixing, is predicted [1] to bepg/w(p = —2fBs = 2arg—VipVis/VenVes = —0.038+0.002, wherey;
are elements of the Cabibbo-Kobayashi-Maskawa quark-mixing matritNgk phenomena may
alter the observed phase [3] 415/””” = -2Bs+ ¢,

In Ref. [4], we presented an analysis of the decay cBin+ J/@o, J/¢ — uru=—, ¢ —
K*K~ based on 1.1 fb! of data collected with the DO detector [5] at the Fermilab Tevatron col-
lider. In that analysis we measurafls and the average lifetime of tig2 systems = 1/T’s, where
Fs=(Ty+TlL)/2. TheCP-violating phas&p;]/w(” was also extracted for the first time. The mea-
surement correlated two solutions fqﬁ/w with two corresponding solutions féf s. Improved
precision was obtained by refitting the results using additional experimeartatraints [6]. Here
we review DO results of an analysis that includes information orBfhiéavor at production time.
Adding this information resolves the sign ambiguity qoj{“”p for a givenAl s and improves the
precision of the measurement. The DO result include measuremAntathe average lifetime of
the BY system,Ts = 1/T's, wherel's = (Ty + ) /2, and theCP-violating phasapsj/w. The data
sample corresponds to an integrated luminosity of 28 timllected with the DO detector [5] at the
Fermilab Tevatron collider.

2. Data Selection and Reconstruction

The work reviewd in this paper is based on data accumulated by the DO dd¢&dietween
October 2002 and June 2007. We reconstruct the decay Bfaind/wo, I/ — utu=, ¢ —
K*K~ from candidate J/y, ) pairs consistent with coming from a common vertex and having
an invariant mass in the range 5.0 — 5.8 GeV. The event selection followstRaf. [4]. The
invariant mass distribution of the 48047 candidates is shown in Fig. 1. Tieesare projections
of the maximum likelihood fit, described below. The fit assigns 9 (stat) events to thB2
decay. The flavor of the initial state of tBd candidate is determined by exploiting the properties
of particles produced by the othighadron (“opposite-side tagging”) and the properties of particles
accompanying th&2 meson (“same-side tagging”). The variables used to construct theitgpos
side tagging are described in Ref. [7]. The only difference to the ghtiger in Ref. [7] is that the
events that do not contain either the opposite lepton or the secondary, aertdethat were not used
for the flavor tagging before, are now tagged with the event-chargeblardefined in Ref. [7].

3. Flavor Tagging

Flavor tagging includes both opposite side tagging (OST) and same sidegd§&m) meth-
ods. The OST discriminators are based primarily on the presence of a maonetgctron from
the decay of the othd® hadron produced in thpp interaction. If a charged lepton is not found,
the algorithm attempts to reconstruct the decay vertex of the opposit8-kigigron and determine
the net charge of tracks forming the vertex.
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Figure 1: The invariant mass distribution of th@/(, ¢) system forB? candidates. The curves are projec-
tions of the maximum likelihood fit (see text).

The SST is based on the sign of an associated charged kaon formed adtbaikation pro-
cess. ABY (bs) meson is expected to be accompanied by a strange mesori &.(S) meson
that can be used for flavor tagging. Such a configuration is formed wieemitial Bantiquark
picks up ans quark from a virtualss pair and thes antiquark becomes a constituent of an ac-
companyingK*t meson. Candidates for the associated kaon are all charged tracks witvetise
momentumpr > 500 MeV that are not used in tHg2 reconstruction. We define the quantity
AR = /(Ap)2+ (An)?2, whereAgp (An) is the distance in the azimuthal angle (pseudorapidity)
between the given track and tBemeson, and select the track with the minimum valuARf The
corresponding discriminating variable for the flavor tagging is definedeggrttduct of the particle
charge andR. Another discriminating variable jet, the pr-weighted average of all track charges
g within the cone co/ (B, fs)] > 0.8 around théB meson:Qiet = [ d (pr) %]/ 3 (ph)%°.

The discriminating variables of both the same-side and opposite-side taggimgrabined
using the likelihood-ratio method described in Ref. [7]. A tag is defined ®of® of events.
The performance of the combined tagging is taken from a Monte Carlo(lf@)lation of the
BY — J/ o process and is verified with ti&" — J/(K* process for which we find the simulated
tagging to be in agreement with data. The effective tagging power, aedeéfirRef [7], is¥ =
(4.68+0.54)%. It is a significant improvement over the performance of the oppositetaghing
alone, & = (2.48+0.22)% [7]. The purity of the flavor tag as a function of an over-all flavor
discriminant is determined and parametrized, and the related probaliiBty & having a pure
stateB? att = 0 is used event-by-event in the fit described below.

4. Maximum likelihood fit

An unbinned maximum likelihood fit was performed to the proper decay timeg itieeay
angles characterizing the final state, and mass oBgheandidate. The likelihood functio’ is
given by:

z

Z = [fsigysiig‘i'(l— fsig) Foeid: (4.1)
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whereN is the total number of events, arfigly is the fraction of signal in the sample. The function
ﬂ‘s‘ig describes the distribution of the signal in mass, proper decay time, anddag aegles. For
the signal mass distribution, we use a Gaussian function with free mean atid Wige proper
decay time distribution of the or H component of the signal is parametrized by an exponential
convoluted with a Gaussian function. The width of the Gaussian is takentfrermvent-by-event
estimate of thet uncertaintyo(ct), scaled by an overall calibration factor determined from the fit
to the prompt component of the backgrour:@g,ck is the product of the background mass, proper
decay time, and angular probability density functions. Background isativiigto two categories.
“Prompt” background is due to directly producédy mesons accompanied by random tracks
arising from hadronization. This background is distinguished from “piampt” background,
where thel /¢ meson is a product of B-hadron decay while the tracks forming tipecandidate
emanate from a multibody decay oBehadron or from hadronization.

The decay amplitude of thg? andE2 mesons is decomposed into three independent compo-
nents corresponding to linear polarization states of the vector méggnand g, which are either
longitudinal (0) or transverse to their direction of motion, and parallglo¢ perpendicular ()
to each other. The time evolution of the angular distribution of the decay pisdexpressed in
terms of the magnitudegy|, |A|, and|A,|, and two relative strong phasés= —§ + o, and
d = —& + 9, of the amplitudes, is given in Ref. [8]:

der .
dtdcosfd¢dcosy
2cog (1 —sirf cog ¢)|Ao(t)|?
+sir? (1 —sir? Bsir? @) |A (t)|2
+sirf @sirf 8|A ()2
+(1/V'2) sin 2y sir? 6'sin 29 Re(A (1) A (t))
+ (1/v/2)sin2ysin20 cospIm(A;(t)A, (t))
— sin*sin26singIm(Aj (AL (t)). (4.2)

Polarization amplitudes faB (upper sign) anch(SJ (lower sign) are given by the following
equations:

A (V)7 = |Ag(0)? [;Zie_ﬂ sing sin(AMSt)} :
AL = [AL(O) [9_ Fe sing sin(AMst)} :

Re(Ay(t)A) (1)) = [Ao(0)|[A(0)| co(, — &)
X [ﬂ+ +e Msing sin(AMst)} ,

Im(Ag(DAL(L)) = [A(0)[|AL(O)]]
x [e7 Y £sind, cogAMgt) T cosd, Sin(AMgt) cosgs) —
(1/2)(e "t —e T sing cosdy],
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Im(A(DAL)) = [A(0)[|AL(0)]
x [ & T +5sind; cogAMst) T cosdy Sin(AMgt ) cosgs)
—(1/2)(e" "t — e T singy cosdy],

where 7y = (1/2) [(1£cosg)e " + (1F cosg)e ] . For a given event, the decay rate is the
sum of theB? andEg rates weighted by Bs) and 1— P(Bs), respectively, and by the detector
acceptance.

In the coordinate system of thig rest frame (where th¢ meson moves in the direction,
the z axis is perpendicular to the decay planegf+ K*K~, and py(K*) > 0), the transversity
polar and azimuthal angld®, ¢) describe the direction of the*, and ¢ is the angle between
B(K™) and—p(J/y) in the @ rest frame.

The acceptance and resolution of the three angles were modeled by figspatymomial
functions, with parameters determined using MC simulations. Events generafednly in the
three-angle space were processed through the standard GEART {$4simulation of the DO
detector, and reconstructed and selected as real data. Simulated eventeweighted to match
the kinematic distributions observed in the data.

The proper decay time distribution shape of the background is descitzedan of a prompt
component, modeled as a Gaussian function centered at zero, andoeongui-component. The
non-prompt component is modeled as a superposition of one exponentiat 0 and two expo-
nentials fort > 0, with free slopes and normalizations. The distributions of the backgsound
mass, cof, ¢, and cogy are parametrized by low-order polynomials. We also allow for a back-
ground term analogous to the interference term ofApandA, waves, with one free coefficient.
For each of the above background functions we use two separatd pataimeters for the prompt
and non-prompt components.

“Prompt” background is due to directly produc&d) mesons accompanied by random tracks
arising from hadronization. This background is distinguished from “piempt” background,
where thel /¢ meson is a product of B-hadron decay while the tracks forming tipecandidate
emanate from a multibody decay oBahadron or from hadronization. Each component?iifCk
is a product of the corresponding mass, proper decay time and angatdioh. The signal and
background parametrization is described below. There are 33 framptars in the fit.

The high degree of correlation betweAMs, @, and the twoaCP-conserving strong phases
01 and &, makes it difficult to obtain stable fits when all of them are allowed to vary frekly
the following, we fixAMs to 17.77+0.12 ps %, as measured in Ref. [10]. The phases analogous
to & have been measured for the de%/—> J/WK* at theB factories. We allow the phases
& to vary around the the world-average values [11] forﬁe—> J/YK* decay,0; = —0.46 and
0 = 2.92, under a Gaussian constraint. The width of the Gaussian, chosenrttballows
for some degree of violation of tH8U(3) symmetry relating the two decay processes, while still
effectively constraining the signs of cdsto agree with those of Ref. [11]. The mirror solution
with cosd; < 0 is disfavored on theoretical [12] and experimental [13] grounds.
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5. Fit Results

Table 1: Summary of the likelihood fit results for three cases: fpgap, constrained to the SM value, and
AT ¢ constrained by the expected relatidhig™- |cos @)|.

free @ o= @M Arth

Ts (ps) 1.52+0.06 | 1.53+0.06 | 1.49+0.05
Als (ps™h) 0.19+0.07 | 0.14+0.07 | 0.083+0.018

A, (0) 0.41+0.04 | 0.44+0.04 | 0.45+0.03

[Ao(0)[2—|A|(0)]> | 0.34:0.05 | 0.35:0.04 | 0.33:0.04
& ~0.52+0.42 | —0.48+0.45| —0.47+0.42

& 3.17+0.39 | 3.19+0.43 | 3.21+0.40
@ ~057703% | =-004 | —0.46+0.28

AMs (psY) =17.77 =17.77 =17.77

Results of the fit are presented in Table 1. The fit yields a likelihood maximugm at
~0.57528 and Al's = 0.19+ 0.07 ps't, where the errors are statistical only. As a result of the
constraints on the phasés the second maximum, g = 2.92°530, Al = —0.19+0.07 ps’%, is
disfavored by a likelihood ratio of 1:29. Without the constraintsdgng; shifts by only 002 for
the Al's > 0 solution. Confidence level contours in tipe— Al plane, and likelihood profiles as
a function ofg, and as a function oA\l are shown in Fig. 2. Studies using pseudo-experiments
with similar statistical sensitivity indicate no significant biases and show that tgeitades of the
statistical uncertainties are consistent with expectations. The mean value sihtlstical uncer-
tainty in g from an ensemble generated with the same parameters as obtained in thisasalys
0.33. The test finds allowed ranges at the 90% C.L- 520 < ¢ < 0.06 and 006 < Al's < 0.30
ps~. To quantify the level of agreement with the SM, we use pseudo-expesméth the “true”
value of the parameteag, set to—0.04. We find the probability of 6.6% to obtain a fitted value of
@; lower than—0.57.

Settingg = —2Bs = —0.04, as predicted by the SM, we obtdifis = 0.14+0.07 ps L. This
is consistent with the theoretical prediction 0088+ 0.017 ps ! [1]. The results for this fit are
shown in the second column in Table 1. The non-zero mixing phase is edpgeateduceAr s by
the factor of| cog @)| compared to its SM valu&r $M[8]. In the third column of Table 1 we show
results of a fit withAl's constrained by this expected behavior.

The measurement uncertainties are dominated by the limited statistics. Uncertaihéy in
acceptance as a function of the transversity angles is small, the largast isfion|Aq(0)|? —

A (0)|2. Effects of the imperfect knowledge of the flavor-tagging purity are estichay varying
the flavor purity parametrization within uncertainties. The “interferencet terthe background
model accounts for the collective effect of various physics prosessawvever, its presence may be
partially due to detector acceptance effects. Therefore, we interprdiffarence between fits with
and without this term as a contribution to the systematic uncertainty associateétdenitiackground
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Figure 2: (a) Confidence-level contours in tid s - ¢ plane. The curves correspond to expected C.L.=
68.3% (dashed) and 90% (solid). The cross shows the bestritgood one-dimensional uncertainties. Also
shown is the SM prediction = —28s = —0.04, Al's = 0.088+ 0.017 ps ! [1]. (b) Likelihood profile of

@, (c) likelihood profile ofAls.

model. The main contributions to system atic uncertainties for the case affaee listed in Table
2.

Table 2: Sources of systematic uncertainty in the results for the cafreeq..

Source Ts(ps)  Als(ps™) AL(0) Ao(0)* — |A(0) 7 03
Acceptance +0.003 +0.003 +0.005 +0.03 +0.005
Signal mass model —0.01 +0.006 —0.003 —0.001 —0.006
Flavor purity estimate +0.001 +0.001 +0.001 +0.001 +0.01
Background model +0.003 +0.02 —0.02 —-0.01 +0.02
AMg input +0.01 +0.001 +0.001 +0.001 +0.06,-0.01
Total +0.01 +0.02-0.01 -+0.01,-0.02 +0.03 +0.07,—-0.02

6. Conclusions

In summary, from a fit to the time-dependent angular distribution of the ftagired de-
caysB? — J/y@, DO measured the average lifetime of tre2,(BY) system,T(BQ) = 1.52+
0.05+0.01 ps, the width difference between the light and heBfyeigenstatesAls = 0.19+
0.07(stah "0 92(sysh ps 1, and theCP-violating phaseg = —0.57"92%(stah "5 95(syst. DO also
measure the magnitude of the decay amplitudes. In the fits, we set the oscillaiiprricy
to AMs = 17.77 ps'!, as measured in Ref. [10], and we impose a Gaussian constraint with a
width of 71/5 to the deviation of the strong phases from the valies —0.46 andd, = 2.92
of Ref. [11]. The allowed 90% C.L. intervals &f s and of g are 006 < Al's < 0.30 ps* and
—1.20< ¢ < 0.06. The SM hypothesis fap, has aP-value of 6.6%.

Above results supersede the previous DO measurements [4] that veee trathe untagged
decayB? — J/@¢@ and a smaller data sample. The DO results are consistent with the CDF re-
sults [14] based on same luminosity of data.
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