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1. Introduction

The study of neutraB meson properties can provide important tests of the Standard Model
(SM) including constraints on parameters of the Cabibbo-Kobayashikawas (CKM) matrix.
While the B system has been thoroughly investigatedBbjactories, precision measurements
in the BY system are a more recent development, driven largely by the Tevatpeniments. The
BY — §S) system has the potential to yield indirect observations of New Physics {hNBugh the
presence of non-SM particles in second order weak interaction gexasich as flavour mixing.
The golden mode for this measuremenB&s— J/@w@. TheJ/ye final state is common t&2
andETg decaysCP violation occurs in the mixing through interference between decays with and
without B2 mixing. The phase3s, between these two amplitudes is predicted to be close to zero in
the SM [1], so a significant excess would be a clear indication of evidiemd¢¢P in this channel.

The updated measurement is of particular interest as a publishedBCBRI/ @@ analysis
and a recent update showed deviations from the Standard Modeltedpadtue of approximately
2 0 [, B, and a similar effect was seen in a recent combined Tevatroh [su

2. Neutral B2 system phenomenology

The flavour eigenstates & mesons in the SM are not the same as the mass eigenstates,
leading to oscillations betweeB2) = (bs) and|BY) = (bs) via the second order weak interactions.
The phenomenology of this weak mixing is described by the CKM matrix. The tirokitiin of
theB? — E?S’ system is governed by the Schrédinger equation

d (B BXt)\ | Mo M\ i To 2 BI(t)
.dt<§g(t)>_%<§g(t)>: (Mfz Mo>‘2<rzz ro>] (§g<t>> @D

where theM andl” matrices describe the mass and decays of the system. The mass eigenstates ca
be obtained by diagonalising’, giving:

BY) = p|BY) —qlBY) (2.2)

and
BS) = p|B2) +q/BY) (2.3)

where|g/p| = 1 in the case of n&P violation in mixing (as opposed to between decays with
and without mixing), as predicted in thE @@ channel. The indicebl andL label the heavy
and light eigenstates respectively. The mass differefiog, between the heavy and light states
is proportional to the frequency & mixing and is approximately equal tdh23,|. The mass
eigenstates have a small but non negligible lifetime difference, which caedwibled in terms
of the decay width differencAl's = 'L — 'y ~ 2|l 12| cog2¢@) where theCP violating phase is
defined agy = arg(—M12/I"12) and the mean decay widfly = 1/7s. The SM predictgSM to be of
order 0.004, and it would be expected to increase in the presence dhalRixing frequencyimg
has been well determined by CDF, a 6bservation of mixing witlhms = 17.77+ 0.10 (stat.}t
0.07 (syst.)ps! was published in 2004][5].

The full angular and time dependent equations for the measuremBgit-of) /@, including
the addition of theSwaveKK component are detailed if [6].
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3. CPviolationin Bs— J/yg

The relative phase3s, between decays of BY meson tol/ ¢ directly, and after mixing to
BY, is defined in the SM as

B =arg <_V‘3Vt>5> ~0.02 (3.1)
VesVien

A New Physics phase, contributing to the weak mixing diagrams in the nd&gststem would

introduce a new physics phagd® to s such that the measured value would ks 2 25 —

@P. The same NP phase would enhangegiving ¢ = @ + @'°. As both M and @V

are predicted to be close to zero, the NP phase would dominate, and theredeaisase would

be Bs~ —@ ~ @'F. This approximation is valid given the current experimental resolution, but

future high precision measurements may be able to distinguish between tlaasitieg

3.1 Experimental strategy

The decayB? — J/@(— utu~)o(— KTK™) is fully reconstructed from events which pass

the di-muon trigger. A Neural Network (NN) selection procedure is usa@édonstruct~ 6500
signal events in 5.21 of data. For this updated analysis, rather than using a stangzisg,r’@S+ B)
figure of merit, the NN cut is optimised by selecting the cut value which minimisedadtistial
error onfs in pseudo experiments. This, along with a full re-calibration of particle ideatitin
information fromdE /dx and Time of Flight (TOF), has lead toBf — J/ @ signal yield of more
than twice that in the previous 2.8 tb data sample[J3]. Figurf 1 shows tB8 — J/(W¢e mass
distribution after selection.
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Figure 1: BY mass distribution for CDF 5.2 fb1 data sample, fitted with a single Gaussian for the signal
and a 1st order polynomial to describe the background cosmgon

The final state is an admixture GP odd and even states, which can be separated according
to their angular momentum. The total angular momentum of thigp state can b& = 0, 1, or 2,
and theCP of the state i —1)", so theL = 0, 2 states ar€P even, and th& = 1 state i<CP odd.
TheseCP states can be separated using the angular distribution of the four fingbattdes, the
muons and kaons from the decay of thap and@. The transversity basi§][7] is used to define
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the angular dependence of the final state, where the relative direcfiaghe four particles can

be described in terms of three transversity ang{essor, ¢r,cosyr} which are defined by the
direction of the decayind/y and ¢ mesons. In the transversity basis, the decay amplitude can
be separated into three components which represent different linkzaisption states. ThEP

even states correspond to the vector mesons either being longitudinallised)ar transverse to

their direction of motion and parallel to each other |, for the CP odd state the mesons are
transversely polarised with respect to their direction of motion, and pdipdar to each other

(1). The amplitudes of these states &gA andA, respectively. The use of the transversity
basis to separate ti&P odd and even states in this way means that the measurement is sensitive to
theCP violating phase with or without flavour tagging information for the initial state.

The angular analysis is combined with time development and mass dependenosulti-
variate likelihood fit. In the simplest case, the fit without flavour tagging métdron, the like-
lihood function has a four fold ambiguity under the transformatiQBs A, @, @ } < {¢@/2—

Bs, —Ar,2m— @, m— @, } and Bs < — s, where the strong phases are defined in terms of the
transversity amplitudesy = arg(AﬁAo) andg, =arg(A; Ag).

3.2 Flavour tagging

By flavour tagging the initiaB? meson, the time development Bf and B states can be
followed separately, which removes the insensitivity to the sigBsadndAl. This reduces the
ambiguity to two points. The flavour of the decayiBgneson is tagged using a combination of
opposite side (OST) and same side (SST) tagging algorithms. The OST tdg=bayuark content
of aB meson from the same production vertex as the candfatine SST tags according to the
quark content of a kaon produced with the candidate.

For this updated analysis, the SST has been re-calibrated for the fullessamgata through
aBY mixing measurement. This technique uses the fact that a measured mixing amplitude
means that the tagger accurately assesses its performance, and an armplitddor < 1 implies
an under or over estimation of its power, respectively.

This calibration uses the modes:

B — D "Dy — @, — KTK™
B — Dy mr",Dy — KK~ ,K* = K"
B — Dym",Dy — m
B — Dyt , Dy — @, — KTK™
Of which the first channel accounts for about 50% of the statistics.
The amplitude measured for this calibratidh [8].& = 0.94+ 0.15 (stat) 4+ 0.13(syst),

shown in Figurd]2. The mixing frequenayms = 17.79+ 0.07 ps 1, with statistical errors only, is
in good agreement with the CDF published measurement.

3.3 Swave KK component

It has been suggestdd [9] that a potential contamination of the sjgnalkon byS-wave f° or
non-resonankKK of ~ 10% could bias the measuremeniBatowards the SM value. This updated
CDF analysis includes tHewave component in the full angular and time-dependent analysis. Both
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Figure 2: BY mixing amplitude scan, for calibration of SST

the fo and non-resonarKK components are considered flat in mass within the small selection
window, and thep meson mass is modelled by an asymmetric relativistic Breit Wigner; however
this mass is integrated over in the fit function and is not used in the fitJT& K~ or J/yfo
final state is a pur€P odd state, and thus follows the time dependence o€fhedd component
of theBY — J/@ decay.

A preliminary study of th&s-wave contamination of the meson signal carried out by studying
the invariantK K mass distribution gives no strong indication of a large additional component, a
shown in Figurd]3.

4. Results

With the current data sample it is not possible to quote a point value for tise fhdue to the
symmetries in the likelihood function and the non-Gaussian error distributimtedd the results
are presented as frequentist likelihood contours; a profile-likelihotid oadering technique is
used to ensure full coverage. Figdte 4 shows the likelihood contourgifisth Al plane. The
confidence interval foBJ/""” at the 68 % confidence level j6.02 0.52 U [1.08,1.55] and at the
95 % confidence leve|;-11/2, —1.44) U [—0.13,0.58 U [0.89, 11/2].

The upper limit on the fraction of th&waveKK (fo) component in thaé2 — J/@e signal
was measured to be 6.7% at the 95% confidence level.

In the hypothesis of n€P violation (3s = 0.0), the values of th&? lifetime, 1s = 1.53+
0.025(stat) £0.01(syst) ps, decay width differena”s = 0.075+0.035(stat) +£0.01 (syst) ps !
the transversity amplitude$A |2 = 0.231+0.014 (stat) & 0.015 (syst) and |Ao|* = 0.524+
0.013 (stat) + 0.015 (syst) and the strong phasg, = 2.95+ 0.64 (stat) + 0.07 (syst) from
the flavour tagged fit are determindd][10].
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Figure 3: TheB2 mass is plotted (left) with a loose mass cut window, which allows contamination from
BY — J/@K* misreconstructed &BY — J/ g, this reflection component is fitted with a MC template, the
signalB? mass is fitted with a Gaussian and the combinatorial backgretith a 1st order polynomial. The
invariant KK mass plot (right) is shown with the fractionsesfch component fixed to that found in tBg
mass fit.

5. Conclusions

Previous measurements from both the CIJF [3] and [11] experimerdsa aombined
Tevatron result[J4], indicated a shift of abouta2from the Standard Model expectation for the
BY mixing phase. The ne\ﬁg/w‘p measurement from the CDF experiment shows good agreement
with the Standard Model expected value, witlp-&alue of 44%, equivalent to a deviation of 0.8
o. These results benefit from an improved selection and particle 1D to taltzdje of the full
available statistics, updated flavour tagging, and the inclusion &-thaveKK component of the
signal fraction in the fit. Additionally, results include the world’s most presiegle measurements
of the BY lifetime and decay width difference in the hypothesis ofd#violation.

Future prospects for this measurement at CDF include doubling again theataple, the
potential inclusion of data from different trigger paths and the additiortrer®2 decay channels
to the analysis as well as continuous improvements to the analysis technique.
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