Measurement of B_s oscillations at CDF

G. Salamanna on behalf of the CDF Collaboration^{a∗}

aDipartimento di Fisica, Univ. di Roma La Sapienza and INFN Sez.di Roma, P.le A.Moro, 2 00182 Rome, Italy

The first precise measurement of the B^0_s − B̄^0_s oscillation frequency Δms with the CDFII experiment is summarized in this talk. The measurement is performed with 1 fb^{−1} of data collected at the Fermilab Tevatron hadron collider. We find a signal consistent with flavour oscillations; the probability that such a signal is originated by random fluctuations is 0.2%. We measure Δms = 17.31^{+0.33}_{−0.18} (stat.) ± 0.07(syst.)ps^{−1} [1]. After a brief theoretical overview, I will describe the experimental technique and show the results of the CDF analysis and the |V_{td}/Vts| value we infer from this measurement.

1. Flavour oscillations

Flavour oscillations are a quantum phenomenon in the neutral meson systems. They occur via ΔF = 2 flavour changing weak interactions; in the B meson sector (bq̄, with q = d, s for B^0_d, B^0_s ) the amplitude of such a process is proportional to the mass difference Δm_q of the Hamiltonian eigenstates B^0_{q,H} and B^0_{q,L}

Δm_q ∼ m_{Bq} f^2_{Bq} B_{Bq} |V^∗_{tq} V_{tb}|^2 (1)

where m_{Bq} is the meson mass, f^2_{Bq} B_{Bq} are parameters accounting for the hadron matrix elements; |V^∗_{tq} V_{tb}| is the product of the CKM matrix elements accounting for weak coupling of the b and q quark with the t quark essentially. Thus, the measurement of the Δm_q together with the theoretical calculation of the non perturbative parameters produces a constraint on the size of the unitarity triangle (UT) in the B sector. Furthermore, while in the Standard Model (SM) the only relevant coupling of the b quark is with the top quark, other theories beyond the SM, like Supersymmetry, predict the existence of new particles, some of which can interact with the b quark in the mixing phenomenon and contribute to give a Δm_q value away from SM predictions. The mixing frequency Δm_d in the B^0_d sector is al-

ready well known [2]. Since the ratio ξ =^{f 2Bd BBd}_{f 2Bs BBs}

∗giuseppe.salamanna@roma1.infn.it

from lattice calculations is known with a better precision than the single factors, a measurement of the ratio Δm_d/Δm_s is expected, that would produce a corresponding |V_{td}/V_{ts}| measurement with a ≈ 4% error. The SM expectation for the frequency is Δm_s ∼ 20 ps^{−1} (e.g. Δm_s = 21.5 ± 2.6 ps^{−1} [3]); that is, the B_s are predicted to oscillate ∼ 40 times faster than the B_d.

2. Analysis outlook

The probability density P_+ (P_−) for a B^0_q meson produced at a proper time t = 0 to decay with the same (opposite) flavour at a time t is expressed by

P_±(t) =

Γ_q 2 e^{−Γq t}[1 ± cos(Δm_q t)] (2)

Γ_q being the decay width of the two mass eigenstates. From this Probability Density Function (PDF) we extract the value of Δm_s in the B_s system using the method of maximum likelihood. We use 1 fb^{−1} of data collected by the CDF II detector in p − p̄ collisions at √ s = 1.96 T eV at the Fermilab Tevatron collider.

In order to perform a likelihood based fit in the proper time domain, we:

• reconstruct the B_s final states in hadronic (B̄^0_s → D^+_s π^−, D^+_s π^−π^+π^−) and semilep- 1 tonic (B̄^0_s → D^{+(∗)}_s ℓ^−ν̄_ℓ, ℓ = e, μ) decay channels into charged particles only;

• calculate the proper decay time of each B_s from the distance of the production and decay vertices in the transverse plane, the reconstructed momentum and the meson mass m(B_s) = 5.3696 GeV/c^2 [2];

• determine whether the meson contained a b or b̄ quark when it was produced, using both the correlation of the flavour with the leading products of the fragmentation that originated the B_s and the flavour of the other b created.

The hadronic and semileptonic modes are complementary since while the first have a better proper-time resolution and thus provide us with a better sensitivity to rapid oscillations, the semileptonic sample is ≈ 10 times larger; their decay-time resolution is worsened due to the unmeasured ν momentum.

3. Final state selection

Both hadronic and semileptonic decay modes are selected using a dedicated 3-level trigger based on the Silicon Vertex Trigger: this exploits the kinematics of charm and bottom hadron decays and their feature to be long-lived particles. In particular, the main requirements are to have 2 tracks of opposite electric charge and an impact parameter 120 μm ≤ |d_0| ≤ 1000 μm; together with that, both are required to have p_t ≥ 2.0 GeV/c and p_{t,1} + p_{t,2} ≥ 5.5 GeV/c. We reconstruct several D_s final states: D^+_s → ϕπ^+, K^∗(892)^0K^+, π^+π^−π^+, where the resonances decay as ϕ → K^+K^− and K^∗(892)^0 → K^+π^− respectively. They are also required to be compatible with the known mass and width values [2]. The resulting D_s mesons are then associated with other tracks to form D^+_s ℓ^−, D^+_s π^− and D^+_s π^−π^+π^−; a spatial constraint is introduced for them plus any other tracks associated to the B_s to originate from the same 3-D decay vertex. In the semileptonic case, muons and electrons are identified via a likelihood using muon chamber and electromagnetic calorimeter information.

3.1. Hadronic decays

A final yield of ≈ 3600 hadronic signal events is selected for the mixing analysis. An example distribution of the B^0_s → D^−_s (ϕπ^−)π^+ is showed in fig.1. To remove contributions from partially reconstructed decays we require that the decay candidate have M > 5.3 GeV/c^2. Candidates with M > 5.5 GeV/c^2 are used to build PDF’s for combinatorial background. The “shoulder” at lower mass values is mainly produced by decays of the kind B̄^0_s → D^{∗+}_s (D^+_s γ)π^− or B̄^0_s → D^+_s ρ^−(π^−π^0), where the neutral particles have not been detected. CDF is presently working to include these modes in the mixing framework.

Figure 1. Invariant mass distribution of the B^0_s → D^−_s (ϕπ^−)π^+ decay.

3.2. Semileptonic decays

A total of ≈ 37000 semileptonic B_s events have been selected. Due to the unmeasured momentum from neutral particles, no B_s mass can be reconstructed. Nevertheless, we see that the combined use of the D_s mass and the ℓD_s mass (m(ℓD_s)) is effective in rejecting most of the various sources of background present, among which the association of a signal D_s and a fake lepton coming from the primary vertex and the decays of the kind B̄^0_s → XD_sD(→ ℓνY ). The ℓD_s mass plot is showed in fig.2.

Figure 2. Mass distribution ℓ + D_s.

4. Proper time determination

The decay time in the B_s rest frame is given by t = k × [L_T m(B_s)/p_T ] (3)

where L_T is the proper decay length of the B_s meson in the transverse plane; the factor k accounts for missing momentum in the semileptonic decays (that is, it is 1 for fully reconstructed events). The trigger lower cuts on the impact parameter and other proper decay time cuts introduce a bias on the proper time distribution. To correct for this and obtain an unbiased determination of the proper decay time of our B_s, a detailed simulation of the trigger and detector effects is performed. The parameterization of the trigger efficiency is then validated by performing a lifetime measurement of the various B mesons accordingly. The results are reported in tab.1. The associated systematic uncertainty is found to be negligible for mixing measurements.

4.1. Proper time resolution

The estimate of the decay-time resolution σ(ct_i) is performed for each event starting from the measured track parameters and the relative uncertainties. We also calibrate such estimate on a large D^+ data sample combined with one or three prompt tracks to mimic the B^0-like decay topologies.

In the case of the fully reconstructed decays, the uncertainty on the absolute time scale is dominated by the resolution on the position of the primary vertex. In order to improve this contribution, we determine it on an event-by-event basis. The average decay time resolution obtained as such is < σ(ct) >= 25.9 μm, which corresponds to^1_5 an oscillation period at the lower limit on Δm_s (14.5 ps^{−1}). Its distribution is showed in fig.3. For semileptonic decays, the distribution

Figure 3. Proper time resolution for the fully reconstructed hadronic decays.

of the k factor is determined from Monte Carlo simulation. The fraction of B momentum carried by undetected particles is a relevant contribution to the final proper-time resolution and cannot be neglected with respect to the one coming from

Table 1 Lifetimes of the B mesons and comparison with the HFAG average values. The HFAG value for the B_s is measured from B_s → flavour specific modes only.

Decay mode CDF cτ, μm HFAG cτ, μm B^0_d → D^−π^+ 452.1 ± 5.1 (stat.) 458.7 ± 2.7 (stat.) B^− → D^0π^− 491.1 ± 5.1 (stat.) 491.1 ± 3.3 (stat.) B^0_s → D^−_s (3)π^+ 461 ± 12 (stat.) 432 ± 20 (stat.) The HFAG values are given in ref. [4].

vertex determination. To reduce this effect and increase the sensitivity of semileptonic modes to mixing, we determine the k factor distribution as a function of m(ℓD_s).

5. Flavour tagging

The flavour of the B_s at production is determined using both opposite-side and same-side flavour tags. The tagging effectiveness is given by the figure-of-merit εD^2, where ε is the fraction of signal candidates with a tag associated, and D = 1 − 2w the dilution; w is the probability that the tag is incorrect.

The Opposite Side Taggers infer the initial b−flavour of the mixing candidates by looking at the decay products of the other b produced in the incoherent b − b̄ pair production at the Tevatron. We use lepton (ℓ = e, μ) charge and jet charge, whose sign is correlated with the flavour of the away b. The leptons are selected using a likelihood technique that exploits the muon detector and the electromagnetic calorimeter. The overall charge of the OS b-jet is calculated by weighting each track in a given cone around the jet axis for their p_t; three different types of jets are considered, according to the degree of displacement from the primary vertex of the jet tracks. The Opposite Side Taggers are combined exclusively such that the higher dilution taggers (lepton taggers) are preferred to the jet charge. The overall Opposite-Side tag dilution is measured on a mixed B^− and B^0_d sample, using a combined mass-lifetime fit that also returns a measurement of Δm_d. We find εD^2 = 1.47±0.10 % on hadronic decays and εD^2 = 1.44 ± 0.04 % on semileptonic modes.

We also make use of Same-Side tags: those tag the flavour of the candidate B by looking at the charge of the leading product of the fragmentation process that produced the reconstructed B. In particular, a B^0_s (B̄^0_s ) is likely to be produced close to a K^− (K^+). The main advantage of such an algorithm is the large acceptance to the tagging tracks since they are spatially close to the triggered B. A combined Particle Identification technique is used to separate kaons from other particle species; this uses the specific ionization dE/dx in the COT and the particle’s Time-Of- Flight. The track with the largest kaon likelihood is selected to tag the b flavour. Since the dilution depends specifically on the meson type, we cannot measure it using B^0_d and B^+ samples. Thus, we predict the dilution using a simulated sample generated with the PYTHIA Monte Carlo [5], after an extensive data-MC comparison of fragmentationrelated quantities. Such a prediction is checked on other species and systematic uncertainties on the agreement are evaluated accordingly. We find εD^2 = 3.5 ± 0.5 % (εD^2 = 4.0 ± 0.6 %) for hadronic (semileptonic) decays.

6. Results

The search for B_s oscillations is performed using an unbinned maximum likelihood fit. The likelihood combines all the above ingredients: mass, decay-time, decay-time resolution and flavour tag for each candidate, distinguishing between the signal and the various types of background assessed for each decay mode. We perform an amplitude scan [6] by introducing a term A in the mixing part of the signal likelihood: L ∼ 1 τ e^{−t/τ} (1 ± A · D · (Δm_st)) (4) and fitting for oscillations while fixing Δm_s at a probe value. A is expected to be consistent with unity at a given Δm_s if mixing is detected and with 0 elsewhere. The sensitivity is defined as the maximum value of Δm_s where A = 1 is excluded at 95% C.L. if the measured value of A were 0. Fig.4 shows the result of the combined hadronic and semileptonic scan we perform with the 1 fb^{−1} data sample. CDF has a sensitivity of 25.8 ps^{−1} and exceeds the combined sensitivity of all previous experiments [2]. A value A = 1.03 ± 0.28 (stat.) is found at Δm_s = 17.3 ps^{−1}. The value is 3.7 σ away from 0. The significance of such a peak is evaluated by calculating the quantity Λ = log(L^{A=0}/L^{A=1}) for each probe frequency Δm_s. The likelihood ratio is shown again in fig.4. The minimum at Δm_s = 17.3 ps^{−1} has a value Λ = −6.75. Given this profile, we can evaluate the probability of null hypothesis p = 0.2%, by producing a set of 50000 fits with random tag decision and counting how many times the fit would return a value ≤ −6.75. The p value corresponds to a significance > 3σ. In order to increase the significance of our measurement on this same set of data we are working toward the inclusion of partially reconstructed hadronic decays and a refinement of the selections of both hadronic and semileptonic decays. Finally, also our flavour tagging system is being enhanced by introducing a Neural Network to combine Opposite-side taggers and enhance Same Side Kaon Tagger; and an Opposite Side Kaon Tagger is now in place, with εD^2 = 0.23 ± 0.02 %. From the likelihood itself we measure Δm_s = 17.31^{+0.33}_{−0.18}(stat.)±0.07(syst.)ps^{−1}, in the signal hypothesis. The only non-negligible systematic uncertainty comes from our knowledge of the absolute decay-time scale. This value agrees with the SM predictions (e.g.[3]) well within 2σ. This can also be translated into an estimate of the contribution of New Physics to the mixing hamiltonian, C_{Bs} =^{HSM +N P}_{HSM} = 0.97 ± 0.27 [3], which is compatible with unity (SM-only contributions) with an uncertainty already smaller than for the B_d system. Finally, using the input values m(B^0)/m(B^0_s ) = 0.98390 [7], Δm_d = 0.505 ± 0.005 [2] and ξ = 1.210^{+0.047}_{−0.035} [8], we infer

Figure 4. Upper: amplitude scan; the lighter band represents the statistical uncertainty, the darker band the statistical+systematic one. Lower: likelihood ratio profile with the line indicating a 1% null hypothesis probability.

|V_{td}/V_{ts}| = 0.208^{+0.001}_{−0.002}(exp.)^{+0.008}_{−0.006}(theo.). REFERENCES

1. A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett. 97, 062003 (2006) 2. S. Eidelman et al., Phys.Lett. B 592, 1(2004) and 2005 partial update for the 2006 edition available on the PDG www pages (http://pdg.lbl.gov) 3. M. Bona et al. (UTFit Collaboration)

http://www.utfit.roma1.infn.it

4. The Heavy Flavor Averaging Group

http://www.slac.stanford.edu/xorg/hfag

5. T. Sjöstrand et al., Computer Phys.Commun.

135, 238 (2001) 6. H.G. Moser and A. Roussarie, Nucl. Instr.

Methods Phys. Res., Sect.A A384, 491 (1997) 7. D. Acosta et al. (CDF Collaboration), Phys.

Rev. Lett. 96, 202001 (2006) 8. M. Okamoto, PoS LAT2005 (2005) 013 (hep-lat/0510113)