Submitted to EPS HEP 99 Tampere Conference Session 4, Abstract 7

The first data taking with KLOE: measuring CP and testing CP T using leptonic decays

P. Valente^1 Laboratori Nazionali di Frascati dell’I.N.F.N.

http://www.lnf.infn.it/kloe/pub/talks/kt187.tex

Abstract CP and CP T violation are the main physics issues of the KLOE experiment at the Frascati ϕ–factory DAΦNE. The detector has two main subsystems: the large cylindrical He–based drift chamber, with a r/ϕ resolution better than 200 μm which ensures a very good momentum resolution of σ_{p⊥} /p_⊥ ≃ 0.5% in a magnetic field of ≈ 0.6 T, surrounded by the fine sampling lead/scintillating fibers electromagnetic calorimeter with an excellent time resolution of 55 ps/ √ E(GeV) and good energy resolution of 4.7%/ √ E(GeV), high hermeticity and full efficiency for photons down to 20 MeV.

The data taking will start with a RUN I in Spring 1999 at the initial luminosity of 5×10^{31} cm^{−2} s^{−1}; in the first few months the KLOE detector will collect 5 ×10^8 ϕ decays, corresponding to ≃ 7 ×10^6 reconstructed K_{μ3} and K_{e3} decays. The two years long RUN II at the design luminosity of 5×10^{32} cm^{−2} s^{−1} will increase this statistics by a factor 100.

If CP T invariance is assumed, CP violation in the mass matrix can be measured by the leptonic asymmetries in K_L decays, 2ℜe(ε̄) ≃ A^ℓ_L = (Γ^{ℓ+}_L − Γ^{ℓ−}_L )/(Γ^{ℓ+}_L + Γ^{ℓ−}_L ), ℓ = μ,e. The uniqueness of the ϕ–factory is that the K_LK_S pairs are produced in a pure antisymmetric superposition, moreover the two fiducial volumes are completely separated due to the large difference in decay lengths.

An efficient and high purity tagged K_S beam gives the opportunity to measure the A^ℓ_S asymmetry in the semileptonic decays. Since the expected number of reconstructed K_S → πℓν decays for RUN I is 6 × 10^4 πeν and 4 × 10^4 πμν, the expected statistical uncertainty is < 1%. CP T invariance can thus be tested at KLOE, assuming ΔS = ΔQ, by measuring the difference A^ℓ_S − A^ℓ_L = 4ℜe(δ).

1for the KLOE Collaboration: M. Adinolfi, A. Aloisio, F. Ambrosino, A. Andryakov, A. Antonelli, C. Bacci, A. Bankamp, G. Barbiellini, G. Bencivenni, S. Bertolucci, C. Bini, C. Bloise, V. Bocci, F. Bossi, P. Branchini, G. Cabibbo, R. Caloi, P. Campana, G. Capon, G. Carboni, A. Cardini, G. Cataldi, F. Ceradini, F. Cervelli, F. Cevenini, G. Chiefari, P. Ciambrone, S. Conticelli, E. De Lucia, G. De Robertis, P. De Simone, G. De Zorzi, S. Dell’Agnello, A. Denig, A. Di Domenico, S. Di Falco, A. Doria, E. Drago, O. Erriquez, A. Farilla, G. Felici, A. Ferrari, M. L. Ferrer, G. Finocchiaro, C. Forti, G. Foti, A. Franceschi, P. Franzini, M. L. Gao, P. Gauzzi, S. Giovannella, V. Golovatyuk, E. Gorini, F. Grancagnolo, E. Graziani, P. Guarnaccia, X. Huang, M. Incagli, L. Ingrosso, Y. Y. Jiang, W. Kim, W. Kluge, V. Kulikov, F. Lacava, G. Lanfranchi, J. Lee-Franzini, T. Lomtadze, C. Luisi, C. S. Mao, A. Martini, W. Mei, L. Merola, R. Messi, S. Miscetti, S. Moccia, M. Moulson, S. Mueller, F. Murtas, M. Napolitano, A. Nedosekin, L. Pacciani, P. Pagès, M. Palutan, L. Paoluzi, E. Pasqualucci, L. Passalacqua, A. Passeri, V. Patera, E. Petrolo D. Picca, G. Pirozzi, L. Pontecorvo, M. Primavera, F. Ruggieri, P. Santangelo, E. Santovetti, G. Saracino, R. D. Schamberger, B. Sciascia, A. Sciubba, F. Scuri, I. Sfiligoi, T. Spadaro, E. Spiriti, C. Stanescu, L. Tortora, P. Valente, G. Venanzoni, S. Veneziano, Y. Wu.

1 The KLOE Experiment

The main physics aim of the KLOE experiment [1] is the measurement of the CP violation parameters to an accuracy of O(10^{−4}). This will be done both with the double ratio method and kaon interferometry experiments [2].

The KLOE detector is optimised for the rejection of the background from the kaon decays other than ππ, and for an excellent control of efficiencies in order to keep systematic errors at the level of the statistical accuracy [3].

The large drift chamber [4] with its 12 582 square cells (2 × 2π/3 cm^2 in the first 12 layers, 3 × π cm^2 in the 46 outer layers) in an all stereo configuration, ensures a single point resolution better than 200 μm in the transverse plane and high and uniform track and vertex reconstruction efficiency. A fractional transverse momentum resolution of 0.5% is achieved with a ≈0.6 T field, provided by a superconducting solenoid. Low Z and density materials and gas mixtures (He 90% - iC_4H_{10} 10%) have been used to minimise multiple scattering for low momentum particles (50-300 MeV/c) and to ensure high transparency for low energy photons.

The fine sampling lead/scintillating fibers calorimeter [5] with its 15 X_0 thick modules (24 4.3 m long barrel modules and the 2 × 32 C-shaped end-cap modules) covers ≈ 98% of the solid angle. Its hermeticity, together with a good energy resolution of 4.7%/ √ E(GeV) and full efficiency for photons down to 20 MeV, ensures the rejection of the 3 π^0 background, while its excellent time resolution of 55 ps/ √ E(GeV) results in an accuracy of in 1 cm in the determination of the decay point for K → 2π^0 → 4γ.

2 CP, CPT and Semileptonic Kaon Decays

The K_S and K_L states can be written in general, to lowest order in ε, as:

|K_S ⟩ ≃ 1/ √ 2[(1 + ε_S )|K^0⟩ + (1 − ε_S )|K̄^0⟩] |K_L⟩ ≃ 1/ √ 2[(1 + ε_L)|K^0⟩ + (1 − ε_L)|K̄^0⟩]

and if CP T holds ε_S = ε_L = ε. More generally if CP T invariance is not imposed two parameters can be defined by the identities:

ε_S ≡ ε̃ + δ, ε_L ≡ ε̃ − δ

The δ parameter is related to the CP T violation assuming the ΔS = ΔQ rule, while

ε̃ − δ = ε + ℜe(B_0/A_0)

is related to CP violation in K → ππ and the CP T odd amplitude B, where the K → ππ amplitude general expression is:

A(K^0 → ππ, I) = √ 2/3(A_I + B_I ).

A sector in which the CP T violation can be studied is the semileptonic kaon decay; the ΔS = ΔQ amplitudes are in general:

A(K^0 → ℓ^+) = a + b A(K̄^0 → ℓ^−) = a^∗ − b^∗ where b ≠ 0 implies “direct” CPT violation. The integrated leptonic asimmetries

A_{ℓ,S} =

Γ(K_S → ℓ^+ν_ℓπ^−) − Γ(K_S → ℓ^−ν̄_ℓπ^+) Γ(K_S → ℓ^+ν_ℓπ^−) + Γ(K_S → ℓ^−ν̄_ℓπ^+)

A_{ℓ,L} =

Γ(K_L → ℓ^+ν_ℓπ^−) − Γ(K_L → ℓ^−ν̄_ℓπ^+) Γ(K_L → ℓ^+ν_ℓπ^−) + Γ(K_L → ℓ^−ν̄_ℓπ^+)

are connected to the ε̃ and δ and the CP T violation in the semileptonic amplitudes [6]:

A_{ℓ,S} = 2 ( ℜeε̃ + ℜeδ + ℜe b a )

A_{ℓ,L} = 2 ( ℜeε̃ − ℜeδ + ℜe b a )

In the most general framework in which ΔS = ΔQ is no longer assumed, the two violations can not be disentagled with K_{S,L} decays alone [6]; anyhow ΔS = −ΔQ transitions in the Standard Model are forbidden at the tree level, and expected at the level of O(10^{−7}). The asymmetries difference, in absence of ΔS = ΔQ violation, can be written as:

A_{ℓ,S} − A_{ℓ,L} = 4ℜe(δ)

since the “direct” CP T term cancels out.

Only the asymmetry in K_L semileptonic decays has been so far measured, A_L=(3.27± 0.12) 10^{−3} [7], in good agreement with ℜeε ∼ √ 2ε, which is what one expects from CP violation coming from the mass term.

3 Leptonic Asymmetries with KLOE

The uniqueness of the ϕ–factory is that the K_LK_S pairs are produced in a pure antisymmetric superposition, moreover the two fiducial volumes are completely separated due to the large difference in decay lengths:

λ_S = 5.6 mm, λ_L = 3.43 m.

The huge amount of kaon decays that can be observed at KLOE will allow a much more accurate determination of A_L, while the efficient and high purity tagged K_S beam will give the opportunity to measure for the first time both the branching ratio of K_S → ℓνπ and the A_S asymmetry. The measurement of the two asymmetries will thus allow a test of CP T by measuring the δ parameter.

The K_L decays are tagged by K_S → π^+π^−, which have a branching ratio of 66%; the number of fully reconstructed K_L semileptonic decays are:

N_{L,ℓ} = N_ϕ × BR(ϕ → K_S K_L) × BR(K_S → π^+π^−) × ×BR(K_L → ℓν_ℓπ) × ϵ_{geo} × ϵ_{id} × ϵ_{rec} where the geometric acceptance in the fiducial volume is ϵ_{geo} ∼ 28%, the identification has an efficiency of ϵ_{id} ∼ 68% [8] and a conservative estimate of the reconstruction efficiency is ϵ_{rec} ∼ 50%. The contamination coming from ϕ → 2 charged particles (such as K^+K^− and ρπ) is O(10^{−5}), while the tagging efficiency can be increased from 66% to almost 100% using also K_S → π^0π^0 decays.

The K_S decays are tagged by K_L → πℓν_ℓ and K_L → π^+π^−π^0, which have a total branching ratio of 78%. Taking into account the geometric acceptance inside the drift chamber of about 40%, the tagging efficiency ∼ 30%, while the reconstruction efficiency of the K_L is ϵ_{id} ∼ 50%. The contamination is at the level of O(10^{−6}) coming essentially from ϕ → K^+K^− [9]. The tagging efficiency can be increased using also the fraction of K_L’s which escape the drift chamber without decaying, f_{geo} ∼ 51%, and interact in the calorimeter producing at least one cluster with probability p_{interact} ∼ 85%: we call this a K_L “crash” [10]. Assuming to recognize the “crash” with an efficiency of ϵ_{crash} ∼ 70% [10], the overall tagging efficiency is doubled, so that the number of fully reconstructed K_S semileptonic decays are:

N_{S,ℓ} = N_ϕ × BR(ϕ → K_S K_L) × ×[BR(K_L → charged) × ϵ_{geo} × ϵ_{id} + f_{geo} × p_{interact} × ϵ_{crash}] × ×BR(K_S → ℓν_ℓπ) × ϵ_{rec}

where ϵ_{rec} is the identification and recostruction efficiency for the K_S leptonic decay. At the initial luminosity of DAΦNE of L = 5×10^{31} cm^{−2}s^{−1}, in the first months of data taking 5 ×10^8 ϕ events will be collected, corresponding to an integrated luminosity of 100 pb^{−1}. The branching ratio for K_S leptonic decays can be estimated from the K_L decays:

BR(K_S → ℓ^±ν_ℓπ^∓) = BR(K_L → ℓ^±ν_ℓπ^∓) × τ_{KS} /τ_{KL}

so that the number of fully reconstructed K semileptonic decays is:

N_{L,μ} ≃ 3 × 10^6, N_{L,e} ≃ 6 × 10^6 N_{S,μ} ≃ 4 × 10^4, N_{S,e} ≃ 6 × 10^4

which is 1/100 of the full statistics of the two years long run at L = 5×10^{32} cm^{−2} s^{−1}. The measurements on the K_S BR’s will be by itself a test of the Standard Model, which predictions have uncertainties of the order of O(10^{−2}), due to the present error on BR(K_L), while the only measurement performed so far [11] has an accuracy of ∼ 20%. If N_{id,ℓ} is the number of decays identified as K_S → ℓν_ℓπ, and N_{B,ℓ} is the estimated number of background decays, the branching ratio is measured by:

BR_ℓ =

N_{id,ℓ} − N_{B,ℓ} N(ϕ → KK)ϵ_{tot}

where ϵ_{tot} is the overall identification efficiency. The statistical accuracy that can be reached, neglecting the contribution of the error on the background estimate, is ∼ 10^{−2} with 100 pb^{−1} and will reach ∼ 10^{−3} with the full statistics.

For the measurement of A_{ℓ,S} the main task is to determine the lepton sign, i.e. the correct lepton-pion assignment to the two charged tracks connected to the K_S vertex. Different strategies are available at KLOE:

• the “neutrino mass” method;

• π/μ/e discrimination using the time of flight tecnique;

• other discriminant methods (neural net).

The “neutrino mass” method consists in evaluating the neutrino mass using 4-momentum convervation in the two possible π/ℓ track combinations, and choosing the one with the smallest value. This requires to estimate the K_S momentum components, which are measured with poor accuracy because of the small K_S fligth path. The determination can be improved by using the K_L measured vertex and momentum components, by applying 4-momentum conservation.

The main background for the A_{S,e} and A_{S,μ} measurements comes from the CP -allowed K_S → π^+π^− decays, which are 10^3 more abundant than the πℓν. This background can be rejected by a kinematical cut on the estimated “neutrino mass”. Further kinematical cuts can be used in the M_{ππ}-p_{tot} plane in the ππ hypothesis: the two pion decays should reconstruct the kaon mass and momentum.

Cuts in the “neutrino mass” at 50 MeV/c^2 and in the invariant mass/total momentum plane for the ππ hypothesis result in an ϵ_{kine} ≃ 52% with a contamination of ≃ 5% [12]. While the main contribution to the inefficiency is the wrong lepton sign assignment 1 − ϵ_{sign}, where ϵ_{sign} ≃ 83%, the ππ contamination comes essentially from the long tails in the ππ invariant mass distribution [12].

The statistical accuracy on the measurement of A_{S,e} is given by:

δA_{S,e} = 1/ √ ϵ(2ϵ_{sign} − 1)^2N_{S,e} × √ 1 + B/S

where ϵ takes also into account the tagging and vertex efficiency:

ϵ = ϵ_{tag} × ϵ_{vtx} × ϵ_{kine}

and B/S is the backgroung to signal ratio.

Since the background has a branching ratio 1000 bigger than the signal, after the kinematical cuts we have √ 1 + S/B ∼ 7, even with a contamination as low as ∼ 5%.

The statistical error on A_{S,e} can be estimated at the level of 8 × 10^{−3} with 100 pb^{−1} integrated luminosity, which corresponds to an error on δ of 2 × 10^{−3}; these errors will be decreased by a factor 10 with the full statistics.

Improvements on the S/B ratio could result in significantly better limits on δ, for istance using the electromagnetic calorimeter timing or adding dE/dx measurements in order to discriminate leptons from pions.

4 Conclusions

The possibility of having a clean, tagged, intense beam of K_S ’s and the excellent performances of the KLOE detector will allow many measurements in the leptonic sector, which were not available so far, such as the K_S → ℓν_ℓπ branching ratio measurement, to an accuracy of 10^{−3}, and the A_{S,ℓ} charge asymmetry to a level of 8 × 10^{−4}. Together with the A_{L,ℓ} determination this will allow to test CP T violation by measuring the δ parameter to an accuracy of 2 × 10^{−4}, albeit assuming the ΔS = ΔQ rule^2. The first months of running of KLOE at the initial DAΦNE luminosity will already give preliminary results with 1/100 of the full statistics, i.e. with a factor 10 in the statistical error.

References

[1] A. Antonelli et al. - The KLOE Collaboration,

The KLOE detector. Technical Proposal, LNF-93/002(IR) (1993).

[2] J. Lee-Franzini,

in “The second DAΦNE Physics Handbook”, ed. L. Maiani (Frascati, 1995), p. 761.

[3] P. Franzini,

in “The second DAΦNE Physics Handbook”, ed. L. Maiani (Frascati, 1995), p. 825.

[4] A. Andryakov et al., The KLOE Drift Chamber Group,

The KLOE drift chamber, Nucl. Instr. & Meth. A 379 (1996), 414.

[5] M. Antonelli et al., The KLOE Calorimeter Group,

The Electromagnetic Calorimeter of the KLOE Experiment at DAΦNE, Nucl. Instr. & Meth. A 379 (1996), 511.

[6] J. Lee-Franzini, P. Franzini,

lectures given at the “XXV ITEP Winter School” (1997).

[7] C. Caso et al., Particle Data Group,

Eur. Phys. Soc. J. C3, (1998).

[8] S. Di Falco,

KLOE internal Memo 173 (1998).

[9] G. Venanzoni,

KLOE internal Memo 160 (1998).

[10] S. Sinibaldi, T. Spadaro,

KLOE internal Memo 146 (1998).

[11] R. R. Akhmetshin et al.,

Preprint Budkev INP 99-11 (1999).

[12] M. Incagli, KLOE internal Memo 189 (1999).

2The ΔS = ΔQ rule itself can be tested at KLOE using the “flavour tag” provided by the charge exchange reactions of the copious K^±.