arXiv:1212.4012v2 [hep-ex] 29 Jan 2013

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-PH-EP-2012-367 17 December 2012

Precision Measurement of the Ratio of the Charged Kaon Leptonic Decay Rates

The NA62 collaboration^∗

Abstract

A precision measurement of the ratio R_K of the rates of kaon leptonic decays K^± → e^±ν and K^± → μ^±ν with the full data sample collected by the NA62 experiment at CERN in 2007–2008 is reported. The result, obtained by analysing ∼150000 reconstructed K^± → e^±ν candidates with 11% background contamination, is R_K = (2.488±0.010)×10^{−5}, in agreement with the Standard Model expectation.

Accepted for publication in Physics Letters B 18 January 2013

∗Copyright CERN for the benefit of the NA62 collaboration. Contact: E. Goudzovski, eg@hep.ph.bham.ac.uk.

The NA62 collaboration

C. Lazzeroni^1, A. Romano University of Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom

A. Ceccucci, H. Danielsson, V. Falaleev, L. Gatignon, S. Goy Lopez^2, B. Hallgren^3, A. Maier, A. Peters, M. Piccini^4, P. Riedler CERN, CH-1211 Genève 23, Switzerland

P.L. Frabetti, E. Gersabeck^5, V. Kekelidze, D. Madigozhin, M. Misheva, N. Molokanova, S. Movchan, Yu. Potrebenikov, S. Shkarovskiy, A. Zinchenko Joint Institute for Nuclear Research, 141980 Dubna (MO), Russia

P. Rubin^6 George Mason University, Fairfax, VA 22030, USA

W. Baldini, A. Cotta Ramusino, P. Dalpiaz, M. Fiorini^7, A. Gianoli, A. Norton, F. Petrucci, M. Savrié Dipartimento di Fisica e Scienze della Terra dell’Università e Sezione dell’INFN di Ferrara, I-44122 Ferrara, Italy

A. Bizzeti^8, F. Bucci^9, E. Iacopini^9, M. Lenti, M. Veltri^{10} Sezione dell’INFN di Firenze, I-50019 Sesto Fiorentino (FI), Italy

A. Antonelli, M. Moulson, M. Raggi, T. Spadaro Laboratori Nazionali di Frascati, I-00044 Frascati, Italy

K. Eppard, M. Hita-Hochgesand, K. Kleinknecht, B. Renk, R. Wanke, A. Winhart Institut für Physik, Universität Mainz, D-55099 Mainz, Germany^{11}

R. Winston University of California, Merced, CA 95344, USA

V. Bolotov, V. Duk^4, E. Gushchin Institute for Nuclear Research, 117312 Moscow, Russia

F. Ambrosino, D. Di Filippo, P. Massarotti, M. Napolitano, V. Palladino, G. Saracino Dipartimento di Scienze Fisiche dell’Università e Sezione dell’INFN di Napoli, I-80126 Napoli, Italy

G. Anzivino, E. Imbergamo, R. Piandani, A. Sergi^7 Dipartimento di Fisica dell’Università e Sezione dell’INFN di Perugia, I-06100 Perugia, Italy

P. Cenci, M. Pepe Sezione dell’INFN di Perugia, I-06100 Perugia, Italy

F. Costantini, N. Doble, S. Giudici, G. Pierazzini, M. Sozzi, S. Venditti Dipartimento di Fisica dell’Università e Sezione dell’INFN di Pisa, I-56100 Pisa, Italy

S. Balev^7, G. Collazuol^{12}, L. DiLella, S. Gallorini, E. Goudzovski^{1,3}, G. Lamanna^7, I. Mannelli, G. Ruggiero^7 Scuola Normale Superiore e Sezione dell’INFN di Pisa, I-56100 Pisa, Italy

C. Cerri, R. Fantechi Sezione dell’INFN di Pisa, I-56100 Pisa, Italy

V. Kurshetsov, V. Obraztsov, I. Popov, V. Semenov, O. Yushchenko Institute for High Energy Physics, 142281 Protvino (MO), Russia

G. D’Agostini Dipartimento di Fisica, Sapienza Università di Roma and Sezione dell’INFN di Roma I, I-00185 Roma, Italy

E. Leonardi, M. Serra, P. Valente Sezione dell’INFN di Roma I, I-00185 Roma, Italy

A. Fucci, A. Salamon Sezione dell’INFN di Roma Tor Vergata, I-00133 Roma, Italy

B. Bloch-Devaux^{13}, B. Peyaud DSM/IRFU – CEA Saclay, F-91191 Gif-sur-Yvette, France

J. Engelfried Instituto de Física, Universidad Autónoma de San Luis Potosí, 78240 San Luis Potosí, Mexico^{14}

D. Coward SLAC National Accelerator Laboratory, Stanford University, Menlo Park, CA 94025, USA

V. Kozhuharov, L. Litov Faculty of Physics, University of Sofia, 1164 Sofia, Bulgaria^{15}

R. Arcidiacono^{16}, S. Bifani^{17} Dipartimento di Fisica Sperimentale dell’Università e Sezione dell’INFN di Torino, I-10125 Torino, Italy

C. Biino, G. Dellacasa, F. Marchetto Sezione dell’INFN di Torino, I-10125 Torino, Italy

T. Numao, F. Retière TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, V6T 2A3, Canada

1Supported by a Royal Society University Research Fellowship 2CIEMAT, E-28040 Madrid, Spain 3University of Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom 4Sezione dell’INFN di Perugia, I-06100 Perugia, Italy 5Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, D-69120 Heidelberg, Germany 6Funded by the National Science Foundation under award No. 0338597 7CERN, CH-1211 Genève 23, Switzerland 8Also at Dipartimento di Fisica, Università di Modena e Reggio Emilia, I-41125 Modena, Italy 9Also at Dipartimento di Fisica, Università di Firenze, I-50019 Sesto Fiorentino (FI), Italy 10Also at Istituto di Fisica, Università di Urbino, I-61029 Urbino, Italy 11Funded by the German Federal Minister for Education and Research (BMBF) under contract 05HA6UMA 12Dipartimento di Fisica dell’Università e Sezione dell’INFN di Padova, I-35131 Padova, Italy 13Dipartimento di Fisica Sperimentale dell’Università di Torino, I-10125 Torino, Italy 14Funded by Consejo Nacional de Ciencia y Tecnología (CONACyT) and Fondo de Apoyo a la Investigación (UASLP)

15Funded by the Bulgarian National Science Fund under contract DID02-22 16Università degli Studi del Piemonte Orientale, I-13100 Vercelli, Italy 17University College Dublin School of Physics, Belfield, Dublin 4, Ireland

Introduction

The decays of pseudoscalar mesons to light leptons are helicity suppressed in the Standard Model (SM) due to the V−A structure of the charged current coupling. In particular, the SM width of P^± → ℓ^±ν decays with P = π, K, D, B (denoted as P_{ℓ2} below) is

Γ^{SM}(P^± → ℓ^±ν) =

G^2_F M_P M^2_ℓ 8π ( 1 − M^2_ℓ M^2_P

)_2 f^2_P |V_{qq′}|^2, where G_F is the Fermi constant, M_P and M_ℓ are the meson and lepton masses, f_P is the meson decay constant, and V_{qq′} is the corresponding CKM matrix element. Although the SM predictions for P_{ℓ2} decay rates are affected by hadronic uncertainties via the decay constant, ratios of decay rates of the same parent meson do not depend on f_P and can be computed very precisely. In particular, the SM prediction for R_K = Γ(K_{e2})/Γ(K_{μ2}), inclusive of internal bremsstrahlung (IB) radiation, is [1]

R^{SM}_K = ( M_e M_μ )_2 ( M^2_K − M^2_e M^2_K − M^2_μ

)_2

(1 + δR_{QED}) = (2.477 ± 0.001) × 10^{−5},

where δR_{QED} = (−3.79 ± 0.04)% is the electromagnetic correction.

Within extensions of the SM involving two Higgs doublets, R_K is sensitive to lepton flavour violating effects induced by loop processes with the charged Higgs boson (H^±) exchange [2]. A recent study [3] has concluded that R_K can be enhanced by O(1%) within the Minimal Supersymmetric Standard Model. However, the potential new physics effects are constrained by other observables such as B_S → μ^+μ^− and B^+ → τ^+ν decay rates [4]. Moreover, R_K is sensitive to the neutrino mixing parameters within SM extensions involving a fourth generation of quarks and leptons [5] or sterile neutrinos [6].

Measurements of R_K have recently been reported by the KLOE [7] and NA62 [8] experiments. An improved measurement based on the full dedicated data sample collected by the NA62 experiment in 2007–2008 and superseding the earlier result [8] is reported here.

1 Beam and detector

1.1 Beam line

The beam line of the earlier NA48/2 experiment [9] was used for the NA62 data taking in 2007–2008. Either simultaneous or single beams of positive and negative secondary hadrons, with central momentum of 74 GeV/c and momentum spread of ±1.4 GeV/c (rms), were derived from the primary 400 GeV/c protons extracted from the CERN SPS and impinging on a 40 cm long, 0.2 cm diameter beryllium target. The beam momenta were selected by the first two magnets in a four dipole achromat and by momentum-defining slits incorporated into a 3.2 m thick copper/iron proton beam dump, which also provided the possibility of blocking either of the two beams. The beam composition was dominated by pions (π^±), with kaon (K^±) fractions of about 6%. The K^+ and K^− beams entered the decay fiducial volume at angles of ±0.23 mrad (±0.30 mrad in the early stage of data taking, about 25% of the total beam flux) with respect to the detector axis, so as to compensate for the opposite ∓3.58 mrad deflections by the downstream spectrometer magnet. These deflections were regularly reversed during the data taking. The individual beam particles were not tagged, and their momenta were not measured. The beam kaons decayed in a fiducial volume contained in a 114 m long cylindrical vacuum tank.

The hadron beams were accompanied by an intense flux of stray muons travelling outside the beam vacuum pipe. Two 5 m long magnetized iron toroids with small horizontal and vertical apertures centered on the beam line were installed upstream of the decay volume to suppress backgrounds associated with these “halo” muons. These toroids, named “muon scrapers”, were operated with the same magnetic field polarity chosen to deflect positive halo muons away from the beam region, thereby generating a strong charge asymmetry of the muon halo.

1.2 Detector

The momenta of charged decay products were measured by a magnetic spectrometer, housed in a tank filled with helium at approximately atmospheric pressure, placed downstream of the decay volume. The spectrometer comprised four drift chambers (DCHs), each consisting of 8 planes of sense wires, and a dipole magnet located between the second and the third DCH which gave a horizontal transverse momentum kick of 265 MeV/c to charged particles. The measured spectrometer momentum resolution was σ_p/p = 0.48% ⊕ 0.009% · p, where the momentum p is expressed in GeV/c. A counter hodoscope (HOD) consisting of two planes of orthogonal plastic scintillator strips producing fast charged particle trigger signals was placed after the spectrometer.

A 127 cm (27X_0) thick liquid krypton (LKr) electromagnetic calorimeter, used for lepton identification and as a photon veto detector in the present analysis, was located further downstream. Its 13248 readout cells had a transverse size of 2×2 cm^2 each with no longitudinal segmentation. The energy resolution was σ_E /E = 3.2%/ √ E ⊕ 9%/E ⊕ 0.42% (E in GeV). The spatial resolution for the transverse coordinates x and y of an isolated electromagnetic shower was σ_x = σ_y = 0.42 cm/ √ E ⊕ 0.06 cm (E in GeV).

A more detailed description of the detector components used for this measurement can be found in Ref. [10].

1.3 Trigger logic

A relatively low beam intensity (corresponding to ∼ 10^5 kaon decays in the vacuum tank per second) was used to enable the operation of a minimum-bias trigger configuration with high efficiency, and to minimize the accidental background. The K_{e2} trigger condition consisted of the coincidence of signals in the two HOD planes (the Q_1 signal), loose lower and upper limits on the DCH hit multiplicity (the 1-track signal) and a LKr energy deposit of at least 10 GeV (the E_{LKr} signal). The K_{μ2} trigger condition required a coincidence of the Q_1 and 1-track signals downscaled by a factor of D = 150. The 1-track condition was not used in the early stage of the data taking (about 10% of the total beam flux). Downscaled control triggers were collected to monitor the performance of the main trigger signals.

2 Data samples

The data used for this measurement were obtained from about 3.5 × 10^5 SPS spills (with ∼ 10^{12} protons per spill), collected in 4 months of operation, and correspond to about 2 × 10^{10} K^± decays in the vacuum tank. The data-taking strategy was optimized to measure the two main backgrounds in the K_{e2} sample, which are due to the beam halo muons and to K_{μ2} decays with a muon (μ^±) misidentified as an electron (e^±).

As no kaon tracking is available, beam halo muons are a direct source of background to K_{μ2} decays, as well as to K_{e2} decays via μ^± → e^±ν_eν_μ decays in the fiducial region (ν_ℓ is used to denote either a neutrino or an antineutrino here and below). The muon scrapers installed in the beam line were optimized for halo background suppression in the K^+_{ℓ2} data samples (as quantified below), making the K^+_{ℓ2} decays more favourable for the measurement. To measure the muon halo background directly from data, the K^+ and K^− data samples were collected alternately by blocking the negative or the positive beam, respectively. Therefore, 65% (8%) of the total 2007 beam flux corresponded to K^+ (K^−) decays collected in single-beam mode. In addition to being the signal samples (i.e. providing the K_{ℓ2} data), these data sets are used as control samples to measure the muon halo background to the decays of opposite sign kaons (see Section 3.3.1). The remaining 27% of the 2007 beam flux corresponded to K^± decays collected with simultaneous beams with the ratio of kaon fluxes of Φ(K^+)/Φ(K^−) ≈ 2, and cannot be used for the halo background subtraction. An additional K^− data sample collected in 2008, corresponding to about 4% of the total 2007 beam flux, is used for halo subtraction in the K^+ sample, but not for the R_K measurement.

To estimate the K_{μ2} background, the probability to misidentify a muon as an electron due to large energy deposition in the LKr calorimeter has been measured. This required the collection of a muon sample free from the typical ∼10^{−4} electron contamination due to μ^± → e^±ν_eν_μ decays in flight. To this end, 55% of the kaon flux in 2007 was collected with a transverse horizontal lead (Pb) bar installed below the beam pipe between the two HOD planes, approximately 1.2 m in front of the LKr calorimeter. The bar was 9.2X_0 thick in the beam direction (including an iron holder) and shadowed 11 rows of LKr cells (about 10% of the total number of cells). For a 50 GeV electron traversing the Pb bar, the probability of depositing over 95% of its initial energy in the LKr is ∼5 × 10^{−5}, as estimated with a simulation.

Due to the different acceptance and background conditions, K^+ and K^− decays, as well as data collected with and without the Pb bar, are analyzed separately. The four resulting independent data samples are denoted as K^+(Pb), K^+(noPb), K^−(Pb) and K^−(noPb). The earlier analysis [8] is based on the K^+(noPb) data set only, which contains 41% of the reconstructed K_{e2} candidates and has the lowest background contamination. The present analysis extends to the whole data sample and involves several improvements on the estimation of backgrounds and systematic uncertainties.

3 Data analysis

3.1 Analysis strategy

The analysis is based on counting the numbers of reconstructed K_{e2} and K_{μ2} candidates collected simultaneously; therefore it does not rely on an absolute kaon flux measurement. As a consequence, several systematic effects cancel to first order. Due to the dependence of the acceptance and background on the lepton momentum, the R_K measurement is performed independently in 10 lepton momentum bins covering a range from 13 to 65 GeV/c (the lowest momentum bin spans 7 GeV/c, the others are 5 GeV/c wide). Since the K^+/K^− and Pb/noPb samples are treated independently, the analysis is performed separately for 40 statistically independent subsamples with partially correlated systematic uncertainties. The ratio R_K in each subsample is computed as

R_K = 1 D · N(K_{e2}) − N_B(K_{e2}) N(K_{μ2}) − N_B(K_{μ2}) · A(K_{μ2}) A(K_{e2}) · f_μ × ϵ(K_{μ2}) f_e × ϵ(K_{e2}) · 1 f_{LKr} , where N(K_{ℓ2}) are the numbers of selected K_{ℓ2} candidates (ℓ = e, μ), N_B(K_{ℓ2}) are the numbers of background events, A(K_{μ2})/A(K_{e2}) is the ratio of the geometrical acceptances (the acceptance correction), f_ℓ are the lepton identification efficiencies, ϵ(K_{ℓ2}) are the trigger efficiencies, f_{LKr} is the global efficiency of the LKr readout (affecting the K_{e2} reconstruction only), and D = 150 is the K_{μ2} trigger downscaling factor.

To evaluate the acceptance correction and the geometrical parts of the acceptances for most background processes entering the computation of N_B(K_{ℓ2}), a detailed Monte Carlo (MC) simulation based on Geant3 [11] is used that includes the time variation of data-taking conditions.

The particle identification, trigger and readout efficiencies, as well as the muon halo background, are measured directly from data. The determination of each term in the above expression is discussed below.

3.2 Event reconstruction and selection

Charged particle trajectories and momenta are reconstructed from hits and drift times in the spectrometer using a detailed magnetic field map. Fine calibrations of the spectrometer field integral and DCH alignment are performed by monitoring the mean reconstructed K^± → π^±π^+π^− invariant mass and the mean reconstructed missing mass in K_{μ2} decays. Clusters of energy deposition in the LKr calorimeter are found by locating the maxima in the digitized pulses from individual cells. Shower energies are corrected for energy outside the cluster boundary, energy lost in isolated inactive cells (0.8% of the total number) and cluster energy sharing. The energy response is calibrated with samples of electrons and positrons from K^± → π^0e^±ν decays. Further details about the reconstruction procedures can be found in Ref. [10].

Most selection criteria are common to both the K_{e2} and K_{μ2} decay modes. The principal criteria are the following.

• Exactly one reconstructed charged particle track (lepton candidate) geometrically consistent with originating from a kaon decay is required. The geometrical consistency is determined by reconstructing the decay vertex as the point of closest approach of the lepton candidate track extrapolated upstream (taking into account the measured stray magnetic field in the vacuum tank) and the axis of the kaon beam of the corresponding charge (determined with fully reconstructed K^± → π^±π^+π^− decays). The reconstructed closest distance of approach (CDA) of the lepton track to the beam axis is required to be less than 3.5 cm, which is crucial for the suppression of the muon halo background, as well as backgrounds from K^± decays followed by pion or muon decays in flight. The CDA computation also defines the decay vertex.

• The track impact points in the DCHs, HOD and LKr calorimeter must be within the corresponding fiducial acceptances, including appropriate separations from detector edges and inactive LKr cells. Moreover, it is impossible to efficiently identify electrons traversing the Pb bar by energy deposition in the LKr. Therefore, the region of the LKr calorimeter shadowed by the bar is excluded from the geometrical acceptance for the K^±(Pb) data samples, which leads to a reduction of the acceptance by 18% for both K_{e2} and K_{μ2} decays for these samples.

• The reconstructed lepton momentum must be in the range 13 to 65 GeV/c. The lower limit ensures high efficiency of the E_{LKr} energy deposit trigger condition (see Section 1.3). Above the upper limit, the analysis is affected by larger systematic uncertainties due to backgrounds, as most backgrounds discussed in Section 3.3 increase at high track momentum.

• No LKr clusters with energy above 2 GeV and within 12 ns of the track time are allowed, unless they can be associated to the track via direct energy deposition or bremsstrahlung. This requirement provides a photon veto to suppress backgrounds from K^± → e^±νγ, K^± → π^0e^±ν and K^± → π^±π^0 decays. In the K^±(Pb) data samples, the LKr clusters located in the shadow of the bar are not used for the veto condition, as the LKr response for photons traversing the bar is difficult to be reproduced by simulation. This reduces the photon veto coverage and increases backgrounds from the above decays, as quantified in Section 3.3.5.

• The reconstructed kaon decay vertex must be located within the vacuum decay volume: its longitudinal coordinate z_{vertex} must satisfy the condition z_{vertex} > z_{min}. Here z_{min} depends on the reconstructed lepton momentum and is optimized for the suppression of the muon halo background, as described in Section 3.3.1 and illustrated for the K^±_{e2}(noPb) sample in Fig. 1a,b. This requirement removes ∼ 95% (∼ 80%) of the halo background in K^+_{e2} (K^−_{e2}) samples and decreases the geometrical acceptance for K^±_{ℓ2} events by about 25%.

• The residual muon halo background affecting the K^−_{ℓ2} samples (Fig. 1b) is found to have specific geometrical properties and can be strongly reduced by suitable cuts. The points (x_c, y_c) defined by extrapolation of the lepton track to the final collimator plane (a transverse plane located at the beginning of the vacuum decay volume, z = 0) have a localized distribution, as shown for the K^−_{e2}(noPb) sample in Fig. 1c. The optimization of a common selection condition for K^−_{e2} and K^−_{μ2} decays (as required to minimize the bias on R_K ) has been driven by the distribution of the background in the K^−_{e2} sample, which is higher than the one in the K^−_{μ2} sample. The regions with highest population of background to the K^−_{e2} decay indicated in Fig. 1c are rejected, which reduces the halo background in the K^−_{e2} samples by about 75%, while decreasing the geometrical acceptance for K^−_{ℓ2} events by about 10%.

Kinematic identification of the K_{ℓ2} decays is based on the reconstructed squared missing mass assuming the track to be an electron or a muon: M^2_{miss}(ℓ) = (P_K − P_ℓ)^2, where P_K and P_ℓ (ℓ = e, μ) are the kaon and lepton 4-momenta, with m_ℓ used to assign the components of P_ℓ. P_K is taken from the average beam momenta, which are monitored with fully reconstructed K^± → π^±π^+π^− decays. Fig. 2a shows the squared missing mass M^2_{miss}(e) evaluated in the electron hypothesis for K_{e2} and K_{μ2} events as a function of lepton momentum. A selection condition −M^2_1 < M^2_{miss}(ℓ) < M^2_2 is applied. The limits M^2_1 and M^2_2 vary across lepton momentum bins, taking into account the resolution on M^2_{miss}(ℓ), radiative tails and background conditions. M^2_1 varies from 0.013 (GeV/c^2)^2 in the central region of the lepton momentum range to 0.016 (GeV/c^2)^2 at low and high momenta. Similarly, M^2_2 varies from 0.010 to 0.013 (GeV/c^2)^2 for K^±(noPb) samples and from 0.010 to 0.011 (GeV/c^2)^2 for K^±(Pb) samples. The latter limits are stricter to compensate for the weaker photon veto.

Lepton identification is based on the ratio E/p of energy deposition in the LKr to momentum measured by the spectrometer, as illustrated in Fig. 2b. Charged particles are identified as electrons if (E/p)_{min} < E/p < 1.1, where (E/p)_{min} = 0.95 for p > 25 GeV/c and (E/p)_{min} = 0.9 otherwise. The relaxed condition at low lepton momentum is possible because backgrounds in the K_{e2} sample due to μ^± and π^± misidentification are rejected kinematically in that momentum range (as seen for the K_{μ2} background in Fig. 2a). For (E/p)_{min} = 0.95, this criterion leads to an electron identification efficiency f_e > 99% and a probability of misidentifying a muon as an electron of ∼ 4 × 10^{−6}. Charged particles with E/p < 0.85 are classified as muons; the corresponding muon identification inefficiency is negligible (1 − f_μ ≈ 3 × 10^{−5}).

3.3 Backgrounds

3.3.1 Muon halo background in the K_{ℓ2} samples

The rate and kinematical distribution of the muon-halo-induced backgrounds are qualitatively reproduced by a dedicated simulation. However, the precision of this simulation is limited by the uncertainties on the fringe fields of the beam line magnets. Therefore, these backgrounds have been measured directly by reconstructing the K^+_{ℓ2} (K^−_{ℓ2}) decay candidates from control samples of positive (negative) tracks collected with the positive (negative) beam blocked, as described in Section 2. The control samples used for background subtraction in the four independent K_{ℓ2}

(a)

(b)

(c)

Figure 1: Properties of the muon halo background to K^±_{e2}(noPb) decays measured using control data samples as explained in Section 3.3.1. Distributions of the reconstructed (a) e^+ and (b) e^− candidate momentum versus the reconstructed longitudinal coordinate of the kaon decay vertex. The momentum-dependent z_{min} parameter optimized for muon halo suppression is indicated by solid lines: events to the left of the lines are rejected. The residual background in the K^−_{e2} sample is a factor of 5 higher than in the K^+_{e2} sample. (c) Distribution of the e^− candidate crossing points (x_c, y_c) at the final collimator plane (z = 0) for the halo background in the K^−_{e2}(noPb) sample surviving the z_{min} cut. The regions enclosed within solid lines are excluded to suppress the background. Halo background distributions for the K^±_{e2}(Pb) samples are similar.

(a) (b)

Figure 2: (a) Reconstructed squared missing mass in the electron mass hypothesis M^2_{miss}(e) as a function of lepton momentum for K_{e2} and K_{μ2} decays (data). The wrong mass assignment for the K_{μ2} decays leads to the momentum-dependence of M^2_{miss}(e). (b) E/p spectra of electrons and muons (data) measured from K^± → π^0e^±ν and K_{μ2} decays. The part of the muon spectrum above E/p = 0.95 is for the muons traversing the Pb bar. The electron identification criterion applied for p > 25 GeV/c is indicated with arrows.

signal samples are mutually exclusive, leading to independent statistical uncertainties. These samples are normalized to have the same numbers of muon events with −0.3 (GeV/c^2)^2 < M^2_{miss}(μ) < −0.1 (GeV/c^2)^2 as the data (such events are not compatible with a kaon decay and can only arise from a halo muon).

As a cross-check, the backgrounds in the K_{e2} samples have also been evaluated with a hybrid MC technique, using the measured spatial, angular and momentum distributions of the halo muons and simulating their decays (μ^± → e^±ν_eν_μ) assuming unpolarised muons, as the polarization is unknown. The results agree with those obtained from the direct measurements.

The non-zero probability of reconstructing a K_{e2} candidate due to the decay of an opposite sign kaon enhances the halo background estimates for the K_{e2} samples. The effect is more pronounced for the K^− samples because the ratio of the K^+ to K^− beam fluxes is ∼ 2. A K^± decay must result in at least three charged daughter particles to produce an opposite sign particle. Contributions from K^± → π^0_Dℓ^±ν, K^± → π^±π^0_D and K^± → ℓ^±νe^+e^− [12] decays (where ℓ = e, μ, and π^0_D → e^+e^−γ denotes the Dalitz decay) have been identified and subtracted using MC simulations. The corresponding correction to the final result is negligible: ΔR_K /R_K ∼ 10^{−4}.

In addition to being charge asymmetric (as explained in Section 1.1 and shown in Fig. 1a, b), the muon halo background is left-right asymmetric (as illustrated in Fig. 1c for the K^−_{e2} sample), and therefore depends on the polarity of the spectrometer magnetic field. To reduce the combined statistical uncertainty of the halo background estimates, almost equal samples of signal and control data were taken with each spectrometer polarity. The residual polarity imbalance was corrected by assigning weights to the control samples.

As control data have been collected mostly without the Pb bar, parts of these K^±(noPb) samples are used to estimate background in the K^±(Pb) signal samples by reducing the geometrical acceptance as described in Section 3.2. This minimizes the overall statistical uncertainty. The background to signal ratio in the region covered by the Pb bar is lower than in the region outside the Pb bar due its geometrical localization. Therefore the backgrounds in the K^±(Pb) samples are higher than those in the K^±(noPb) samples.

The K_{ℓ2} selection procedure and geometrical acceptance are time-dependent due to the variations of the beam geometry and the presence of temporarily masked groups of LKr cells. This implies a possible difference in geometrical acceptance between control samples (recorded with blocked beam) and signal samples (recorded with beam). The choice of control samples, selection and reconstruction procedures have been optimized to minimize these differences.

Uncertainties on the muon halo background estimates are due to the limited size of the control samples, the uncertainty of their normalization caused by decays of beam kaons and pions upstream of the decay volume, and the time dependence of the geometrical acceptance.

3.3.2 K_{μ2} background in the K_{e2} sample

The K_{μ2} background results mainly from muon misidentification (E/p > 0.95) due to ‘catastrophic’ bremsstrahlung in or immediately in front of the LKr calorimeter. It has been addressed by a dedicated measurement of the misidentification probability P_{μe} based on samples of muons from K_{μ2} decays traversing the Pb bar collected simultaneously with the K^±_{ℓ2}(Pb) data samples. These samples are statistically independent from the signal K_{μ2} samples, as the Pb bar region is excluded from the geometrical acceptance, as discussed in Section 3.2. As noted in Section 2, electrons passing through the Pb bar have a probability of only ∼ 5 × 10^{−5} of being identified. Thus samples of misidentified muons traversing the Pb bar are electron-free for all practical purposes. However, the misidentification probability (P^{Pb}_{μe} ) for a muon traversing the Pb bar differs from the probability (P_{μe}) for an unintercepted muon because of ionization energy loss (dominant at low momentum) and bremsstrahlung (dominant at high momentum).

(a) (b)

Figure 3: (a) Misidentification probability for muons traversing the lead bar, P^{Pb}_{μe} , for (E/p)_{min} = 0.95 as a function of momentum: measurement (solid circles with error bars; the uncertainties are uncorrelated) and simulation (solid line). (b) Correction factors f_{Pb} = P_{μe}/P^{Pb}_{μe} evaluated by a simulation for the two specified values of (E/p)_{min}. Dotted lines in both plots indicate the estimated systematic uncertainties arising from the simulation. The correlation of the latter uncertainties across the momentum values leads to a consistent shift of the MC band with respect to the measurements; the data/MC agreement validates the assigned systematic uncertainties.

To evaluate the corresponding momentum-dependent correction factor f_{Pb} = P_{μe}/P^{Pb}_{μe} to the measured probability P^{Pb}_{μe} for muons traversing the Pb bar, a dedicated MC simulation based on Geant4 (version 9.2) [13] has been developed to describe the propagation of muons downstream of the spectrometer involving all electromagnetic processes including muon bremsstrahlung according to Ref. [14]. The LKr calorimeter reconstruction has been optimized for showers initiated by electrons and photons and starting near its front surface, whereas showers initiated by muon bremsstrahlung start throughout the detector volume. The corresponding systematic uncertainties on P_{μe} and P^{Pb}_{μe} from the simulation due to energy calibration and cluster reconstruction have been estimated to be 10% of their values. However, the uncertainty on the ratio f_{Pb} = P_{μe}/P^{Pb}_{μe} is significantly smaller (δf_{Pb}/f_{Pb} = 2%) due to a cancellation of the main systematic effects. Moreover, f_{Pb} has low sensitivity to the model of muon bremsstrahlung cross-section used. The measurements of P^{Pb}_{μe} in momentum bins compared to the results of the MC simulation and the correction factors f_{Pb} obtained by the simulation, along with the estimated systematic uncertainties of the simulated values, are shown in Fig. 3.

The K_{μ2} background contamination due to muon misidentification has been computed using the geometrical acceptance evaluated by simulation, the measured P^{Pb}_{μe} and the correction for the effect of the Pb bar, f_{Pb}, evaluated from the simulation described above. The uncertainty on the background estimate comes from the limited size of the data sample used to measure P^{Pb}_{μe} and the uncertainty δf_{Pb} of the MC correction f_{Pb} for ionization and bremsstrahlung in the Pb bar. Moreover, the positive correlation between the reconstructed M^2_{miss}(e) and E/p, which are both computed using the reconstructed track momentum, leads to an apparent dependence of P_{μe} on M^2_{miss}(e). The corresponding correction is based on the knowledge of the muon energy deposition spectrum in the vicinity of E/p = 1; its model dependence leads to an additional systematic uncertainty on the K_{μ2} background. The stability of the result with respect to variations in the lepton identification procedure was checked as discussed in Ref. [8].

The K_{μ2} decay also contributes to the background via μ^± → e^±ν_eν_μ decays in flight. This background has been evaluated with a MC simulation. Energetic forward secondary electrons compatible with K_{e2} kinematics and topology are strongly suppressed by muon polarisation effects and are further suppressed by radiative corrections to the muon decay [15]. The background from muon track association with accidental LKr clusters has been measured to be negligible.

3.3.3 K^± → e^±νγ background in the K_{e2} sample

The definition of R_K includes IB but excludes structure-dependent (SD) radiation [1]. The SD^+ (positive photon helicity) component of the K^± → e^±νγ process peaks at high electron momentum in the K^± rest frame (E^∗_e ≈ M_K /2) [12]; it is therefore kinematically similar to K_{e2} decay. It can contribute to the background if the photon escapes the acceptance of the LKr calorimeter. The background has been estimated by a MC simulation based on the measured K^± → e^±νγ (SD^+) differential decay rate in the kinematic region E^∗_e > 200 MeV [7]. The main uncertainty on this estimate is due to the limited experimental precision on the decay rate.

The K^± → e^±νγ (SD^−) decay with negative photon helicity peaking at E^∗_e ≈ M_K /4 is kinematically incompatible with K_{e2}, and the corresponding background is negligible. Similarly, the background from interference terms between the IB and SD processes is negligible.

3.3.4 Other backgrounds in the K_{e2} sample

The K^± → π^0e^±ν and K^± → π^±π^0 decays produce a K_{e2} signature in two cases: a) all π^0 decay products are undetected and, for the latter decay mode, the π^± is misidentified as e^±; b) the only reconstructed particle is an electron (e^±) from a Dalitz decay π^0_D → e^+e^−γ.

Due to the significant missing mass, these decays can only be kinematically compatible with K_{e2} if the kaon is in the high-momentum tail of the beam distribution, or the detected kaon decay daughter particle suffers large multiple scattering. The systematic uncertainties on these minor backgrounds are due to the limited precision of the simulation of the non-Gaussian tails of multiple scattering; they have been estimated as 50% of the contributions themselves.

The estimation of the K^± → π^±π^0 background involves the pion misidentification probability, which has been measured as a function of momentum from samples of K^± → π^±π^0 and K^0_L → π^±e^∓ν decays (the latter collected during a special run). In particular, at high lepton momentum where K^± → π^±π^0 contributes, the selection criterion 0.95 < E/p < 1.1 leads to a misidentification probability P_{πe} = (0.41 ± 0.02)%.

Data samples collected with simultaneous K^+ and K^− beams, namely the K^−(Pb) sample and a part of the K^+(Pb) sample, are affected by backgrounds due to decays of opposite sign kaons, in a way similar to the muon halo control samples described in Section 3.3.1. Contributions from the K^± → π^0ℓ^±ν and K^± → π^±π^0 decays with subsequent π^0_D → γe^+e^− decays have been identified and subtracted using MC simulations.

3.3.5 Summary of backgrounds

The M^2_{miss}(ℓ) spectra of the selected K_{ℓ2} candidates summed over all data samples are presented in Fig. 4. The numbers of the selected K_{ℓ2} candidates and backgrounds in data samples integrated over the lepton momentum are summarized in Table 1. The total K_{e2} sample consists of 145958 candidates with an estimated background of (10.95 ± 0.27)%. The dependences of the backgrounds on the lepton momentum for the K^+_{ℓ2}(noPb) and K^−_{ℓ2}(Pb) data samples, which have the lowest and the highest background contaminations, respectively, are displayed in Fig. 5. The total K_{μ2} sample collected with a pre-scaled trigger consists of 4.282 × 10^7 candidates with a background due to the beam halo muons measured to be (0.50 ± 0.01)%.

(a) (b)

Figure 4: (colour online). Distributions of reconstructed squared missing masses (a) M^2_{miss}(e) and (b) M^2_{miss}(μ) of the K_{ℓ2} candidates compared with the sums of normalized estimated signal and background components. Beam halo contributions have been measured as discussed in Section 3.3.1; the other contributions have been estimated with MC simulations involving the measured particle misidentification probabilities. The double peak structure of the K_{μ2} background in the K_{e2} sample originates from the momentum dependence of the electron identification condition.

3.4 Other systematic effects

A detailed discussion of the systematic effects not related to background subtraction is available in [8]. The main points are summarized below.

3.4.1 Acceptance correction

The typical geometric acceptance of the adopted K_{μ2} selection is about 34% (42%) for the data samples collected with (without) the Pb bar. The acceptance correction A(K_{μ2})/A(K_{e2}) for each subsample, varying from 1.15 to 1.42 over the subsamples, has been evaluated by the MC simulation described in Section 3.1. Part of the correction, particularly at low lepton momentum, arises because of the wide radial distribution of electrons from K_{e2} decays (not fully contained within the geometric acceptance of the DCH planes). Radiative effects result in a further loss of K_{e2} acceptance by increasing the reconstructed M^2_{miss}(e) as quantified below. The radiative process K^± → e^±νγ from IB, which decreases the K_{e2} acceptance by about 5% relative, is included in the simulation following [12, 16]. The evaluation of the correction for the external bremsstrahlung, which accounts for about 6.5% relative K_{e2} acceptance loss, requires a precise description of the material upstream of the spectrometer magnet [10]: a Kevlar^® window separating the vacuum decay volume from the spectrometer (0.3%X_0), helium in the 12.3 m long volume (0.4%X_0) and the two DCHs (0.8%X_0).

The validity of the material description has been demonstrated by measuring the bremsstrahlung rate for a sample of K^± → π^0e^±ν(γ) decays collected concurrently with the main data set. The fraction of events in this sample with a reconstructed bremsstrahlung photon of at least 10 GeV energy, f_γ , has been used to measure the material thickness. The quantity f_γ ranges from 0.3% to 2% for the e^± momentum ranging from 20 GeV/c to 40 GeV/c, with contributions from external bremsstrahlung (∼ 70%) and K^± → π^0e^±νγ (IB) decays (∼ 30%). The relative uncertainty on the material thickness simulation has been conservatively estimated to be 1.1% by

K^+_{e2}(noPb) K^+_{μ2}(noPb)

K^−_{e2}(Pb) K^−_{μ2}(Pb)

Figure 5: The numbers of K_{ℓ2} candidates and main background contributions in lepton momentum bins in the K^+_{ℓ2}(noPb) and K^−_{ℓ2}(Pb) data samples, which have the lowest and the highest background contaminations, respectively. The differences between the data samples in terms of the background composition are clearly visible.

Table 1: Background contaminations in the K_{ℓ2} samples integrated over lepton momentum. The uncertainties on the background in the K_{μ2} samples are negligible. Data sample K^+(noPb) K^+(Pb) K^−(noPb) K^−(Pb) K_{e2} candidates 59813 63282 10530 12333 Muon halo (1.11 ± 0.09)% (1.51 ± 0.10)% (4.61 ± 0.18)% (7.86 ± 0.23)% K_{μ2} (6.11 ± 0.22)% (5.33 ± 0.19)% (5.76 ± 0.20)% (4.87 ± 0.17)% K_{μ2} (μ → e decay) (0.26 ± 0.04)% (0.27 ± 0.04)% (0.31 ± 0.09)% (0.19 ± 0.07)% K^± → e^±νγ (SD^+) (1.07 ± 0.05)% (4.01 ± 0.18)% (1.25 ± 0.06)% (3.95 ± 0.17)% K^± → π^0e^±ν (0.05 ± 0.03)% (0.28 ± 0.14)% (0.09 ± 0.05)% (0.37 ± 0.17)% K^± → π^±π^0 (0.05 ± 0.03)% (0.18 ± 0.09)% (0.06 ± 0.03)% (0.18 ± 0.09)% Opposite sign K – (0.04 ± 0.01)% – (0.25 ± 0.03)% Total background (8.65 ± 0.25)% (11.62 ± 0.33)% (12.08 ± 0.29)% (17.67 ± 0.39)% K_{μ2} candidates /10^6 18.027 18.433 3.069 3.288 Muon halo 0.39% 0.44% 0.77% 1.22%

comparing the values of f_γ measured from the data and from simulated K^± → π^0e^±ν(γ) samples. The quoted uncertainty includes contributions from the limited size of the control sample and the precision of the K^± → π^0e^±νγ (IB) decay simulation according to [16]. It translates into a systematic uncertainty of δR_K = 0.002 × 10^{−5} on the final result. No statistically significant variation of the material thickness over the data taking period (e.g. due to the helium purity variation) has been observed.

An independent validation of the material simulation has been performed using special data samples taken on two earlier occasions with low-intensity, mono-energetic e^± beams steered into the spectrometer. The rates of the radiated photons (produced only by external bremsstrahlung) agree between data and simulation within 1% precision.

Other sources of systematic uncertainty are the limited knowledge of the beam spectrum, profile and divergence, and the simulation of the LKr response to soft radiative photons. A separate uncertainty has been assigned to account for the finite precision of the spectrometer alignment.

3.4.2 Electron identification efficiency

Samples of electrons and positrons selected kinematically from K^± → π^0e^±ν and K^0_L → π^±e^∓ν decays have been used to calibrate the energy response of each LKr cell for each of the nine data taking periods defined for this purpose, as well as to measure the electron identification efficiency f_e as a function of LKr cell, track momentum and time. The overall inefficiency averaged over the K_{e2} sample is 1 − f_e = (0.72 ± 0.05)%, where the quoted uncertainty is mainly systematic. The corresponding correction to the final result is ΔR_K = (+0.018 ± 0.001) × 10^{−5}.

The inefficiency has been found to be highly stable in time: averaged over the momentum ranges p < 25 GeV/c (p > 25 GeV/c), it varies during the data taking from 0.43% to 0.44% (from 0.79% to 0.81%). Note that the electron identification criteria are different in the two momentum ranges, as explained in the last paragraph of Section 3.2.

3.4.3 Trigger and readout efficiencies

The (1.4 ± 0.1)% inefficiency of the Q_1 trigger condition, as well as the much smaller inefficiency of the 1-track trigger condition, nearly cancel between the K_{e2} and K_{μ2} samples due to their geometrical uniformity and long-term stability. The residual systematic bias is negligible. The inefficiency of the E_{LKr} condition, which enters only into the K_{e2} trigger chain, has been mea-

Figure 6: Stability of the R_K measurement versus lepton momentum and for independent data samples. Statistical and total errors of individual points are indicated with horizontal dashes. The result of the χ^2 fit to the 40 subsamples, with the combined statistical and systematic error, is shown by the horizontal lines and bands.

sured with a sample of K^± → π^0e^±ν events. It is found to be significant only in the lowest bin of lepton momentum (close to the 10 GeV trigger energy threshold). It varies in that bin over time from 0.15% to 0.5%, and is localized geometrically. The correction to the final result for the E_{LKr} trigger inefficiency amounts to ΔR_K = +0.001 × 10^{−5}, with a negligible uncertainty.

Energetic photons not reconstructed in the LKr may initiate showers by interacting with the DCHs or the beam pipe material, causing the DCH hit multiplicities to exceed the limits allowed by the 1-track trigger condition. The dominant background with a lost photon is from the K^± → e^±νγ (SD^+) decay. The corresponding 1-track trigger inefficiency for the background K^± → e^±νγ (SD^+) events in the K_{e2} sample has been evaluated by a MC simulation. The simulation has been validated by comparison with a data sample of K^± → π^0e^±ν events with two lost photons. The inefficiency has been found to vary from 0.06 to 0.21 depending on the electron momentum, and its relative systematic uncertainty has been estimated to be 30%. The correction to R_K for this effect is ΔR_K = (+0.003 ± 0.001) × 10^{−5}.

The misalignment of the LKr signal timing leads to a small global LKr readout inefficiency affecting the K_{e2} reconstruction only. This inefficiency has been measured to be 1 − f_{LKr} = (0.20 ± 0.03)% and found to be stable in time, using an independent readout system with larger granularity developed to monitor the trigger chain of the NA48 experiment [10]. The corresponding correction to the result is ΔR_K = (+0.005 ± 0.001) × 10^{−5}.

4 Averaging over the data samples

A χ^2 fit to the 40 measurements of R_K in individual subsamples (consisting of the 4 data samples, each subdivided into 10 lepton momentum bins) has been performed. The following correlations of the systematic uncertainties over subsamples have been taken into account.

• All systematic uncertainties related to the acceptance correction and electron identification efficiency are conservatively considered to be fully correlated among data samples and lepton momentum bins.

Table 2: Summary of the uncertainties on R_K .

Source δR_K × 10^5 Statistical 0.007 K_{μ2} background 0.004 K^± → e^±νγ (SD^+) background 0.002 K^± → π^0e^±ν, K^± → π^±π^0 backgrounds 0.003 Muon halo background 0.002 Spectrometer material composition 0.002 Acceptance correction 0.002 Spectrometer alignment 0.001 Electron identification inefficiency 0.001 1-track trigger inefficiency 0.001 LKr readout inefficiency 0.001 Total systematic 0.007 Total 0.010

• The systematic uncertainties on the decay rates of all background kaon decay modes, coming from other measurements [17], are fully correlated among data samples and lepton momentum bins. The most significant of these uncertainties is that of the K^± → e^±νγ (SD^+) decay rate.

• The systematic uncertainties on the muon and pion misidentification probabilities have components which are fully correlated among the data samples (the statistical errors of independent P_{μe} and P_{πe} measurements in a given lepton momentum bin) as well as components which are fully correlated among both data samples and lepton momentum bins (due to the model-dependent correction described in Section 3.3.2).

• The systematic uncertainties on the muon halo background normalization, which is relevant only for high lepton momentum bins, are fully correlated among the data taking periods. Uncertainties due to the residual differences of geometrical acceptances among data and muon halo control samples are correlated among lepton momentum bins.

• The systematic uncertainties due to the 1-track trigger inefficiency and LKr readout inefficiency are correlated among the data samples.

• The systematic uncertainties on the K^± → π^0e^±ν and K^± → π^±π^0 backgrounds due to imperfect simulation of multiple scattering at large angles and of the kaon beam spectrum, which affect the highest lepton momentum bin only, are correlated among the data samples.

The resulting correlation coefficients among the total uncertainties for the 40 subsamples range from 0.002 to 0.40. The fit result is

R_K = (2.488 ± 0.007_{stat.} ± 0.007_{syst.}) × 10^{−5} = (2.488 ± 0.010) × 10^{−5},

with χ^2/ndf = 47/39 (probability 18%). The stability of the measurements for bins of different lepton momentum (averaged over the four data samples) and for the different data samples (averaged over the ten momentum bins) is shown in Fig. 6. The contributions to the uncertainty of the result are summarised in Table 2.

Summary

The most precise measurement of R_K = Γ(K_{e2})/Γ(K_{μ2}) to date has been performed from a sample of 145958 K_{e2} candidates with an estimated background of (10.95 ± 0.27)% collected by the NA62 experiment in 2007–2008. The result R_K = (2.488 ± 0.010) × 10^{−5} is consistent with the earlier measurements and with the SM expectation. The experimental uncertainty on R_K is still an order of magnitude larger than the uncertainty on the SM prediction, which motivates further measurements at improved precision.

Acknowledgements

It is a pleasure to express our appreciation to the staff of the CERN laboratory and the technical staff of the participating laboratories and universities for their efforts in the operation of the SPS accelerator, the experiment and data processing. We gratefully acknowledge the excellent performance of the BlueBEAR computing facility at the University of Birmingham, where the simulations have been performed. We thank H. Wahl for helpful discussion.

References

[1] V. Cirigliano and I. Rosell, Phys. Rev. Lett. 99 (2007) 231801.

[2] A. Masiero, P. Paradisi and R. Petronzio, Phys. Rev. D74 (2006) 011701; JHEP 0811 (2008) 042.

[3] J. Girrbach and U. Nierste, arXiv:1202.4906.

[4] R.M. Fonseca, J.C. Romão and A.M. Teixeira, Eur. Phys. J. C72 (2012) 2228. [5] H. Lacker and A. Menzel, JHEP 1007 (2010) 006. [6] A. Abada et al., arXiv:1211.3052.

[7] F. Ambrosino et al., Eur. Phys. J. C64 (2009) 627. [8] C. Lazzeroni et al., Phys. Lett. B698 (2011) 105. [9] J.R. Batley et al., Eur. Phys. J. C52 (2007) 875. [10] V. Fanti et al., Nucl. Instrum. Methods A574 (2007) 433.

[11] GEANT Description and Simulation Tool, CERN Program Library Long Writeup W5013 (1994).

[12] J. Bijnens, G. Ecker and J. Gasser, Nucl. Phys. B396 (1993) 81. [13] S. Agostinelli et al., Nucl. Instrum. Methods A506 (2003) 250. [14] S.R. Kelner, R.P. Kokoulin and A.A. Petrukhin, Phys. Atom. Nucl. 60 (1997) 576. [15] A. Arbuzov, A. Czarnecki and A. Gaponenko, Phys. Rev. D65 (2002) 113006. [16] C. Gatti, Eur. Phys. J. C45 (2006) 417.

[17] J. Beringer et al. (PDG), Phys. Rev. D86 (2012) 010001.