Study of the rare decay K^+ → π^+γγ at the NA62 experiment

V. A. Duk^{a∗}, for the NA62 collaboration^†

a INFN Perugia, INR RAS Moscow

Abstract

Results of the study of a rare kaon decay K^+ → π^+γγ at the NA62 experiment are presented. The model-independent branching fraction and decay spectrum are measured and compared with previous measurements and the prediction of the Chiral Perturbation Theory. Combined results of NA48/2 and NA62 data samples are also discussed.

1 Introduction

Radiative non-leptonic decays provide a good opportunity to test the predictions of the Chiral Perturbation Theory (ChPT). The differential decay rate of K^± → π^±γγ process is calculated within ChPT in the next-to-leading order and can be parametrized in a following way [1]: ∂Γ ∂y∂z (ĉ, y, z) = m_K 2^9π^3 [ z^2 ( |A(ĉ, z, y^2) + B(z)|^2 + |C(z)|^2 ) + ( y^2 − 14 λ(1, r^2_π, z)

)_2 |B(z)|^2 ]

where z = m^2_{γγ} /m^2_K , y = p(q_1 − q_2)/m^2_K ; p, q_1 and q_2 are kaon and photon 4-momenta.

At the lowest order of ChPT O(p^4) the main contribution comes from the loop term A(z, ĉ) including pion and kaon loop amplitudes. This term is a function of an unknown parameter ĉ (ĉ ∼O(1) ). In the next-to-leading order ChPT O(p^6) an additional loop term B(z) appears in the differential decay rate. C(z) is a pole amplitude, its contribution does not exceed 5%

∗e-mail: Viacheslav.Duk@cern.ch †NA62 collaboration: G. Aglieri Rinella, R. Aliberti, F. Ambrosino, B. Angelucci, A. Antonelli, G. Anzivino, R. Arcidiacono, I. Azhinenko, S. Balev, J. Bendotti, A. Biagioni, C. Biino, A. Bizzeti, T. Blazek, A. Blik, B. Bloch-Devaux, V. Bolotov, V. Bonaiuto, M. Bragadireanu, D. Britton, G. Britvich, N. Brook, F. Bucci, V. Buescher, F. Butin, E. Capitolo, C. Capoccia, T. Capussela, V. Carassiti, N. Cartiglia, A. Cassese, A. Catinaccio, A. Cecchetti, A. Ceccucci, P. Cenci, V. Cerny, C. Cerri, O. Chikilev, R. Ciaranfi, G. Collazuol, P. Cooke, P. Cooper, G. Corradi, E. Cortina Gil, F. Costantini, A. Cotta Ramusino, D. Coward, G. D’Agostini, J. Dainton, P. Dalpiaz, H. Danielsson, J. Degrange, N. De Simone, D. Di Filippo, L. Di Lella, N. Dixon, N. Doble, V. Duk, V. Elsha, J. Engelfried, T. Enik, V. Falaleev, R. Fantechi, L. Federici, M. Fiorini, J. Fry, A. Fucci, L. Fulton, S. Gallorini, L. Gatignon, A. Gianoli, S. Giudici, L. Glonti, A. Goncalves Martins, F. Gonnella, E. Goudzovski, R. Guida, E. Gushchin, F. Hahn, B. Hallgren, H. Heath, F. Herman, D. Hutchcroft, E. Iacopini, O. Jamet, P. Jarron, K. Kampf, J. Kaplon, V. Karjavin, V. Kekelidze, S. Kholodenko, G. Khoriauli, A. Khudyakov, Yu. Kiryushin, K. Kleinknecht, A. Kluge, M. Koval, V. Kozhuharov, M. Krivda, Y. Kudenko, J. Kunze, G. Lamanna, C. Lazzeroni, R. Leitner, R. Lenci, M. Lenti, E. Leonardi, P. Lichard, R. Lietava, L. Litov, D. Lomidze, A. Lonardo, N. Lurkin, D. Madigozhin, G. Maire, A. Makarov, I. Mannelli, G. Mannocchi, A. Mapelli, F. Marchetto, P. Massarotti, K. Massri, P. Matak, G. Mazza, E. Menichetti, M. Mirra, M. Misheva, N. Molokanova, J. Morant, M. Morel, M. Moulson, S. Movchan, D. Munday, M. Napolitano, F. Newson, A. Norton, M. Noy, G. Nuessle, V. Obraztsov, S. Padolski, R. Page, V. Palladino, A. Pardons, E. Pedreschi, M. Pepe, F. Perez Gomez, M. Perrin-Terrin, P. Petrov, F. Petrucci, R. Piandani, M. Piccini, D. Pietreanu, J. Pinzino, M. Pivanti, I. Polenkevich, I. Popov, Yu. Potrebenikov, D. Protopopescu, F. Raffaelli, M. Raggi, P. Riedler, A. Romano, P. Rubin, G. Ruggiero, V. Russo, V. Ryjov, A. Salamon, G. Salina, V. Samsonov, E. Santovetti, G. Saracino, F. Sargeni, S. Schifano, V. Semenov, A. Sergi, M. Serra, S. Shkarovskiy, A. Sotnikov, V. Sougonyaev, M. Sozzi, T. Spadaro, F. Spinella, R. Staley, M. Statera, P. Sutcliffe, N. Szilasi, D. Tagnani, M. Valdata-Nappi, P. Valente, M. Vasile, V. Vassilieva, B. Velghe, M. Veltri, S. Venditti, M. Vormstein, H. Wahl, R. Wanke, P. Wertelaers, A. Winhart, R. Winston, B. Wrona, O. Yushchenko, M. Zamkovsky, A. Zinchenko

[1, 2]. Another important feature of the decay is a cusp structure in the invariant γγ mass (or, in other terms, in the distribution over z) at the double pion mass. Fig. 1 illustrates ChPT predictions for several values of ĉ.

Figure 1: Differential decay rate as a function of z for ChPT O(p^4) (left) and O(p^6) (right) for different values of ĉ.

The absolute value of the branching fraction predicted by ChPT is ∼10^{−6}. The first experimental measurement of the decay was done by BNL E787 experiment [3]. They selected 31 candidates in the following kinematic region: 100 MeV/c < p_π <180 MeV/c (here p_π is a pion momentum in the kaon rest frame). A significant improvement was done by NA48/2 [4] and NA62-R_K [5] experiments. These results are discussed in the paper.

2 NA62 experiment

The NA48/2 and NA62 experiments at the CERN SPS collected a large sample of charged kaon decays. The 2003-2004 Run (NA48/2) was dedicated to the search of CP violation, while in 2007-2008 (NA62) the main goal was to measure the ratio of two leptonic decay rates. Besides that, a lot of other studies were allowed, including the decay K^+ → π^+γγ.

At the first stage (called NA62-R_K ), the NA62 experiment used the NA48/2 setup (Fig. 2) which is widely described in literature [6]. The main parts relevant for the measurement of K^+ → π^+γγ decay are a magnetic spectrometer consisting of a dipole magnet and four drift chambers and a liquid krypton calorimeter. A charged hodoscope made of scintillator tiles provided a fast trigger signal.

Figure 2: NA48/2 experimental setup.

The kaon beam was produced by a CERN SPS proton beam (p=400 GeV/c) impinging on a berillium target. The kaon momentum was (60.0±2.2) GeV/c in 2003-2004 (NA48/2 data) and (74.0±1.4) GeV/c in 2007-2008 (NA62-R_K ).

3 Analysis of the 2007-2008 Run data

After several selections described in detail in [5] 232 candidates were chosen for the analysis with 17.4±1.1 background. Fig. 3 shows an invariant πγγ mass, while Fig. 4 illustrates the distribution over z. The cusp-like structure predicted by ChPT is clearly seen.

Figure 3: Distribution over πγγ mass. NA48/2 data are shown on the left, NA62-R_K on the right. Arrows indicate a selected signal region.

For the model-independent measurement of the branching ratio (BR) the kinematic range 0.2 < z < 0.55 was taken and divided into 8 small intervals (z-bins). The bin size was chosen so that the acceptance was model-independent within a bin. Summing up over z-bins, the following value was obtained: BR(MI) (z > 0.2) = (1.088 ± 0.093_{stat} ± 0.027_{syst})×10^{−6}. The main contribution to the systematic error comes from the background estimates.

From fitting the reconstructed z-spectrum (log-likelihood method is used) the parameter ĉ is extracted. It is evaluated within ChPT O(p^4) and O(p^6). Using the extracted value of ĉ it is possible to calculate model-dependent BR within ChPT O(p^6) in the whole kinematical range. The results are summarized in Table 1.

4 Combined NA48/2 and NA62 results

The NA48/2 data used for the analysis contain a dedicated run in 2004 with a special trigger (at least one track in the spectrometer and at least 10 GeV energy deposited in the calorimeter) and lower intensity.

Figure 4: Distribution over z = (m_{γγ} /m_K )^2 for the selected signal region. NA48/2 data are shown on the left, NA62-R_K on the right. Arrows indicate a selected signal region.

The combined data are shown in Fig. 5. The obtained numbers are summarized in Table 1. To compare NA48/2+NA62 results with the values obtained by the E787 experiment, external parameters should be synchronized. The NA48/2+NA62 results recalculated with the E787 external parameters are summarized in Table 2. The results are in a good agreement, with a significant improvement in the measurement accuracy.

Figure 5: Model-independent BR for selected z-bins. Black points correspond to the ChPT O(p^6) prediction (differential decay rate integrated over a bin) with ĉ=1.86.

data ĉ_4 ĉ_6 BR_{ChP T} (ĉ_6) × 10^6 BR(MI) ×10^6 NA48/2 1.37 ± 0.33_{stat} ± 0.14_{syst} 1.41 ± 0.38_{stat} ± 0.11_{syst} 0.910 ± 0.072_{stat} ± 0.022_{syst} 0.877 ± 0.087_{stat} ± 0.017_{syst} NA62-R_K 1.93 ± 0.26_{stat} ± 0.08_{syst} 2.10 ± 0.28_{stat} ± 0.18_{syst} 1.058 ± 0.066_{stat} ± 0.044_{syst} 1.088 ± 0.093_{stat} ± 0.027_{syst} Combined 1.72 ± 0.20_{stat} ± 0.06_{syst} 1.86 ± 0.23_{stat} ± 0.11_{syst} 1.003 ± 0.051_{stat} ± 0.024_{syst} 0.965 ± 0.061_{stat} ± 0.014_{syst}

Table 1: NA48/2 and NA62 results on ĉ and BR measurement.

data ĉ4 ĉ6 BR_{ChP T} (ĉ6) × 10^6 NA48/2+NA62 1.60 ± 0.20stat ± 0.06syst 1.56 ± 0.23stat ± 0.11syst 1.003 ± 0.051stat ± 0.024syst E787 1.6 ± 0.6 1.8 ± 0.6 1.1 ± 0.3stat ± 0.1syst

Table 2: Comparison between NA48/2+NA62 and E787 results. NA48/2+NA62 values are recalculated using E787 external parameters.

5 Conclusions

The decay K^+ → π^+γγ has been studied by NA48/2 and NA62 experiments. A cusplike structure in the distribution over z predicted by ChPT is confirmed. The results on BR and ĉ measurements from NA48/2 and NA62-R_K are combined. The model-independent BR is measured in the range z>0.2 and found to be (0.965 ± 0.061_{stat} ± 0.014_{syst}) × 10^{−6}. The ĉ parameter value is extracted within ChPT O(p^4) and O(p^6). The obtained values are in agreement with previous measurements.

References

[1] G. D’Ambrosio and J. Portolés, Phys. Lett. B386 (1996) 403.

[2] J.-M. Gérard, C. Smith and S. Trine, Nucl. Phys. B370 (2005) 1.

[3] P. Kitching et al., Phys. Rev. Lett. 79 (1997) 4079.

[4] J.R. Batley et al., Phys. Lett. B730 (2014) 141.

[5] C. Lazzeroni et al., Phys. Lett. B732 (2014) 65.

[6] V. Fanti et al., Nucl. Instr. Methods A574 (2007) 433.