IL NUOVO CIMENTO 48 C (2025) 91
DOI 10.1393/ncc/i12025-25091-4

CoLLoQulA: IFAE 2024

New results from analyses of rare K™ and 7 decays at NA62(*)

I. PANICHI on behalf of the NA62 COLLABORATION(**)

Universita degli Studi di Firenze and INFN, Sezione Firenze - Firenze, Italy

received 2 December 2024

(*) IFAE 2024 - “Intensity Frontier” session

(**) A. Akmete, R. Aliberti, F. Ambrosino, R. Ammendola, B. Angelucci, A. Antonelli,
G. Anzivino, R. Arcidiacono, T. Bache, A. Baeva, D. Baigarashev, L. Bandiera, M. Barbanera,
V. Bautin, J. Bernhard, A. Biagioni, L. Bician, C. Biino, A. Bizzeti, T. Blazek, B. Bloch-Devaux,
P. Boboc, V. Bonaiuto, M. Boretto, M. Bragadireanu, A. Briano Olvera, D. Britton, F. Brizioli,
M.B. Brunetti, D. Bryman, F. Bucci, T. Capussela, J. Carmignani, A. Ceccucci, P. Cenci,
M. Ceoletta, V. Cerny, C. Cerri, X. Chang, B. Checcucci, A. Conovaloff, P. Cooper, E. Cortina
Gil, M. Corvino, F. Costantini, A. Cotta Ramusino, D. Coward, P. Cretaro, G. D’Agostini,
J.B. Dainton, P. Dalpiaz, H. Danielsson, B. De Martino, M. D’Errico, N. De Simone, D. Di Fi-
lippo, L. Di Lella, N. Doble, B. Doébrich, F. Duval, V. Duk, D. Emelyanov, J. Engelfried,
T. Enik, N. Estrada-Tristan, V. Falaleev, R. Fantechi, V. Fascianelli, L. Federici, S. Fedotov,
A. Filippi, R. Fiorenza, M. Fiorini, O. Frezza, J. Fry, J. Fu, A. Fucci, L. Fulton, E. Gam-
berini, L. Gatignon, G. Georgiev, S. Ghinescu, A. Gianoli, R. Giordano, M. Giorgi, S. Giudici,
F. Gonnella, K. Gorshanov, E. Goudzovski, C. Graham, R. Guida, E. Gushchin, F. Hahn,
H. Heath, J. Henshaw, Z. Hives, E.B. Holzer, T. Husek, O. Hutanu, D. Hutchcroft, L. Ia-
cobuzio, E. lacopini, E. Imbergamo, B. Jenninger, J. Jerhot, R.W. Jones, K. Kampf, V. Keke-
lidze, C. Kenworthy, D. Kereibay, S. Kholodenko, G. Khoriauli, A. Khotyantsev, A. Kleimenova,
A. Korotkova, M. Koval, V. Kozhuharov, Z. Kucerova, Y. Kudenko, J. Kunze, V. Kurochka,
V. Kurshetsov, G. Lanfranchi, G. Lamanna, E. Lari, G. Latino, P. Laycock, C. Lazzeroni,
G. Lehmann Miotto, M. Lenti, E. Leonardi, S. Lezki, P. Lichard, L. Litov, P. Lo Chiatto,
R. Lollini, D. Lomidze, A. Lonardo, P. Lubrano, M. Lupi, N. Lurkin, D. Madigozhin, I. Man-
nelli, A. Mapelli, F. Marchetto, R. Marchevski, S. Martellotti, P. Massarotti, K. Massri, E.
Maurice, M. Medvedeva, A. Mefodev, E. Menichetti, E. Migliore, E. Minucci, M. Mirra, M. Mi-
sheva, N. Molokanova, M. Moulson, S. Movchan, M. Napolitano, I. Neri, F. Newson, A. Norton,
M. Noy, T. Numao, V. Obraztsov, A. Okhotnikov, A. Ostankov, S. Padolski, R. Page, V. Pal-
ladino, I. Panichi, A. Parenti, C. Parkinson, E. Pedreschi, M. Pepe, M. Perrin-Terrin, L. Peruzzo,
P. Petrov, Y. Petrov, F. Petrucci, R. Piandani, M. Piccini, J. Pinzino, 1. Polenkevich, L. Pon-
tisso, Yu. Potrebenikov, D. Protopopescu, M. Raggi, M. Reyes Santos, K. Rodriguez Rivera,
M. Romagnoni, A. Romano, I. Rosa, P. Rubin, G. Ruggiero, V. Ryjov, A. Sadovsky, K. Sala-
matin, A. Salamon, J. Sanders, C. Santoni, G. Saracino, F. Sargeni, J. Schubert, S. Schuchmann,
V. Semenov, A. Sergi, A. Shaikhiev, S. Shkarovskiy, M. Soldani, D. Soldi, M. Sozzi, T. Spadaro,
F. Spinella, A. Sturgess, V. Sugonyaev, J. Swallow, A. Sytov, G. Tinti, A. Tomczak, S. Trilov,
M. Turisini, P. Valente, B. Velghe, S. Venditti, P. Vicini, R. Volpe, M. Vormstein, H. Wahl,
R. Wanke, V. Wong, B. Wrona, O. Yushchenko, M. Zamkovsky, A. Zinchenko.

Creative Commons Attribution 4.0 License (https://creativecommons.org/licenses/by/4.0) 1



2 I. PANICHI on behalf of the NA62 COLLABORATION

Summary. — The CERN NAG62 experiment is dedicated to rare kaon decays. Data
collected during Runl (2016-2017-2018) already constitute the largest sample ever
of detected KT decays and offer unprecedented opportunities to test the SM or to
search for New Physics in a variety of rare kaon and pion decays. The preliminary
NA62 precision measurement of the 7° — ete™ decay branching fraction is reported
in the following, together with the recently published study of the KT — 7wty
decay and the first search for an axion-like particle (a) coupling to gluons in the
decay chain KT — 77a,a — vv.

1. — NA62, the K experiment at CERN

NAG2 is a fixed target experiment [1] at CERN Super Proton Synchrotron dedicated
to the study of the rare decays of the K™ meson, aiming to measure the branching ratio
(BR) of the K™ — v decay [2] with a precision comparable to its Standard Model
(SM) prediction: (7.86+0.61) x 1071 [3]. The availability of an high-intensity secondary
beam selected with 75 GeV /c momentum, 6% of which are KT, allowed NA62 to collect,
by several trigger lines running in parallel [4], the largest sample ever of KT decays. Runl
(2016-2017-2018) data provide unprecedented opportunities to test the SM or to search
for New Physics in a variety of kaon and pion rare decays. Several results have already
been published as, for example, the precision measurements of the K+ — 7T pu*u~ [5]
and KT — 7% vy [6] decays, the first search for the K+ — nTete~ete™ [7] decay, or
the searches for the lepton flavor violating K+ — 7t pu~et and 7% — p~et decays and
for the lepton number violating K™ — 7~ pTe™ mode [8].

In the following, the new measurement of the 7% — ete™ decay and the recentely
published study of the K+ — 77~y decay are reported, together with the first search
for an axion like particle (a) with gluon coupling in the channel K™ — 7%a,a — 7.

To be mentioned that, thanks to the possibility to run the experiment in dump mode,
NA62 program goes also beyond the KT physics, searching for direct production of exotic
particles at higher mass scales as, for example, in [9] and [10].

2. — Precision measurement of the 70 — eTe~ decay

Within the SM, the 7° — ete™ decay is O(107) suppressed with respect to the most
abundant 7 — vy mode (BR = (98.823 + 0.034)%) [11]) and a precision measurement
of its branching ratio would constitute a direct probe of the SM. However, as radiative
photons can be present in the final state, the observable is BR(m" — ete™ (), > 0.95),
the branching ratio inclusive of the final state radiation, with a cut-off on z = (m2,/m2,),
with m,. di-electron invariant mass. The cut-off is needed in order to reduce the otherwise
dominat 7% — veTe™ Dalitz decay to about 3.3% with respect to 7 — e*e~(y). By
using radiative corrections calculations, the measurement can then be extrapolated to
the full = range to obtain the exclusive BR(7" — eTe™,no — rad) to be compared with
theory. The latest previous measurement was performed by the Fermilab KTeV E799-11
experiment [12]: BRgTev(m — eTe™(7),2 > 0.95) = (6.44 £ 0.33) x 1078, extrapolated
to BRgTev(m — efe™,no — rad) = (6.85 £ 0.35) x 10~% once the latest radiative
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Fig. 1. — Di-electron invariant mass from the 7° — eTe™ NA62 measurement. Left: K+ —

mTeTe™ normalization sample; it has a purity > 99%. Right: NA62 data after K+ — 7772,
signal selection superimposed to the sum of MC samples. The preliminary NA62 measurement
of the 7° — eTe™ branching ratio is used to normalize Monte Carlo signal events to data.

calculatios are taken into account [13-15]. The ~ 20 tension of this result with respect to
the most precise theoretical prediction BRgy (7 — ete™, no—rad) = (6.2540.03)x 1078
[15] motivates a new measurement at NA62.

NAG62 analysed data collected in 2017 and 2018 with the multi-track electron trig-
ger line, searching the 70 — eTe™ mode in the K+ — 77 7% 7% — ete™ decay chain
(KT — ntrl,), referred to as signal here on. Monte Carlo simulations including the
latest radiative corrections [13,14] are used to estimate the expected background and the
acceptances. Figure 1 reports the final distributions of the reconstructed m.., the chosen
discriminating variable. The left hand side plot shows the di-electron mass spectra for
the normalization sample of selected KT — et e™ events, used to determine the effec-
tive number of K+ decays in the analysed data: Nx = (8.62 £ 0.084¢ £ 0.26,,;) x 1011,
Since the KT — wTeTe™ has the same topology as signal, measuring the branching
ratio with respect to this known SM mode allows a first order cancellation of system-
atic uncertainties. For the normalization selection, 140 < m.. < 360 MeV/c2 is con-
sidered, well above the 7° mass, where the signal is expected to peak, while for the
signal selection 130 < me. < 140 MeV/C2 is required, where KT — wtete™ consti-
tutes a flat and irreducible background. The normalization and the signal selections are
described in detail in [16]. Other backgrouds entering the signal selection come from
Kt — 7t7% 70 — veTe (= KT — 777Y%), due to the tail at large z of the 7% de-
cay, and from KT — 7t70 7% — efemete (= KT — nt7% ), due to the double
Dalitz 7% decay with two undetected e*. The right hand side of fig 1 reports the sig-
nal region; signal MC sample is scaled according to NA62 measurement of the inclusive
79 — eTe~branching ratio, obtained from a maximum likelihood fit of simulated sam-
ples to the m.. data distribution. The branchig ratios of the other decays are taken
as known external inputs from [11]. The fitted signal event yield is 597 + 29 (x?/ndf :
25.3/19, p — value : 0.152), and the preliminary measurement of the inclusive branching
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ratio is BRnae2(m° — ete™(7), 2 > 0.95) = (5.86 £ 0.304¢a¢ +0.116ys £0.19ex¢) X 1078 =
(5.86 £ 0.37) x 1078, When extrapolating using the latest radiative corrections [13,14]:
BRnas2(7 — eTe™, no — rad) = (6.22 £ 0.39) x 1078. NA62 inclusive measurement
is compatible with the KTeV one, with similar precision but lower central value, lead-
ing to an NAG62 exclusive measurment in agreement with the theoretical expectations
in [15]. The measurement is limited by the statistics, that will be increased by including
data collected during Run2 (2021 to long shutdown 3 of CERN accelerator complex)
by an optimized multi-track electron trigger line, with reduced downscaling with re-
spect to Runl. Also, as the total external uncertainty is dominated by the knowledge of
BR(K* — ntete™), an analysis is planned at NA62 to get a new measurement of this
mode.

3. — Measurement of the K™ — 7"yy decay

Radiative non-leptonic kaon decays constitute crucial tests of the Chiral Perturbation
Theory (ChPT), which describes low-energy QCD processes. In particular, for the K™ —
7+57 decay, the ChPT description has been developed at both leading (O(p*)) and next-
to-leading order (O(p®)) [17-19], and depends on a single unkonwn a priori real parameter
(¢). At O(p®) the K+ — 7T, decay rate depends also on external parameters, fixed
according to [20].

NA62 recently performed a new study of the K+ — mT~v decay [21] on data col-
lected during 2017 and 2018 by the minimum-bias trigger lines. The main discriminat-
ing variable of the study is related to the di-photon invarinat mass z = (m.,/mg)?,
with my, = \/(q1 + ¢2)? and ¢1 2 reconstructed photons four-momenta. The interval
0.20 < z < 0.51 is considered as signal region, while the range 0.04 < z < 0.12 is used
for the estimate of the effective number of KT decays (Nx = (5.55 + 0.03) x 10'9) as it
is dominated by the abundant K™ — 7 77% 70 — 44 decay (z = 0.075 if m,, = mY),
chosen as normalization mode. The signal and normalization selections are described
in details in [21]. After the signal selection 3984 events are observed in data with an
expected background of 291 4+ 14 events, estimated from simulations.

Figure 2 shows the observed di-photon mass spectrum in the signal region after the
signal selection, together with the results of the min x? fits to data performed assum-
ing the O(p*) (left) and O(p®) (right) ChPT descriptions for the MC simulation of the
KT — 7ty decay. The main background contributions are also showed, the dominant
one coming from the merging of the energy deposits in the NA62 homogeneous elec-
tromagnetic LKr calorimeter produced by overlapping showers from the photons of the
K+ — 7t70%(5), 7 — 47 decay chain. The observed mass spectrum is not well repro-
duced if the ChPT description at the leading order is assumed (p — value = 2.7 x 1078)
and provides the first experimental evidence for the need of a description at least at the
next-to-leading order (p — value = 0.49). The NAG62 fitted value of the ¢ parameter is
eonpT opo) NAc2 = 1.144 £0.069514¢ £ 0.034,y5, and BReypr ops) nac2(KT — mhyy) =
(9.61 £ 0.15540¢ £ 0.07,y5) X 10~7 from the intregration of the analytical differential am-
plitude over the whole possible kinematic range once ¢ = ¢y, pr o(ps) Na62 is fixed. The
value of the branching ratio is consistent with the most precise previous measurement [22]
but with a precision improved by a factor j 3. NA62 provided also a model-independent
estimate of the branching ratio, obtained in bins of z in the signal region and then
integrated: BRyi1, nag2(KT — m7yy]z > 0.20) = (9.46 £ 0.19444¢ & 0.07,y5) x 1077,
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Fig. 2. — Reconstructed z spectrum after the K+ — 77yy selection. NA62 data are superim-
posed with summed signal and background MC samples. K+ — 77~ spectra are simulated
fixing ¢ to the result of the min x? fit assuming the leading order (left) or the next-to-leading
(right) order ChPT description. Blu arrows indicate the region used for the fits.

4. — First search for NP in the K™ — nta,a — vy decay

The first search for an axion like particle (ALP) with gluon coupling in the channel
K+ — nta,a — vy was also performed starting from the sample of data selected by the
Kt — 7t~ selection [21]. Assuming the KT — 7"+~ as the main background and a
prompt a — vy decay, a peak search is performed in the distribution of the missing mass
Mmiss = \/ (P — Pr)?, with Pg () reconstructed four-momentum of the K(nT), in the
interval (207, 350) MeV/c” in steps of 0.5 MeV/c>. The ALP mass resolution ranges from
2.0 t0 0.2MeV/ ¢® over the whole range considered. Figure 3 left shows the upper limit at
90% C.L. of BR(K+ — mTa)x BR(a — ) as a function of the ALP mass (m,) obtained
once the upper limit on the number of signal events is estimated for each considered m,,
by using the CLs method [24]; the expected background and signal acceptances (< 8%
for every m,) are estimated from simulations.

These results can be extended to the case of ALP with finite lifetime and, assuming a
BC11 new physics scenario [23], the red region of parameter space shown in fig. 3 right
is exluded by NA62. Other regions of the same parameter space were already excluded
by the NA62 searches for new particles long lived or decaying into invisible (Xj,y) in the
K+ — 77 Xjyy decay [2] and 7% — X, decay [25].

5. — Conclusions

The new NA62 measurement BR(7" — ete™, no—rad) = (6.2240.39) x 10~8 is in full
agreement with the latest SM predictions and does not confirm the ~ 20 tension observed
by KTeV. NA62 provided the first evidence for a next-to-leading order ChPT description
to reproduce the observed di-photon mass spectrum of the KT — 7ty decay, and
measured éop,pr o(pey = 1.144£0.077 and BReypro(ps) (KT — 7yy) = (9.614£0.17) x
10~7. The first search for an ALP with gluon coupling in the K+ — 7ta,a — vy mode
was also performed, excluding new regions of the BC11 model parameter space.
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Fig. 3. — Left: KT — nta,a — vy branching ratio upper limit at 90% C.L. as a function of
the ALP mass for prompt a — 77y decay. Right: parameter space of a BC11 ALP; red regions
are excluded by NA62 by the generalization to finite ALP lifetime of the upper limits on the
left plot. To be noted that the relation 1/fa ~ /7, exists between the ALP coupling to gluons
(fe) and its lifetime (74).
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