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A search for K (S)(L) — T x~ T~ decays is performed using proton-proton collision data collected by the

LHCb experiment at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 5.4 fb~!.

No Kg(L)

— '~ putu signals are found and upper limits are set for the first time on the branching fractions

B(KS = ntaptp~) < 1.4x 107 and B(KY > a*z~up~) < 6.6 x 1077, at the 90% confidence level.

DOI: 10.1103/s1dv-cv1t

I. INTRODUCTION

Radiative decays of neutral kaons, in which a virtual
photon converts into a Dalitz pair of leptons, provide
a powerful laboratory for testing chiral perturbation theo-
ries and studying CP violation [1]. In particular, the
K - ntay*, with y* — £¢, decay proceeds through
two different processes: inner bremsstrahlung, in which
the virtual photon is emitted from the external charged
pions, and direct emission, where the photon is generated at
the weak vertex (Fig. 1). The CP information is encoded in
the photon polarization and, equivalently, in the distribution
of the angle between the dipion and dilepton planes [2]. As
the K and K9 mesons have opposite CP eigenvalues, the
K) > 7tz7y* and K% — ntz7y* decays provide comple-
mentary constraints. The short-lived mode is dominated by
the K — ztz~ process with inner bremsstrahlung and
gives access to the long-distance (LD) chiral terms, while
the long-lived mode is dominated by the direct emission (as
the K — 7z~ decay is heavily suppressed) and grants
access to CP-violating terms [2].

Dalitz decays of the electron modes, K (S) = nnete,

have been observed by KTeV [3] and KEK [4]
Collaborations. The most recent and precise results are
provided by NA48 collaboration. Their branching fractions
B(K) - atz=ete™) = (3.08 £0.09 +0.18) x 1077, and
B(K? - ntnete™) = (4.83+£0.11£0.14) x 1075 [5,6],
differ by 2 orders of magnitude, as expected due to the
opposite CP eigenvalues [2,7].

The equivalent muonic mode, Kg(L) - ottt
probes higher values of lepton-pair invariant mass (g),
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and thus has larger sensitivity to CP-violating observables
where the direct emission contribution is enhanced with
respect to the electron mode. The K(S)(L> - atnutu
decay is highly suppressed in the standard model
due to the phase-space limitations presented by the
~7 MeV/c? difference in mass between the parent K(S)(L)

and the four final-state particles. Theoretical calculations of
B(KY — n*a~pt ™) are dominated by LD contributions to
the K — ntx~y* decay, and give B(KY — zta—ptp~) =
(417.00 + 2.17 + 49.80) x 107! [1], where the first term is
due to a bremsstrahlung photon emitted by the pion, the sec-
ond term accounts for the direct emission of the photon at
the weak vertex, and the last term represents their inter-
ference. Theoretical calculations for B(KY — ztz=¢+¢7)
have been performed in Refs. [2,7,8] for £ = e, but no
specific prediction is given for B(KY — ztz~u*u").
Experimentally, neither the K2 — 7"z u"u~ nor the
K — ztz ™ decays have been searched for before.
The LHCDb experiment [9] has proven its strong capabil-
ities to study rare kaon decays thanks to its excellent tracking
and particle identification (PID) performance, versatile
trigger system, and large hadron production rate. LHCb
collaboration has previously set world-best upper limits on
B(KS — ptu™) [10] and B(KYy ) — phuu'p”) [11].
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FIG. 1. Tree-level diagrams in chiral perturbation theory for the

K% = zt7~y* decay with (left) inner bremsstrahlung and (right)
direct emission of a y* photon.
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This paper presents the first-ever search for
K(S) L= ata~utu~, using proton-proton (pp) collision
data collected by the LHCb experiment during 2016-2018
at a center-of-mass energy of 13 TeV, and corresponding to
an integrated luminosity of 5.4 fb=!.

II. ANALYSIS STRATEGY
The branching fractions are measured with respect to the
K} — zta~ decay, according to

B(Kg(L> - ”+ﬂ_l’t+/’t_) = aS(L)Nﬂﬂr’;ﬁlf’ (1)

where the normalization factor agy ), also known as single-
e e 1.
event sensitivity, is defined as
81((5)—»;1*71"

asq) = B(KS —» ntn7) . (2)

+ 7~ EKO + oty
T KS(L)_)ﬂ”ﬂM

The parameter exo_ ;- (ng(L)_)ﬁﬂ_”w_) represents the
product of the reconstruction, trigger, and selection effi-
ciency of K% — ntn~ (Kg<L> — atx~utu~) candidates.
The observed number of Kg w = xtx~utp~ candidates is

Nzt - the observed number of K — z*z~ candidates
is Nyp-, and B(KS — zt727) = (69.20 £ 0.05)% [12] is
the branching fraction of the normalization channel. The
K — 7"z~ normalization channel is selected due to its
abundant rate. Furthermore, it enables cancellation of the
K° production rate and reduces systematic uncertainties
related to final-state particle reconstruction.

At LHCb, the K{ - 72tz ptu~ and K -zt ptyu~
decays are indistinguishable on an event-by-event basis [9].
For this reason, the K{ contribution is not considered when
setting the upper limit for K 2 — ata~utu~, and vice versa.
As a consequence, the set upper limits are more
conservative than they would be if the K3 and K modes
could be distinguished. The LHCb acceptance for K
decays is ~2 x 1073 times that of the Kg modes [9].
The only relevant difference between Kg >t utu
and K — 7"z u"pu~ at the reconstruction level is the
lifetime. As a consequence, the selection strategy is
optimized for KS — 7zt~ putu~ decays and then applied
to KY —» ztaptu~ decays. The K3—K) interference is
ignored, as K and K° mesons are produced in similar
amounts at LHC [13].

III. LHCB DETECTOR AND TRIGGER

The LHCb detector [14,15] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < 5 < 5,

'"The value of B(KY — a7z u*u~) corresponding to one
signal event seen in the data sample.

designed for the study of particles containing b or ¢ quarks.
The detector used for this analysis includes a high-precision
tracking system consisting of a silicon-strip vertex detector
(VELO) surrounding the pp interaction region [16], a
large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 T m,
and three stations of silicon-strip detectors and straw drift
tubes [17] placed downstream of the magnet. The tracking
system provides a measurement of the momentum (p) of
charged particles with a relative uncertainty that varies from
0.5% at low momentum to 1.0% at 200 GeV/c. The
minimum distance of a track to a pp collision vertex
(PV), the impact parameter (IP), is measured with a
resolution of (15 + 29/py) pm, where py is the compo-
nent of the momentum transverse to the beam axis, in
GeV/c. Different types of charged hadrons are distin-
guished using information from two ring-imaging
Cherenkov (RICH) detectors [18]. Photons, electrons,
and hadrons are identified by a calorimeter system con-
sisting of scintillating pad and preshower detectors, and an
electromagnetic and a hadronic calorimeter. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [19]. In addition,
information from the tracking system, the calorimeter
system, and the RICH detectors is used to further improve
the muon identification.

Events are first filtered by a hardware trigger, known as
LO [20], which uses information from the calorimeter and
the muon system to select muon candidates with p above a
few GeV/c. Subsequently, a full event reconstruction is
applied in the high-level trigger (HLT), which is subdivided
into two steps, HLT1 and HLT2. The HLT1 algorithms for
strange decays were improved in 2016 [21,22], boosting
the efficiency of the Kg — ata~utu~ channel, amongst
others. For this reason, only the 2016-2018 data are
considered in this measurement. In the off-line selection,
trigger signals are associated with reconstructed particles.
Selection requirements can therefore be made on the trigger
selection itself and on whether the decision was due to the
signal candidate (trigger on signal, TOS) or other particles
produced in the pp collision (trigger independent of signal,
TIS). To enhance the LO trigger efficiency, events fulfilling
either the TIS or TOS requirements are considered in this
analysis. The KO — 7"z~ normalization channel candi-
dates are reconstructed from data selected by a trigger line
requiring only the presence of a pp interaction, providing
an unbiased representation of the collision. The triggered
data further undergo a centralized, off-line processing
step [23].

Simulation is used to model the effects of the detector
acceptance and selection requirements. In the simulation,
pp collisions are generated using PYTHIA 8 [24,25] with a
specific LHCb configuration [26]. Decays of unstable
particles are described by EvtGen [27], in which final-state
radiation is generated using PHOTOS [28]. The interaction of

072001-2



SEARCH FOR K§ — ztz iy ...

PHYS. REV. D 113, 072001 (2026)

the generated particles with the detector, and its response, are
implemented using the Geant4 toolkit [29,30], as described in
Ref. [31]. The simulated samples are corrected to account for
known data simulation differences in the K(s) production
kinematics, as well as the track reconstruction and PID
efficiencies. The analysis strategy is developed using
Kg — ata ptu~ simulated samples. Given the K{ decay
only differs due to its lifetime, the KV — ztz—ptyu~
efficiency is obtained by weighting the decay time distri-
bution of the simulated K(S) — xtz~ut = sample to match
that of the K? meson.

IV. SIGNAL SELECTION

This measurement benefits from the large kaon produc-
tion cross section at the LHC, approximately 0.3 b for both
K and K? mesons [9], as well as from the forward
production of kaons, which fall within the LHCb detector
acceptance. The Kg candidates from both the signal and the
normalization channels are required to originate from a PV.
In case of multiple choices, the PV that fits best to the
flight direction of the K candidate is chosen as the
associated PV. Candidate Kg — ata utu~ decays are
reconstructed by combining pairs of oppositely charged,
well-identified muons and pions originating from a
common vertex, displaced from the PV. Candidates with
an invariant mass in the region 490 < m(z a putu") <
600 MeV/c? are retained for further analysis. In order to
avoid experimenter’s bias, selected candidates in the
region 490 < m(z 7z~ u ™) < 510 MeV/c?, which con-
tains approximately 97% of the signal, were removed from
the data sample until the analysis procedure had been
finalized.

Given the relatively long lifetime of the K3 meson, only
about one-third of its decays occur inside the VELO, while
the remainder take place downstream in the detector.
Decays inside the VELO can be reconstructed with an
invariant-mass resolution roughly twice as good as those
outside. Moreover, the online event selection relies on
tracks with hits in both the VELO and the downstream
tracking stations. Consequently, only decays taking place
inside the VELO are retained in this analysis.

Several selections are applied to reconstructed candi-
dates in order to further reduce background contributions.
These include requirements on the maximum distance of
closest approach between any pair of the four signal tracks,
the flight distance from the PV of the K3 candidate on the
plane transverse to the beam direction, the angles between
the two muon and the two pion tracks, and PID variables of
the final-state pions and muons.

The only non-negligible background source in the signal
channel arises from random combinations of tracks, which
originate from a pp interaction region or from inelastic
interactions of the products of the pp collision with the

detector material. A boosted decision tree (BDT) [32,33]
classifier implemented in the XGBoost package [34] is used to
further separate the signal from the combinatorial back-
ground. One BDT per trigger category (TIS and TOS) is
used, each including as discriminating variables:

(i) the significance of the distance between the candi-
date decay vertex and any element of the VELO
material [35];

(ii) the smallest IP value of each of the muon and pion
candidates with respect to any of the PVs recon-
structed in the event;

(iii) the smallest IP value of the Kg candidate to any of
the PVs reconstructed in the event;

(iv) the difference in y* of the PV fit when the K3 can-
didate is or is not included;

(v) the transverse displacement of the K3 decay vertex
from the beam line; and

(vi) the maximum distance of closest approach between
any pair of the four final-state tracks.

The BDT is trained with simulated K g — T a~utu decays
as a proxy for the signal, and #*z~ p*p~ combinations with
an invariant mass m(z "z~ putu~) > 510 MeV/c? as a proxy
for the background. To mitigate the effects of statistical
fluctuations and minimize overtraining, the k-fold method
[36], with k = 6, is used during the training.

The BDT requirement is optimized for the best expected
upper limit at the 90% confidence level (CL) using
pseudoexperiments, performing fits as explained below.
The BDT requirement corresponds to a signal efficiency of
approximately 80% (95%) for the TIS (TOS) sample, and a
background suppression above 99.9%. After the BDT
selection requirement, in the case of multiple candidates
per event, a single candidate is chosen arbitrarily.

V. FIT MODEL AND NORMALIZATION
DECAY MODE

The signal yield N+ ,-,+,~ is obtained from a simulta-
neous, extended unbinned maximum-likelihood fit to the
four-track invariant-mass distributions of the signal candi-
dates in the two trigger categories. The invariant-mass
distributions of the selected candidate events, and the result
of the described mass fit, are shown in Fig. 2. No physical
candidates with an invariant mass lower than 490 MeV/ c?
can exist due to conservation of energy. To account for this,
the invariant-mass distribution of the background follows
the distribution of the available momentum in a two-body
K% — (a"n7)(utu~) decay. This distribution is modeled
by a function with only one free parameter, which dictates
the kinematic threshold of the candidates,

VA if A>0

, 3
0 if A<O ®)

om.) = {

with
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FIG.2. Invariant-mass distribution of selected K3 w> atautu
candidates in the TIS and TOS trigger categories combined.
The blue lines show the result of a simultaneous fit to both
categories.

A— [(m _A)2 - (2m}t + Zmﬂ)z] [(m _A)2 - (2m” - 2mﬂ>2]
N 4(m—A)?

4)

where m is the four-track invariant mass m(ztz u"pu™),
and A is its minimum value, which can exceed the sum of
the masses of the two pions and two muons due to the
requirements on the minimum angle between the decay
products. Specifically, Q is the center-of-mass momentum
in a two-body decay, introducing an offset, A, on the mass
of the origin particle, m, that models the kinematic thresh-
old for the detector. The A parameter is extracted from the
fit. The background model is validated on background-
enriched data obtained by loosening the BDT selection
requirement. The KQ — #*z~pu"pu~ signal invariant-mass
shape is parametrized by the sum of two Crystal Ball
functions [37], with the same peak position, and power-law
tails on opposite sides of the distribution. The parameter
values of the signal distribution are obtained from simu-
lated events with corrections obtained from a fit of
Kg — ntz~ decays in data, following Ref. [10].

The Kg — ntx~ candidates, selected by combining two
well-identified pions with opposite charge originating from
a common vertex, are further restricted to specific regions
of the Armenteros-Podolanski plane [38] in order to
suppress contributions from A — pz~ and A — pxt
decays, as seen in Fig. 3. The details of the selection used
can be found in the Appendix. The N, ., value is
determined as the number of candidates in the mass range
400 < m(z*t7~) < 600 MeV/c?. Due to the negligible
background contribution after the selection in the

are the longitudinal momentum asymmetry between the pos-
itively (p;) and negatively (p;) charged pions, and the transverse
momentum of the pions with respect to the K2 flight direction,
P’ The blue region, containing K — z* 7~ decays, is accepted,
while the red regions, containing background from A — pz~ and
A — prt decays, are rejected.

K — 7z~ sample, as illustrated by Fig. 4, no fit to the
invariant-mass distribution is performed to determine the
number of K — ztz~ decays.

The efficiencies are assumed to factorize according to

£ = gieco gsel/reco gtrig/sel . (5)

Here, € is the reconstruction efficiency, gsel/reco g the
selection efficiency for the reconstructed signal candidates,
and £"¢/5¢! i the trigger efficiency for selected candidates.
The £ efficiency includes track and vertex reconstruction
effects and is estimated from simulation to be ~0.2% for
K) - ztaptu~ decays and ~1.5% for K3 — ntn~
decays. The &</©° efficiency, for K% — ztz utu~
decays, includes the BDT and PID requirements and is
estimated to be around 7%. The equivalent efficiency for
K — n"z~ decays includes the cut on the Armenteros-
Podolanski plane, and it is approximately 46%. Lastly,
the eie/s¢! efficiency is determined to be around 1% for
K — n"a~uu~ decays. The unbiased trigger selection
used for the K — 7"z~ mode is too loose to record every
selected event. The acceptance rate is artificially reduced by
considering only one event in every 10~7 collision. This is
considered as trigger efficiency for the K% — 7"z~ mode.
The efficiencies are calculated using simulation samples
with corrections derived from K(S) — ntx~ decays in data.
The tracking efficiency is obtained using dedicated control
samples of J/y — ptu~ and K — ztz~ decays using a
tag-and-probe method [39]. Similarly, PID efficiencies are
obtained using calibration samples of low-momentum
muons from J/y — ptu~ decays collected concurrently
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FIG. 4. Invariant-mass distribution of the selected K3 — z' 7z~
candidates.

with the data used for the analysis. The relatively low
selection efficiency for the K — z"z~u"p~ channel is
primarily driven by the limited phase space available, the
small mass difference between the K9 and the four final-
state particles results in low-pt final-state products and
small opening angles. This makes it difficult to distinguish
signal tracks from the background produced in pp colli-
sions without a significant loss in efficiency. The trigger
efficiencies obtained in simulation are validated with

K’ — ni/ﬁ(;)ﬂ decays, by comparing the trigger effi-
ciency in simulation and data, as described in Ref. [10].
The simulated samples used to compute the efficiencies are
generated assuming the decay amplitude is uniform over
the phase space of the K? particle without accounting for
the presence of any intermediate resonances. The obtained
efficiencies are verified to be independent of such effects.
The efficiency for the KY — ztz~u*u~ decay is derived
using the same procedure applied to K3 — 7tz ptyu~
simulated samples, weighted to reproduce the K lifetime,
as mentioned in Sec. III.

VI. SYSTEMATIC UNCERTAINTIES

Table I shows the sources of systematic uncertainty on ag
considered in this analysis. The systematic uncertainties are
incorporated into the fit of the signal-candidate mass
distribution as Gaussian priors on the single event sensi-
tivity. For convenience, sources of systematic uncertainty
are separated into those acting independently on each
trigger category and those affecting the overall normaliza-
tion factor.

A 1% systematic uncertainty on the efficiencies accounts
for minor modifications of the trigger selection criteria
throughout the Run 2 data-taking period. These are deter-

mined by comparing the yields of triggered K* — ni/ﬁ(z_)ﬂ

TABLE L. Summary of the sources of systematic uncertainty, as
well as their relative effect on the single event sensitivity, as.

Source Relative effect (%)
Variations in data taking 1
Data/simulation differences 9
K} — ntn~ yield 1
PID 2
Tracking 2
LO 9 (TIS), 11 (TOS)
HLT 13
Total 18 (TIS), 19 (TOS)

and Kg — ntx~ decays from the trigger-unbiased data.
To compute the systematic uncertainty associated with the
corrections applied to the simulation, the efficiency ratio is
recomputed with and without corrections on the kaon
momenta. Half of the correction is taken as the systematic
uncertainty and amounts to a 9% effect on agq,). The
systematic uncertainty on the K (s) — mtx~ yield is evaluated
by comparing the number of selected K(S) — 'z~ candi-
dates in data with the yield obtained from a fit to the z7z~
invariant mass with a floating background component
modeled as an exponential function. A 1% systematic
uncertainty contribution is found to cover any variation.
The uncertainty on the PID efficiency corrections is propa-
gated to the ratio of efficiencies and gives an additional 2%
systematic uncertainty. The differences between data and
simulation in the track reconstruction efficiencies, deter-
mined using control channels from data, are covered by a 2%
systematic uncertainty. The LO and HLT efficiencies
for the K% — "z pu*u~ signal are determined using

) Lo
K - ntuF v , decays as control modes. The efficiencies
are found to be compatible between data and simulation, and
their difference is used as the systematic uncertainty,

following Ref. [10]. The K0—>7ri/ﬁ<;)ﬂ sample at LHCb
is composed of K2 and K? in similar amounts, due to a
compensation between the different branching fractions
[40-42], and the different reconstruction efficiency driven
by the decay-time acceptance, which produces similar decay-
time distributions for reconstructed K? and K2 decays.
A systematic uncertainty of 1.4% is added to the relative
efficiency between K% — #tz=pu*p~ and KO -zt ptp~
decays, when measuring B(K? — z"z~p"u~). This system-
atic uncertainty covers the difference of the efficiency
ratio across the data-taking period as well as uncertain-
ties related to the limited simulation sample size. The
systematic uncertainties from the signal and background
invariant-mass models are negligible at the current level
of precision. The uncertainty on the branching fraction
B(KS — nt7~) = (69.20 £ 0.05)% induces a 0.07% uncer-
tainty on ag(), also considered negligible.
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VII. RESULTS AND CONCLUSIONS

The number of trigger efficiency—corrected Kg - ata
decays is found to be (8.79 £ 0.11) x 10'2. The efficiency
ratios, ko, / EKYrtayty» Are determined to be
(29 +0.3) x 10* and (5.4 +0.5) x 10* for the TIS and
TOS categories, respectively. Note that the trigger effi-
ciency is considered in the K(S) — ntx~ yield instead of on
the efficiency ratios. The obtained normalization factors are
all=(2.27+0.42)x1071% and al%5=(4.2140.81)x 1071,
assuming that the muons and pions are uniformly distrib-
uted in phase space for K§ — z*z pu*pu~ decays. The
normalization factors, ag and argg, are derived for the
K? — nta~utu~ decay, using Eq. (2), and the efficiency
for KY - zta putu~ decays, computed as described
in Sec. V.

The final data are consistent with the background-only
hypothesis at the level of 1.9 standard deviations, showing
no evidence for a signal. Upper limits are set, at 90% CL,
by integrating the exponent of the negative profiled log-
likelihood up to 90% of its total area, validated using
pseudoexperiments. The upper limits are determined to be

B(KS — ztaptu™) < 1.4%x107°,
B(K? - ztautu™) < 6.6x 107,

where the limit on each decay mode assumes the absence of
the other.
In summary, a search for the K w = xtnutu~ decays

has been performed using pp collision data recorded at
LHCb between 2016 and 2018, corresponding to an
integrated luminosity of 5.4 fb~!. No evidence for signal
is found, and an upper limit for each mode is reported for
the first time.

ACKNOWLEDGMENTS

We express our gratitude to our colleagues in the CERN
accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCD institutes. We acknowledge support from CERN
and from the following national agencies: ARC (Australia);
CAPES, CNPq, FAPERJ, and FINEP (Brazil); MOST and
NSFC (China); CNRS/IN2P3 and CEA (France); BMFTR,
DFG, and MPG (Germany); INFN (Italy); NWO
(Netherlands); MNiSW and NCN (Poland); MCID/IFA
(Romania); MICIU and AEI (Spain); SNSF and SER
(Switzerland); NASU  (Ukraine); STFC  (United

Kingdom); DOE NP and NSF (USA). We acknowledge
the computing resources that are provided by ARDC
(Australia), CBPF (Brazil), CERN, IHEP, and LZU
(China), IN2P3 (France), KIT and DESY (Germany),
INFN (Italy), SURF (Netherlands), Polish WLCG
(Poland), IFIN-HH (Romania), PIC (Spain), CSCS
(Switzerland), and GridPP (United Kingdom). We are
indebted to the communities behind the multiple open-
source software packages on which we depend. Individual
groups or members have received support from RTP
(Australia), Key Research Program of Frontier Sciences
of CAS, CAS PIFI, CAS CCEPP, Fundamental Research
Funds for the Central Universities, and Sci. & Tech.

Program  of  Guangzhou (China);  Minciencias
(Colombia); EPLANET, Marie Sklodowska-Curie
Actions, ERC, and NextGenerationEU (European

Union); A*MIDEX, ANR, IPhU, and Labex P2IO, and
Région Auvergne-Rhone-Alpes (France); Alexander-von-
Humboldt Foundation (Germany); ICSC (Italy); Severo
Ochoa and Maria de Maeztu Units of Excellence, GVA,
XuntaGal, GENCAT, InTalent-Inditex, and Prog. Atraccién
Talento CM (Spain); the Leverhulme Trust, the Royal
Society, and UKRI (United Kingdom).

DATA AVAILABILITY
The data that support the findings of this article are
openly available on [43].
APPENDIX: ARMENTEROS-PODOLANSKI
REQUIREMENT

As described in Sec. V, the K& — 7z~ sample is selected
using a requirement in the Armenteros-Podolanski plane.
Such cut is defined as

2
M2 — M2 Mppgo 2
<a i ) a + L) -1
My 2p* . /pég + M3 (p")
> 0.3,
where, a = ;ﬁ% is the longitudinal momentum asymmetry
L L

between the positive and negative final-state tracks, p; and
pr are the longitudinal and transverse track momentum with
respect to the origin particle momentum in the laboratory
frame, and p* = [(M3 — M2 — M2)* — AM2 M2/ (AM3) is
the magnitude of final-state track momentum in the center-
of-mass frame, assuming a A decay.
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