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The NA62 experiment

Main goal: measurement of BR(K
+ ! ⇡+⌫⌫̄) with O(100) events

NA62 Collaboration consists of ⇠200 participants from: Birmingham, Bratislava,

Bristol, Bucharest, CERN, Dubna, Fairfax, Ferrara, Firenze, Frascati, Glasgow,

Lancaster, Liverpool, Louvain, Mainz, Merced, Moskow, Naples, Perugia, Pisa, Prague,

Protvino, Rome I, Rome II, San Luis Potosi, Turin, TRIUMF, Vancouver UBC
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NA62 Collaboration consists of ∼200 participants from 33 institutions: 
Almaty, Birmingham, Bratislava, Bristol, Bucharest, CERN, Dubna, Fairfax, Ferrara, 
Florence, Glasgow, Lancaster, Lausanne, Liverpool, LNF, Louvain, Mainz, Marseille, 
Merced, Moscow, Munich, Naples, Perugia, Pisa, Prague, Protvino, Rome I, Rome II, 
San Luis Potosi, SLAC, Turin, TRIUMF, Vancouver UBC 

Main goal: measurement of BR(K+à p+nn)
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SPS Proton beam:

• 400 GeV/c protons impinging 
on the beryllium target 

• 3.3 · 1012 proton/spill
• ∼4 s effective spill length 
• ∼ 1018 POT/year 

Secondary beam:

• 75 GeV/c momentum,1% bite 
• 100 mrad divergence (RMS) 
• 60 × 30 mm2 transverse size 
• 70% pions, 24% protons,    

6% kaons 
• Rate: 750 MHz at GTK3 

Decay region:

• 75 m long fiducial region 
• Decaying kaons: ~13%
• Kaon decays rate: ∼ 6 MHz.
• Vacuum ∼ O(10−6) mbar 

Final
collimator

HASC
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Final
collimator

• KTAG: Cherenkov threshold counter
• GTK: Si pixel beam tracker
• CHANTI: ring stations of scintillator slabs
• LAV: lead glass ring calorimeters
• STRAW: straw magnetic spectrometer
• RICH: Ring Imaging Cherenkov counter
• MUV0: off-acceptance plane of scintillators
• NA48CHOD: 2 planes of scintillator slabs

• NEWCHOD: one plane of scintillator pads
• IRC: inner ring shashlik calorimeter
• LKr: electromagnetic calorimeter filled with 

liquid krypton
• MUV1,2: hadron calorimeter
• MUV3: plane of scintillator pads for muon veto
• HASC: near beam lead–scintillator calorimeter
• SAC: small angle shashlik calorimeter 

HASC



• Three years of data taking for physics completed (Run 1): 2016-2018
• During 2019-2020 SPS shut down several upgrades to the experimental apparatus: 

- Fourth GTK station
- New Hadron Sampling Calorimeter (HASC) at small angle
- New scintillator veto detector at the beginning of fiducial region (ANTI0)
- New SiPMs in the CHANTI Detector 
- Improvements on trigger and readout systems

• Run 2: data taking restarted in 2021 until 2025 (end of LHC run 3)
à 3 years of new data already collected!

NA62 is not only pnn, extensive physics program:
• Precision measurements on charged Kaon decays
• Measurements and search of rare charged Kaon decays
• Search for forbidden charged kaon decays     
• Search for new particles in charged kaon decays
• Search for exotic particles produced at the target
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K+ à p0e+ng

K+ à µ-ne+e+
K+ à p+e+e-e+e-

A`àµ+µ-, A`àe+e-
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Measurement of the BR and 
T-violation parameter in the 
radiative decay K+ à p0e+ng

[JHEP 09 (2023) 040]
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7Latest results from NA62 (R. Marchevski)HQL 2021

⌧e K+   @0e+AB decay

EB cut (*) Fe ,B cut (*) O(p6) ChPT ISTRA+ OKA

R1 (x102) E4 > 10 MeV Re,4 > 10° 1.804 ± 0.021 1.81 ± 0.03 ± 0.07 1.990 ± 0.017 ± 0.021

R2 (x102) E4 > 30 MeV Re,4 > 20° 0.640 ± 0.008 0.63 ± 0.02 ± 0.03 0.587 ± 0.010 ± 0.015

R3 (x102) E4 > 10 MeV 0.6 < cos (Re ,4) > 0.9 0.559 ± 0.006 0.47 ± 0.02 ± 0.03 0.532 ± 0.010 ± 0.012

DE (a) + IB (b) + INT
EPJC 50 (2007) 557-571

(*) in the kaon rest frame

Divergent amplitude for EB 1 0 and Re,4 1 0 due to the IB contribution

Most recent theoretical calculations PAN 74 (2011) 1214-1222

R2 = (0.56 ± 0.02)%

+
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Ej
γ , θjeγ ChPT ISTRA+ OKA

R1 × 102 Eγ > 10MeV, θeγ > 10◦ 1.804± 0.021 1.81± 0.03± 0.07 1.990± 0.017± 0.021
R2 × 102 Eγ > 30MeV, θeγ > 20◦ 0.640± 0.008 0.63± 0.02± 0.03 0.587± 0.010± 0.015
R3 × 102 Eγ > 10MeV, 0.6 < cos θeγ < 0.9 0.559± 0.006 0.47± 0.02± 0.03 0.532± 0.010± 0.012

Table 1. Definition of kinematic regions, Rj expectations from ChPT O(p6) calculations [6]
and measurements from ISTRA+ [8] and OKA [9] experiments, with statistical and systematic
uncertainties quoted separately.

where (Ej
γ , θjeγ) are the conditions corresponding to the kinematic regions labeled by the

index j. The definitions of the three kinematic regions used in this analysis are given
in table 1, together with theoretical [6] and experimental [8, 9] Rj results. Another
theoretical calculation [7] predicts the branching fraction B(K+ → π0e+νγ | Eγ > 30MeV,
θeγ > 20◦) = (2.72 ± 0.10) × 10−4, that is converted to R2 using the Ke3 branching
fraction [10]: R2 = (0.54± 0.02) × 10−2.

The amplitude of the Ke3γ decay is sensitive to T-violating contributions, which can
be studied with the dimensionless T-odd observable ξ and the corresponding T-asymmetry
Aξ, defined as:

ξ = &pγ · (&pe × &pπ)
(MK · c)3 , Aξ = N+ − N−

N+ +N−
, (1.2)

where &p is the three-momentum of each particle in the kaon rest frame, MK is the charged
kaon mass [10], c is the speed of light and N+ (N−) is the number of events with positive
(negative) values of ξ.

Most theoretical calculations of Aξ both within the Standard Model (SM) [5, 7, 11]
and beyond [11, 12], predict values in the range [−10−4,−10−5] with the exception of one
SM extension [11], which quotes a value of −2.5 × 10−3. Non-zero values of Aξ in the SM
originate from one-loop electromagnetic corrections. The uncertainty of the most precise
published Aξ measurement [13] is larger than the theoretical expectations quoted previously.

2 The NA62 experiment at CERN

The beam and detector of the NA62 experiment at the CERN SPS, designed to study
the K+ → π+νν̄ decay [14], are described in [15]. A schematic view of the NA62 setup is
presented in figure 1.

A 400GeV/c proton beam extracted from the SPS impinges on the kaon production
target in spills of three seconds effective duration. The target position defines the origin
of the NA62 reference system: the beam travels along the Z axis in the positive direction
(downstream), the Y axis points vertically up, and the X axis is horizontal and directed to
form a right-handed coordinate system. Typical intensities during data taking range from
1.7 to 1.9 × 1012 protons per spill. The resulting unseparated secondary hadron beam of
positively charged particles contains 70% π+, 23% protons, 6% K+, with a central beam
momentum of 75GeV/c and 1% rms momentum bite.

– 2 –
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JHEP09(2023)040
δR1/R1 δR2/R2 δR3/R3

Statistical 0.3% 0.4% 0.5%
Limited MC sample size 0.2% 0.4% 0.4%
Background estimation 0.1% 0.2% 0.1%
LKr response modelling 0.4% 0.5% 0.4%
Photon veto correction 0.3% 0.4% 0.3%
Theoretical model 0.1% 0.5% 0.1%
Total systematic 0.6% 0.9% 0.7%
Total 0.7% 1.0% 0.8%

Table 4. Relative uncertainties in the Rj measurements.

S1 S2 S3

AData
ξ ×103 1.9± 2.8stat 1.3± 4.3stat −6.2± 5.1stat

AMC
ξ ×103 3.1± 1.9syst 4.8± 3.0syst 3.0± 3.5syst

ANA62
ξ ×103 −1.2± 2.8stat ± 1.9syst −3.4± 4.3stat ± 3.0syst −9.1± 5.1stat ± 3.5syst

AOKA
ξ ×103 −0.1± 3.9stat ± 1.7syst −4.4± 7.9stat ± 1.9syst 7.0± 8.1stat ± 1.5syst

Table 5. Results of the Aξ measurements for the three signal samples. The measurements by the
OKA experiment [13], AOKA

ξ , are also reported for comparison. The sign of the OKA results is
changed for consistency with eq. (1.2).

The measured values are 5% smaller than the ChPT O(p6) calculations reported in
table 1, with a disagreement at the level of three standard deviations. The smaller and less
precise value of R2 given in [7] is also different from the measurement at the level of three
standard deviations.

5 T-asymmetry measurement

The T-asymmetry Aξ is measured using the Ke3γ samples selected for the Rj measurements.
The distributions of the ξ observable are shown in figure 4, for data and simulation.

For each selected signal sample, a raw asymmetry measurement AData
ξ is obtained

using eq. (1.2). An offset AMC
ξ , possibly introduced by the detector and the selection, is

measured by comparing the reconstructed and generated asymmetry values in the Ke3γ

simulated sample. The generated asymmetry value is checked to be zero within a O(10−4)
precision in the three Ke3γ kinematic regions considered, in agreement with the ChPT
O(p6) calculations [11]. The final measurement is obtained as ANA62

ξ = AData
ξ − AMC

ξ . The
uncertainty in AMC

ξ , due to the limited statistics of the Ke3γ simulated sample, is propagated
as a systematic uncertainty. No statistically significant asymmetry is observed, as reported
in table 5.

– 10 –
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The measured values are 5% smaller than the ChPT O(p6) calculations reported in
table 1, with a disagreement at the level of three standard deviations. The smaller and less
precise value of R2 given in [7] is also different from the measurement at the level of three
standard deviations.

5 T-asymmetry measurement

The T-asymmetry Aξ is measured using the Ke3γ samples selected for the Rj measurements.
The distributions of the ξ observable are shown in figure 4, for data and simulation.

For each selected signal sample, a raw asymmetry measurement AData
ξ is obtained

using eq. (1.2). An offset AMC
ξ , possibly introduced by the detector and the selection, is

measured by comparing the reconstructed and generated asymmetry values in the Ke3γ

simulated sample. The generated asymmetry value is checked to be zero within a O(10−4)
precision in the three Ke3γ kinematic regions considered, in agreement with the ChPT
O(p6) calculations [11]. The final measurement is obtained as ANA62

ξ = AData
ξ − AMC

ξ . The
uncertainty in AMC

ξ , due to the limited statistics of the Ke3γ simulated sample, is propagated
as a systematic uncertainty. No statistically significant asymmetry is observed, as reported
in table 5.

– 10 –
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9Latest results from NA62 (R. Marchevski)HQL 2021

Measurement strategy and signal selection

Full 2017 and 2018 data sets are analyzed

Signal(Ke34) and normalization (Ke3) channels share most of the selection criteria (except the 
radiative photon)

First order cancellation of systematic eKects

Trigger e\ciencies measured on data: the same between signal and normalization to 1 per mill

Signal selection:

Relies on excellent e+ and K+ PID + track association to reconstruct the decay vertex

20 1 �4 tagging: calorimetric selection with cuts on the di-photon invariant mass

Radiative 4: isolated Lkr cluster away from the extrapolated electron to suppress 
bremsstrahlung photons

Kinematic selection: using two main observables
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Figure 3. Top left: m2
miss(Ke3) distribution of the normalization sample for data (points) and

expected signal and background (histograms). Other panels: m2
miss(Ke3γ) distributions of the

three signal samples for data (points) and expected signal and backgrounds (histograms); the
“Ke3γ modified” histogram represents the distribution after modification of the LKr response in the
simulation (section 4.2). The red lines correspond to the selection conditions.

and simulated distributions in the most relevant variables, m2
miss(Ke3) and m2

miss(Ke3γ).
The LKr response modification includes a constant energy scale factor, an energy-dependent
factor, and an additional stochastic smearing of the measured energy. The scale-related
uncertainty is the largest contribution in R1 and R3; the stochastic smearing uncertainty is
of similar magnitude and is the major contribution in R2.

The correction factors fLKr
j are defined as the ratios of the corrected AKe3/AKe3γj

values to the original values. The systematic uncertainties in fLKr
j are evaluated as quadratic

sums of three terms: the maximum deviations of fLKr
j from their central values obtained by

varying the modification parameters within their uncertainties; half of the size of the overall
correction; and half of the maximum variation of fLKr

j obtained using alternative LKr fine
calibration procedures based on different methods of π0 mass reconstruction. The correction
factors and their uncertainties are listed in table 3. The acceptance ratios AKe3/AKe3γj

(table 2) must be multiplied by fLKr
j .

4.3 Photon veto correction
The signal and normalization MC generators, used to evaluate acceptance, simulate exactly
one radiative photon per event. Both the normalization and signal selections forbid the

– 8 –
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Figure 4. Distributions of the reconstructed ξ observable for the three signal samples for data
(points) and simulation (histograms).

6 Summary

Measurements of the ratio of the K+ → π0e+νγ to K+ → π0e+ν(γ) branching fractions,
together with measurements of the T-violating asymmetry in the K+ → π0e+νγ decay,
are performed in three kinematic regions using data collected by the NA62 experiment at
CERN in 2017–2018.

The measured ratios, R1 = (1.715 ± 0.011) × 10−2, R2 = (0.609 ± 0.006) × 10−2,
R3 = (0.533 ± 0.004) × 10−2, are at least a factor of two more precise than previous
measurements. The relative uncertainties do not exceed 1%, matching the precision of the
most precise theoretical calculations.

The T-asymmetry measurements performed at an improved precision are compatible
with no asymmetry in the three kinematic regions considered. Their uncertainties remain
larger than the theoretical expectations.
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δR1/R1 δR2/R2 δR3/R3

Statistical 0.3% 0.4% 0.5%
Limited MC sample size 0.2% 0.4% 0.4%
Background estimation 0.1% 0.2% 0.1%
LKr response modelling 0.4% 0.5% 0.4%
Photon veto correction 0.3% 0.4% 0.3%
Theoretical model 0.1% 0.5% 0.1%
Total systematic 0.6% 0.9% 0.7%
Total 0.7% 1.0% 0.8%

Table 4. Relative uncertainties in the Rj measurements.

S1 S2 S3

AData
ξ ×103 1.9± 2.8stat 1.3± 4.3stat −6.2± 5.1stat

AMC
ξ ×103 3.1± 1.9syst 4.8± 3.0syst 3.0± 3.5syst

ANA62
ξ ×103 −1.2± 2.8stat ± 1.9syst −3.4± 4.3stat ± 3.0syst −9.1± 5.1stat ± 3.5syst

AOKA
ξ ×103 −0.1± 3.9stat ± 1.7syst −4.4± 7.9stat ± 1.9syst 7.0± 8.1stat ± 1.5syst

Table 5. Results of the Aξ measurements for the three signal samples. The measurements by the
OKA experiment [13], AOKA

ξ , are also reported for comparison. The sign of the OKA results is
changed for consistency with eq. (1.2).

The measured values are 5% smaller than the ChPT O(p6) calculations reported in
table 1, with a disagreement at the level of three standard deviations. The smaller and less
precise value of R2 given in [7] is also different from the measurement at the level of three
standard deviations.

5 T-asymmetry measurement

The T-asymmetry Aξ is measured using the Ke3γ samples selected for the Rj measurements.
The distributions of the ξ observable are shown in figure 4, for data and simulation.

For each selected signal sample, a raw asymmetry measurement AData
ξ is obtained

using eq. (1.2). An offset AMC
ξ , possibly introduced by the detector and the selection, is

measured by comparing the reconstructed and generated asymmetry values in the Ke3γ

simulated sample. The generated asymmetry value is checked to be zero within a O(10−4)
precision in the three Ke3γ kinematic regions considered, in agreement with the ChPT
O(p6) calculations [11]. The final measurement is obtained as ANA62

ξ = AData
ξ − AMC

ξ . The
uncertainty in AMC

ξ , due to the limited statistics of the Ke3γ simulated sample, is propagated
as a systematic uncertainty. No statistically significant asymmetry is observed, as reported
in table 5.
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S1 S2 S3

fLKr
j 0.9967± 0.0038 0.9941± 0.0047 0.9996± 0.0039
fPV
j 1.0234± 0.0028 1.0243± 0.0036 1.0216± 0.0031

Table 3. Correction factors to the acceptance ratios AKe3/AKe3γj from LKr response modelling
(fLKr

j ) and photon veto (fPV
j ), for the three signal samples.

presence of in-time extra clusters in the LKr with energy above 2GeV, as well as in-time
signals in the LAV and SAV. The radiative photon contributes to the photon veto simulation
in the normalization case, but not in the signal case where it is included in the signal event
reconstruction. Additional radiative photons are not generated in the simulated samples,
leading to a systematic underestimation of the acceptance ratios AKe3/AKe3γj . However,
special signal and normalization MC samples with multiple radiative photons are generated
using the PHOTOS program [21], providing a less accurate description of the radiative
effects than the standard MC samples and therefore used only to evaluate the photon veto
effects. The resulting correction factors fPV

j are reported in table 3. The acceptance ratios
AKe3/AKe3γj (table 2) must be multiplied by fPV

j .
The uncertainties in fPV

j include MC statistical uncertainties, variations of the simulated
LAV and SAV efficiencies when replaced by the measured energy-dependent values (evaluated
with data using photons from π0 → γγ decays) [16], and the variation of the LKr veto
efficiency with the LKr response tuning. The deviation of fPV

j from unity is dominated by the
LKr contribution, while the uncertainties in fPV

j are dominated by the LAV contributions.

4.4 Theoretical model uncertainty
The theoretical model used in the MC simulation of the Ke3γ decay, based on ChPT O(p6),
results in a 30% relative uncertainty in the contribution to the decay width arising from the
SD component and its interference with the IB component [6]. The acceptances evaluated
with the signal MC sample are compared with those evaluated with the Ke3 MC sample
generated including only the IB component of the radiative effects [20], and 30% of their
relative difference is considered as a relative systematic uncertainty in AKe3γj .

4.5 Results
The measured Rj values are:

R1 × 102 = 1.715± 0.005stat ± 0.010syst = 1.715± 0.011,
R2 × 102 = 0.609± 0.003stat ± 0.006syst = 0.609± 0.006,
R3 × 102 = 0.533± 0.003stat ± 0.004syst = 0.533± 0.004.

The error budgets are given in table 4. The statistical uncertainties quoted arise from the
numbers of observed candidates in the data, while all other contributions are considered as
systematic uncertainties. The stability of the results is checked by splitting the data sample
into subsamples, and by varying the selection conditions, with no evidence for residual
systematic effects.

– 9 –
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Table 5. Results of the Aξ measurements for the three signal samples. The measurements by the
OKA experiment [13], AOKA

ξ , are also reported for comparison. The sign of the OKA results is
changed for consistency with eq. (1.2).

The measured values are 5% smaller than the ChPT O(p6) calculations reported in
table 1, with a disagreement at the level of three standard deviations. The smaller and less
precise value of R2 given in [7] is also different from the measurement at the level of three
standard deviations.

5 T-asymmetry measurement

The T-asymmetry Aξ is measured using the Ke3γ samples selected for the Rj measurements.
The distributions of the ξ observable are shown in figure 4, for data and simulation.

For each selected signal sample, a raw asymmetry measurement AData
ξ is obtained

using eq. (1.2). An offset AMC
ξ , possibly introduced by the detector and the selection, is

measured by comparing the reconstructed and generated asymmetry values in the Ke3γ

simulated sample. The generated asymmetry value is checked to be zero within a O(10−4)
precision in the three Ke3γ kinematic regions considered, in agreement with the ChPT
O(p6) calculations [11]. The final measurement is obtained as ANA62

ξ = AData
ξ − AMC

ξ . The
uncertainty in AMC

ξ , due to the limited statistics of the Ke3γ simulated sample, is propagated
as a systematic uncertainty. No statistically significant asymmetry is observed, as reported
in table 5.
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Background estimation 0.1% 0.2% 0.1%
LKr response modelling 0.4% 0.5% 0.4%
Photon veto correction 0.3% 0.4% 0.3%
Theoretical model 0.1% 0.5% 0.1%
Total systematic 0.6% 0.9% 0.7%
Total 0.7% 1.0% 0.8%
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precise value of R2 given in [7] is also different from the measurement at the level of three
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using eq. (1.2). An offset AMC
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simulated sample. The generated asymmetry value is checked to be zero within a O(10−4)
precision in the three Ke3γ kinematic regions considered, in agreement with the ChPT
O(p6) calculations [11]. The final measurement is obtained as ANA62
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ξ . The
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ξ , due to the limited statistics of the Ke3γ simulated sample, is propagated
as a systematic uncertainty. No statistically significant asymmetry is observed, as reported
in table 5.
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§ The main systematic uncertainty 
comes from the modelling of the 
electromagnetic calorimeter (LKr) 
response to low energy photons

§ NA62 measurements of Rj smaller 
than O(p6) ChPT by 5% relative 
(disagreement: 3 std deviations)

§ Improvement on experimental 
precision of Rj measurements by a 
factor > 2

§ Improvement on Ax error with 
respect to the previous experimental 
results  
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

Search for the decay
𝑲+→𝝅+e+e-e+e-

[Physics Letters B 846 (2023) 138193]
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Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

§ 𝑲+ decays in prompt dark cascade with multiple DS mediators 
• 𝑲+→𝝅+𝑺,𝑺→𝑨′𝑨′,𝑨′→𝒆+𝒆− involving a dark scalar (𝑆) promptly decaying into DP (𝐴′)

§ Probe short-lived QCD axions (𝑎) through the 𝑲+→ 𝝅+𝒂𝒂, 𝒂→𝒆+𝒆− process

• If 𝒎𝒂=17 MeV, 𝑩𝑹(𝑲+→𝝅+𝒂𝒂)>𝟐×𝟏𝟎−𝟖 is predicted
• possibility for a conclusive test of QCD axion explanation for the “17 MeV” anomaly
[Phys.Rev.D103(2021)055018, Eur.Phys.J.C83(2023)230]

§ 𝑲+→𝝅+𝒆+𝒆−𝒆+𝒆−: heavily suppressed SM process (outside the 𝜋0 pole) 
• 𝑩𝑹𝑺𝑴𝑳𝑶(𝑲+→𝝅𝟒𝒆, non resonant) =(𝟕.𝟐±𝟎.𝟕)×𝟏𝟎−𝟏𝟏 [Phys. Rev. D 106 (2022) L071301]

[Phys.Rev.D105(2022)015017]
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

§ Search on data collected in 2017 and 2018
§ K+flux= (8.58±0.19𝑠𝑡𝑎𝑡±0.07𝑀𝐶±0.41𝑒𝑥𝑡)×1011

measured using 𝑲+→𝝅+𝝅𝟎𝑫𝑫
§ Events with 5-track vertex QToT=+1 
§ Total momentum consistent with K+ beam one
§ Invariant mass 𝒎𝝅𝟒𝒆 used as discriminant variable 

and blind analysis strategy
§ Expected background and signal acc. from MC

𝑩𝑹(𝑲+→𝝅+e+e-e+e-, non resonant)<𝟏.𝟒×𝟏𝟎−𝟖 @ 90% CL
limit is O(200) larger w.r.t. SM expectations

§ Backgrounds from 5 & 7 tracks 𝑲+ decays
§ Backgrounds from 3-tracks 𝑲+decays + a 𝐾3𝜋 in time
§ Observed events in Signal Region  = 0
§ Expected bkg events in SR = (0.18 ± 0.14)
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

𝑺 dark scalar (A’ dark photon) 
𝑲+→𝝅+𝑺,𝑺→𝑨′𝑨′,𝑨′→𝒆+𝒆−

Short-lived QCD axion:
𝑲+→𝝅+𝒂𝒂 with prompt 𝒂→𝒆+𝒆−

§ Same 𝐾𝜋4𝑒 selection + 2 identical me+e- masses 
§ Use the same signal region as 𝐾𝜋4𝑒:
§ Exp. bkg events in SR = (0.0004 ± 0.0004) Observed events in SR = 0
§ Whole NA62 Run1 data set. Dark scalar/Axion mass scan in step of 5 𝑀𝑒𝑉/𝑐2.

Exclude the QCD axion as a 
solution for the X17 anomaly. 
From Theory: 
𝑩𝑹(𝑲+ → 𝝅+𝒂𝒂)>𝟐×𝟏𝟎−𝟖

@ 𝒎𝒂=𝟏𝟕 𝑴𝒆𝑽/𝒄𝟐

𝑩𝑹<𝟐.𝟏×𝟏𝟎−𝟗 at 90% C.L. 
@ 𝒎𝒂=𝟏𝟕 𝑴𝒆𝑽/𝒄𝟐



MENU2023 - Mainz19/10/2023 16

Mauro Piccini 
INFN Perugia 

 
Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

Search for LN/LF violating 
decay 𝑲+→µ-ne+e+

[Physics Letters B 838 (2023) 137679]



§ Either lepton flavour or lepton number 
is violated, depending on the neutrino 
flavour.

§ Normalisation to the SM decay
, number of K+ decaying in    

the FV:

§ Signal region defined on the squared missing 
mass:

§ Backgrounds:

MENU2023 - Mainz19/10/2023 17

Mauro Piccini 
INFN Perugia 

 
Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

Search for K+®µ−ne+e+ (Run 1)
Squared missing mass, (PK−Pµ−Pe1−Pe2)2

Expected background: 0.26±0.04 evt
Candidates observed: 0
BR(K+®µ−ne+e+)<8.1×10−11 at 90% CL
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v Either lepton flavour or lepton number
is violated, depending on
the neutrino flavour.

v Normalisation to the SM decay K+®p+e+e−.

[NEW, to be published]

E. Goudzovski / NuFact 2022, 4 August 2022

K+®p+p−e+n

K +®p +p +p −

The NA62 Collaboration Physics Letters B 838 (2023) 137679

Fig. 2. Left: reconstructed mπee spectra for the data and MC samples obtained with the Kπee selection. The data events are not weighted (see Section 3). Right: reconstructed 
m2

miss spectra for the data and MC samples obtained with the Kµνee selection. The normalisation and signal mass regions are indicated by vertical arrows.

minimised by the missing momentum and zvtx selection con-
ditions.

• The K + → π0
D e+ν , π0

D → e+e−γ decay chain contributes via 
e− → µ− misidentification if the photon is not detected. The 
electron misidentification probability achieved by the E/p <
0.2 condition is found with simulations to be O(10−4), the 
probability of a matching in-time accidental MUV3 signal is 
O(10−2). Photon veto conditions provide further suppression, 
resulting in a small background contribution. The background 
from the rare decay K + → e+νe+e− [17], also contributing via 
e− → µ− misidentification, is negligible.

• The rare decay K + → e+νµ+µ− [17] enters via muon decay 
in flight, µ+ → e+νν̄ , and its contribution is small.

Background due to accidental activity

Background due to coincidences of multiple kaon decays, beam 
pion decays or beam halo muons is estimated using several meth-
ods.

• Alternative event selections with an out-of-time track are con-
sidered: the timing condition |ttrack − ttrigger| < 2.5 ns is re-
placed by 2.5 ns < |ttrack − ttrigger| < 20 ns for either the µ−

candidate or one of the e+ candidates. These selections are 
blind to single K + decays, and enhance accidental background 
by up to a factor of seven (taking trigger efficiencies into ac-
count). No data events in the signal m2

miss region are observed 
using any of these alternative selections.

• Another alternative event selection is considered: the vertex 
charge condition is replaced by q = −1, and the µ−e+e− fi-
nal state is requested. No data events satisfy this selection in 
either of the signal, lower or upper regions of m2

miss.
• The background component due to the coincidence of two 

K + → π+π+π− decays is evaluated with a dedicated simu-
lation: the estimated background in the signal m2

miss region is 
1.2 × 10−3 events.

It is concluded that background contributions due to accidental ac-
tivity can be neglected.

Summary of background contributions

The reconstructed m2
miss spectra obtained with the Kµνee selection 

for the data, as well as simulated signal and background compo-
nents, are displayed in Fig. 2 (right). The estimated background 
contributions in the lower, signal and upper m2

miss regions are 

Table 1
Background estimates in the lower, signal and upper Kµνee squared missing mass 
regions with their statistical uncertainties. The contributions from upstream K + →
π+π+π− and K + → π+π−e+ν decays are quoted separately. Upper limits at 90% 
CL are quoted when no simulated events satisfy the selection. The numbers of ob-
served data events are also listed.

Mode / Region Lower Signal Upper

K + → π+π+π− < 0.07 < 0.07 1412 ± 11
K + → π+π−e+ν 0.01 ± 0.01 0.16 ± 0.02 867 ± 1
K + → π+π+π− (upstream) < 0.03 0.06 ± 0.03 1.5 ± 0.3
K + → π+π−e+ν (upstream) 0.01 ± 0.01 0.01 ± 0.01 0.14 ± 0.03
K + → π0

D e+ν 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01
K + → e+νµ+µ− < 0.01 < 0.01 0.05 ± 0.02

Total expected 0.04 ± 0.02 0.26 ± 0.04 2281 ± 11

Data 0 0 2271

listed in Table 1. The numbers of data events in the lower and 
upper regions are compared to the background estimates before 
opening the masked region, and found to be in agreement within 
statistical fluctuations. The background in the signal region is esti-
mated to be

NB = 0.26 ± 0.04,

where the uncertainty is dominated by the MC statistical contribu-
tion.

5. Results

The signal acceptance evaluated with simulations, assuming 
a uniform phase space distribution of signal events, is Aµνee =
0.0144. The uncertainty in Aµνee is negligible for the purpose 
of the signal search. The single event sensitivity, defined as the 
branching fraction of the Kµνee decay corresponding to the obser-
vation of one signal event, is found to be

BSES =
(
NK · Aµνee

)−1 = (3.53 ± 0.12) × 10−11.

No data events are observed in the signal region after unmasking. 
An upper limit of the signal branching fraction is evaluated using 
the quantity BSES and the numbers of expected background events 
and observed data events using the CLS method [18]:

B(K + → µ−νe+e+) < 8.1 × 10−11 at 90% CL.
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allowed for pion candidates, and an associated MUV3 signal 
within 5 ns of the vertex time is required for the muon candi-
dates.

The Kπee selection is identical to that of Ref. [7], and includes the 
following additional criteria.

• The tracks forming the vertex should be identified as π+e+e− , 
according to the specified charge and particle identification re-
quirements.

• The total momentum of the three tracks, pvtx, should sat-
isfy the condition |pvtx − pbeam| < 2 GeV/c, where pbeam is 
the beam central momentum. The total transverse momen-
tum with respect to the beam axis should be below 30 MeV/c. 
The quantity pbeam and the beam axis direction are monitored 
throughout the data taking, typically every few hours, with 
fully reconstructed K + → π+π+π− decays.

• The reconstructed π+e+e− mass, mπee , should be in the nor-
malisation region defined as 470–505 MeV/c2, accounting for 
the 1.7 MeV/c2 resolution and the radiative tail. The recon-
structed e+e− mass should be mee > 140 MeV/c2 to suppress 
backgrounds from the K + → π+π0 decay followed by π0

D →
e+e−γ , π0

D D → e+e−e+e− , and π0 → e+e− decays. This leads 
to an acceptance reduction to 73% of its value, i.e. a relative 
reduction of 27%.

The following selection criteria are specific to the Kµνee selection. 
The presence of an undetected neutrino in the final state enhances 
the background, therefore the vertex position condition and the 
photon veto criteria are more stringent than in the Kπee case.

• The tracks forming the vertex should be identified as µ−e+e+ , 
according to the specified charge and particle identification re-
quirements.

• A momentum deficit, pbeam − pvtx > 10 GeV/c, is required 
to suppress the K + → π+π+π− background. This condition 
leads to a 55% relative reduction of acceptance, assuming a 
uniform phase space distribution.

• The squared missing mass is defined as m2
miss = (P K − Pµ −

Pe1 − Pe2)
2, where P K , Pµ and Pe1,2 are the kaon, muon 

and positron four-momenta, respectively. The four-momenta 
are evaluated using the mean kaon beam momentum and the 
reconstructed daughter momenta, under the respective mass 
hypotheses. The signal region is defined as −0.006 GeV2/c4 <
m2

miss < 0.004 GeV2/c4. The asymmetric definition reduces the 
K + → π+π−e+ν background while maximising acceptance, 
taking into account the m2

miss resolution of 1.4 × 10−3 GeV2/c4

and its non-gaussian tails.
• The longitudinal position of the vertex should not be within 

the first 3 m of the FV. This reduces the background from up-
stream decays, i.e. decays occurring upstream of GTK3. Track 
bending by the TRIM5 magnet leads to a biased reconstruction 
of the decay vertex and kinematic properties of these decays.

• For further suppression of backgrounds with photons in the fi-
nal state, no clusters in the LKr calorimeter are allowed with 
energy above 3 GeV, separated by more than 150 mm from 
each of the track impact points, and within 6 ns of the vertex 
time.

3. The effective number of K + decays

The reconstructed mπee spectra obtained with the Kπee se-
lection for the data, as well as simulated signal and background 
components, are displayed in Fig. 2 (left). Below the mπee normal-
isation region, the background is mainly due to K + → π+π+π−

decays with two pions (π±) misidentified as electrons (e±), and 

K + → π+π−e+ν decays with one pion (π−) misidentified as 
an electron (e−). In the mπee normalisation region, 10975 de-
cay candidates are observed in the data sample, and the principal 
background comes from the K + → π+π0

D , π0
D → γ e+e− decay 

chain. This background is suppressed by the mee > 140 MeV/c2

selection condition, and contributes via double particle misiden-
tification (π+ → e+ and e+ → π+). Pion and electron identifica-
tion with the LKr calorimeter is modelled using (mis)identification 
probabilities measured from data samples of K + → π+π+π− and 
K + → π0e+ν decays [7]: the misidentification probabilities are 
about 1%, and depend on momentum. Contribution to the back-
ground from the pion decay in flight, π± → e±ν , is negligible due 
to the O(10−4) branching fraction of this decay.

To account for the fact that the µMT trigger line is used to 
collect Kµνee events only, while the eMT and MT lines are used 
to collect both Kµνee and Kπee events, a weight determined by 
the trigger downscaling factors is applied to each Kπee event in 
the data sample to evaluate the number of Kπee candidates for 
normalisation:

w =
1 −

(
1 − 1

DeMT

)(
1 − 1

DµMT

)(
1 − 1

DMT

)

1 −
(

1 − 1
DeMT

)(
1 − 1

DMT

) ≥ 1.

The weight quantifies the enhancement of the kaon flux provided 
by the additional µMT trigger line used to collect Kµνee events. 
The weight has a typical value of 1.8, and reaches 2.9 for subsets 
of data with large values of the DeMT/DµMT ratio.

The effective number of K + decays in the FV is computed as

NK = (1 − f ) · Nπee

Bπee · Aπee

= (1.97 ± 0.02stat ± 0.02syst ± 0.06ext) × 1012, (1)

where: Nπee = 21401 is the number of weighted Kπee candi-
dates in the data sample; Bπee = (3.00 ± 0.09) × 10−7 is the Kπee
branching fraction [11]; Aπee = (3.62 ± 0.03syst) × 10−2 is the se-
lection acceptance evaluated with simulations including trigger in-
efficiency and effects of event pileup; and f = 1.0 × 10−3 is the 
relative background contamination evaluated with simulations. The 
uncertainty in Aπee is estimated from stability checks with respect 
to variation of the selection criteria. The quoted systematic uncer-
tainty in NK is due to Aπee , while the external uncertainty is due 
to Bπee .

4. Background to the K + → µ−νe+e+ decay

Background due to single kaon decays

Background to the Kµνee process from single K + decays is esti-
mated using simulations with data-driven modelling of pion and 
electron (mis)identification, as described in Ref. [7]. To validate the 
background estimates, lower and upper regions of m2

miss located be-
low and above the signal region are considered, while the signal 
region is kept masked.

• K + → π+π+π− decay, with double π+ → e+ misidentifica-
tion and π− → µ−ν̄ decay in flight, contributes mainly in 
the upper m2

miss region. Background in the signal mass region 
is minimised by the choice of the selection condition on the 
missing momentum, pbeam − pvtx. Background from upstream 
K + → π+π+π− decays is minimised by the zvtx selection 
condition.

• K + → π+π−e+ν decay, with π+ → e+ misidentification and 
π− → µ−ν̄ decay in flight, contributes mainly in the upper 
m2

miss region. The contribution in the signal mass region is also 
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allowed for pion candidates, and an associated MUV3 signal 
within 5 ns of the vertex time is required for the muon candi-
dates.

The Kπee selection is identical to that of Ref. [7], and includes the 
following additional criteria.

• The tracks forming the vertex should be identified as π+e+e− , 
according to the specified charge and particle identification re-
quirements.

• The total momentum of the three tracks, pvtx, should sat-
isfy the condition |pvtx − pbeam| < 2 GeV/c, where pbeam is 
the beam central momentum. The total transverse momen-
tum with respect to the beam axis should be below 30 MeV/c. 
The quantity pbeam and the beam axis direction are monitored 
throughout the data taking, typically every few hours, with 
fully reconstructed K + → π+π+π− decays.

• The reconstructed π+e+e− mass, mπee , should be in the nor-
malisation region defined as 470–505 MeV/c2, accounting for 
the 1.7 MeV/c2 resolution and the radiative tail. The recon-
structed e+e− mass should be mee > 140 MeV/c2 to suppress 
backgrounds from the K + → π+π0 decay followed by π0

D →
e+e−γ , π0

D D → e+e−e+e− , and π0 → e+e− decays. This leads 
to an acceptance reduction to 73% of its value, i.e. a relative 
reduction of 27%.

The following selection criteria are specific to the Kµνee selection. 
The presence of an undetected neutrino in the final state enhances 
the background, therefore the vertex position condition and the 
photon veto criteria are more stringent than in the Kπee case.

• The tracks forming the vertex should be identified as µ−e+e+ , 
according to the specified charge and particle identification re-
quirements.

• A momentum deficit, pbeam − pvtx > 10 GeV/c, is required 
to suppress the K + → π+π+π− background. This condition 
leads to a 55% relative reduction of acceptance, assuming a 
uniform phase space distribution.

• The squared missing mass is defined as m2
miss = (P K − Pµ −

Pe1 − Pe2)
2, where P K , Pµ and Pe1,2 are the kaon, muon 

and positron four-momenta, respectively. The four-momenta 
are evaluated using the mean kaon beam momentum and the 
reconstructed daughter momenta, under the respective mass 
hypotheses. The signal region is defined as −0.006 GeV2/c4 <
m2

miss < 0.004 GeV2/c4. The asymmetric definition reduces the 
K + → π+π−e+ν background while maximising acceptance, 
taking into account the m2

miss resolution of 1.4 × 10−3 GeV2/c4

and its non-gaussian tails.
• The longitudinal position of the vertex should not be within 

the first 3 m of the FV. This reduces the background from up-
stream decays, i.e. decays occurring upstream of GTK3. Track 
bending by the TRIM5 magnet leads to a biased reconstruction 
of the decay vertex and kinematic properties of these decays.

• For further suppression of backgrounds with photons in the fi-
nal state, no clusters in the LKr calorimeter are allowed with 
energy above 3 GeV, separated by more than 150 mm from 
each of the track impact points, and within 6 ns of the vertex 
time.

3. The effective number of K + decays

The reconstructed mπee spectra obtained with the Kπee se-
lection for the data, as well as simulated signal and background 
components, are displayed in Fig. 2 (left). Below the mπee normal-
isation region, the background is mainly due to K + → π+π+π−

decays with two pions (π±) misidentified as electrons (e±), and 

K + → π+π−e+ν decays with one pion (π−) misidentified as 
an electron (e−). In the mπee normalisation region, 10975 de-
cay candidates are observed in the data sample, and the principal 
background comes from the K + → π+π0

D , π0
D → γ e+e− decay 

chain. This background is suppressed by the mee > 140 MeV/c2

selection condition, and contributes via double particle misiden-
tification (π+ → e+ and e+ → π+). Pion and electron identifica-
tion with the LKr calorimeter is modelled using (mis)identification 
probabilities measured from data samples of K + → π+π+π− and 
K + → π0e+ν decays [7]: the misidentification probabilities are 
about 1%, and depend on momentum. Contribution to the back-
ground from the pion decay in flight, π± → e±ν , is negligible due 
to the O(10−4) branching fraction of this decay.

To account for the fact that the µMT trigger line is used to 
collect Kµνee events only, while the eMT and MT lines are used 
to collect both Kµνee and Kπee events, a weight determined by 
the trigger downscaling factors is applied to each Kπee event in 
the data sample to evaluate the number of Kπee candidates for 
normalisation:

w =
1 −

(
1 − 1

DeMT

)(
1 − 1

DµMT

)(
1 − 1

DMT

)

1 −
(

1 − 1
DeMT

)(
1 − 1

DMT

) ≥ 1.

The weight quantifies the enhancement of the kaon flux provided 
by the additional µMT trigger line used to collect Kµνee events. 
The weight has a typical value of 1.8, and reaches 2.9 for subsets 
of data with large values of the DeMT/DµMT ratio.

The effective number of K + decays in the FV is computed as

NK = (1 − f ) · Nπee

Bπee · Aπee

= (1.97 ± 0.02stat ± 0.02syst ± 0.06ext) × 1012, (1)

where: Nπee = 21401 is the number of weighted Kπee candi-
dates in the data sample; Bπee = (3.00 ± 0.09) × 10−7 is the Kπee
branching fraction [11]; Aπee = (3.62 ± 0.03syst) × 10−2 is the se-
lection acceptance evaluated with simulations including trigger in-
efficiency and effects of event pileup; and f = 1.0 × 10−3 is the 
relative background contamination evaluated with simulations. The 
uncertainty in Aπee is estimated from stability checks with respect 
to variation of the selection criteria. The quoted systematic uncer-
tainty in NK is due to Aπee , while the external uncertainty is due 
to Bπee .

4. Background to the K + → µ−νe+e+ decay

Background due to single kaon decays

Background to the Kµνee process from single K + decays is esti-
mated using simulations with data-driven modelling of pion and 
electron (mis)identification, as described in Ref. [7]. To validate the 
background estimates, lower and upper regions of m2

miss located be-
low and above the signal region are considered, while the signal 
region is kept masked.

• K + → π+π+π− decay, with double π+ → e+ misidentifica-
tion and π− → µ−ν̄ decay in flight, contributes mainly in 
the upper m2

miss region. Background in the signal mass region 
is minimised by the choice of the selection condition on the 
missing momentum, pbeam − pvtx. Background from upstream 
K + → π+π+π− decays is minimised by the zvtx selection 
condition.

• K + → π+π−e+ν decay, with π+ → e+ misidentification and 
π− → µ−ν̄ decay in flight, contributes mainly in the upper 
m2

miss region. The contribution in the signal mass region is also 
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Fig. 1. Schematic side view of the NA62 beamline and detector.

resolution of 70 ps, and the trigger time. Two scintillator ho-
doscopes (CHOD), which include a matrix of tiles and two planes 
of slabs arranged in four quadrants located downstream of the 
RICH, provide trigger signals and time measurements with 200 ps 
precision.

A 27X0 thick quasi-homogeneous liquid-krypton (LKr) electro-
magnetic calorimeter is used for particle identification and pho-
ton detection. The calorimeter has an active volume of 7 m3, 
segmented in the transverse direction into 13248 projective cells 
of 2 × 2 cm2 size, and provides an energy resolution σE/E =
(4.8/

√
E ⊕ 11/E ⊕ 0.9)%, with E expressed in GeV. To achieve her-

metic acceptance for photons emitted in K + decays in the FV at 
angles up to 50 mrad from the beam axis, the LKr calorimeter is 
complemented by annular lead glass detectors (LAV) installed in 
12 positions inside and downstream of the vacuum tank, and two 
lead/scintillator sampling calorimeters (IRC, SAC) located close to 
the beam axis. An iron/scintillator sampling hadronic calorimeter 
formed of two modules (MUV1,2) and a muon detector consisting 
of 148 scintillator tiles located behind an 80 cm thick iron wall 
(MUV3) are used for particle identification.

The data sample analysed is obtained from 0.89 ×106 SPS spills 
recorded in 2016–2018, with the typical beam intensity increas-
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latter value corresponds to a 500 MHz mean instantaneous beam 
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rate in the FV. The main NA62 trigger is dedicated to the collec-
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is based on the dedicated multi-track (MT), electron multi-track 
(eMT) and muon multi-track (µMT) trigger lines operating concur-
rently with the main trigger line [14,15], downscaled typically by 
factors DMT = 100, DeMT = 8 and DµMT = 8. The downscaling fac-
tors were varied during data-taking to accommodate the increasing 
beam intensity. The low-level (L0) hardware trigger is based on 
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signal-like samples characterised by an LKr energy deposit well 
above 20 GeV, the measured inefficiencies of the CHOD (STRAW) 
trigger conditions are typically at the 1% (5%) level, while those of 
the RICH, MUV3, KTAG and LKr conditions are of O(10−3).

Monte Carlo (MC) simulations of particle interactions with the 
detector and its response are performed using a software package 

based on the Geant4 toolkit [16]. In addition, accidental activity is 
simulated and the response of the trigger lines is emulated.

2. Event selection

The rate of the possible signal decay K + → µ−νe+e+ (denoted 
Kµνee below) is measured with respect to the rate of the normal-
isation decay K + → π+e+e− (denoted Kπee below), which allows 
a first order cancellation of detector and trigger inefficiencies. The 
Kµνee decay candidates are collected with the MT, eMT and µMT 
trigger lines, while the Kπee decay candidates are collected with 
the MT and eMT lines only. The following selection criteria are 
common for the Kµνee and Kπee decay candidates.

• Three-track vertices are reconstructed by extrapolating STRAW 
tracks into the FV, taking into account the measured resid-
ual magnetic field in the vacuum tank, and selecting triplets 
of tracks consistent with originating from the same point. Ex-
actly one vertex should be present in the event. The total 
charge of the three tracks should be q = +1. The longitudinal 
position of the vertex, zvtx, should be within the FV. The mo-
menta of the tracks forming the vertex should be in the range 
6–44 GeV/c, and their trajectories through the STRAW cham-
bers and extrapolated positions in the CHOD and LKr calorime-
ter front planes should be within the respective geometrical 
acceptances. Each pair of tracks should be separated by at least 
15 (200) mm in each STRAW chamber plane (LKr front plane) 
to suppress photon conversions and reduce shower overlap ef-
fects.

• Track times, ttrack, are defined initially using the CHOD infor-
mation. The vertex CHOD time is evaluated as the average of 
the track CHOD times. Signals in the RICH geometrically com-
patible with the tracks, within 3 ns of the vertex CHOD time, 
are used to evaluate track RICH times. Track and vertex time 
estimates are then refined using the more precise RICH infor-
mation. Each track is required to be within 2.5 ns of the trigger 
time, ttrigger.

• To suppress backgrounds with photons in the final state, orig-
inating from K + → π+π0

D and K + → π0
D e+ν decays followed 

by the Dalitz decay π0
D → γ e+e− , no signals in the LAV detec-

tors located downstream of the reconstructed vertex position 
are allowed within 4 ns of the vertex time.

• Particle identification is based on the ratio E/p of the energy 
deposited in the LKr calorimeter (within 50 mm of the track 
impact point, within 10 ns of the vertex time) to the momen-
tum measured by the spectrometer. Pion (π±), muon (µ±) 
and electron (e±) candidates are required to have E/p < 0.85, 
E/p < 0.2 and 0.9 < E/p < 1.1, respectively. No geometrically 
associated MUV3 signals within 3 ns of the vertex time are 
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allowed for pion candidates, and an associated MUV3 signal 
within 5 ns of the vertex time is required for the muon candi-
dates.

The Kπee selection is identical to that of Ref. [7], and includes the 
following additional criteria.

• The tracks forming the vertex should be identified as π+e+e− , 
according to the specified charge and particle identification re-
quirements.

• The total momentum of the three tracks, pvtx, should sat-
isfy the condition |pvtx − pbeam| < 2 GeV/c, where pbeam is 
the beam central momentum. The total transverse momen-
tum with respect to the beam axis should be below 30 MeV/c. 
The quantity pbeam and the beam axis direction are monitored 
throughout the data taking, typically every few hours, with 
fully reconstructed K + → π+π+π− decays.

• The reconstructed π+e+e− mass, mπee , should be in the nor-
malisation region defined as 470–505 MeV/c2, accounting for 
the 1.7 MeV/c2 resolution and the radiative tail. The recon-
structed e+e− mass should be mee > 140 MeV/c2 to suppress 
backgrounds from the K + → π+π0 decay followed by π0

D →
e+e−γ , π0

D D → e+e−e+e− , and π0 → e+e− decays. This leads 
to an acceptance reduction to 73% of its value, i.e. a relative 
reduction of 27%.

The following selection criteria are specific to the Kµνee selection. 
The presence of an undetected neutrino in the final state enhances 
the background, therefore the vertex position condition and the 
photon veto criteria are more stringent than in the Kπee case.
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according to the specified charge and particle identification re-
quirements.

• A momentum deficit, pbeam − pvtx > 10 GeV/c, is required 
to suppress the K + → π+π+π− background. This condition 
leads to a 55% relative reduction of acceptance, assuming a 
uniform phase space distribution.

• The squared missing mass is defined as m2
miss = (P K − Pµ −

Pe1 − Pe2)
2, where P K , Pµ and Pe1,2 are the kaon, muon 

and positron four-momenta, respectively. The four-momenta 
are evaluated using the mean kaon beam momentum and the 
reconstructed daughter momenta, under the respective mass 
hypotheses. The signal region is defined as −0.006 GeV2/c4 <
m2

miss < 0.004 GeV2/c4. The asymmetric definition reduces the 
K + → π+π−e+ν background while maximising acceptance, 
taking into account the m2

miss resolution of 1.4 × 10−3 GeV2/c4

and its non-gaussian tails.
• The longitudinal position of the vertex should not be within 

the first 3 m of the FV. This reduces the background from up-
stream decays, i.e. decays occurring upstream of GTK3. Track 
bending by the TRIM5 magnet leads to a biased reconstruction 
of the decay vertex and kinematic properties of these decays.

• For further suppression of backgrounds with photons in the fi-
nal state, no clusters in the LKr calorimeter are allowed with 
energy above 3 GeV, separated by more than 150 mm from 
each of the track impact points, and within 6 ns of the vertex 
time.

3. The effective number of K + decays

The reconstructed mπee spectra obtained with the Kπee se-
lection for the data, as well as simulated signal and background 
components, are displayed in Fig. 2 (left). Below the mπee normal-
isation region, the background is mainly due to K + → π+π+π−

decays with two pions (π±) misidentified as electrons (e±), and 

K + → π+π−e+ν decays with one pion (π−) misidentified as 
an electron (e−). In the mπee normalisation region, 10975 de-
cay candidates are observed in the data sample, and the principal 
background comes from the K + → π+π0

D , π0
D → γ e+e− decay 

chain. This background is suppressed by the mee > 140 MeV/c2

selection condition, and contributes via double particle misiden-
tification (π+ → e+ and e+ → π+). Pion and electron identifica-
tion with the LKr calorimeter is modelled using (mis)identification 
probabilities measured from data samples of K + → π+π+π− and 
K + → π0e+ν decays [7]: the misidentification probabilities are 
about 1%, and depend on momentum. Contribution to the back-
ground from the pion decay in flight, π± → e±ν , is negligible due 
to the O(10−4) branching fraction of this decay.

To account for the fact that the µMT trigger line is used to 
collect Kµνee events only, while the eMT and MT lines are used 
to collect both Kµνee and Kπee events, a weight determined by 
the trigger downscaling factors is applied to each Kπee event in 
the data sample to evaluate the number of Kπee candidates for 
normalisation:

w =
1 −

(
1 − 1

DeMT

)(
1 − 1

DµMT

)(
1 − 1

DMT

)

1 −
(

1 − 1
DeMT

)(
1 − 1

DMT

) ≥ 1.

The weight quantifies the enhancement of the kaon flux provided 
by the additional µMT trigger line used to collect Kµνee events. 
The weight has a typical value of 1.8, and reaches 2.9 for subsets 
of data with large values of the DeMT/DµMT ratio.

The effective number of K + decays in the FV is computed as

NK = (1 − f ) · Nπee

Bπee · Aπee

= (1.97 ± 0.02stat ± 0.02syst ± 0.06ext) × 1012, (1)

where: Nπee = 21401 is the number of weighted Kπee candi-
dates in the data sample; Bπee = (3.00 ± 0.09) × 10−7 is the Kπee
branching fraction [11]; Aπee = (3.62 ± 0.03syst) × 10−2 is the se-
lection acceptance evaluated with simulations including trigger in-
efficiency and effects of event pileup; and f = 1.0 × 10−3 is the 
relative background contamination evaluated with simulations. The 
uncertainty in Aπee is estimated from stability checks with respect 
to variation of the selection criteria. The quoted systematic uncer-
tainty in NK is due to Aπee , while the external uncertainty is due 
to Bπee .

4. Background to the K + → µ−νe+e+ decay

Background due to single kaon decays

Background to the Kµνee process from single K + decays is esti-
mated using simulations with data-driven modelling of pion and 
electron (mis)identification, as described in Ref. [7]. To validate the 
background estimates, lower and upper regions of m2

miss located be-
low and above the signal region are considered, while the signal 
region is kept masked.

• K + → π+π+π− decay, with double π+ → e+ misidentifica-
tion and π− → µ−ν̄ decay in flight, contributes mainly in 
the upper m2

miss region. Background in the signal mass region 
is minimised by the choice of the selection condition on the 
missing momentum, pbeam − pvtx. Background from upstream 
K + → π+π+π− decays is minimised by the zvtx selection 
condition.

• K + → π+π−e+ν decay, with π+ → e+ misidentification and 
π− → µ−ν̄ decay in flight, contributes mainly in the upper 
m2

miss region. The contribution in the signal mass region is also 
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A’ → µ+µ- [JHEP 09 (2023) 035]

A’ → e+e- (preliminary) 
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dump

protons
400 GeV

TAX1 TAX2

decay region

A’

§ 400 GeV SPS protons absorbed by K12 TAX copper collimators: Target + dump
§ A’ produced by proton strahlung or meson decays 
§ A’ decays in the decay region if gct is big enough (g >1000)
§ Lepton pairs (e+e-, µ+µ-) are detected by NA62 exp.
§ Total of 1.4x1017 protons on dump collected in 2021 (10 days of special run)
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il Modello Standard 

A’ production proceeds via p-bremsstrahlung or mesons decays

A’ decays to leptons pairs for MA’<500 MeV

Dominant decays at NA62 are:
Ø A’ → e+e- (100% for MA’<210 MeV)
Ø A’ → µ+µ- (only if MA’>210 MeV)

π0

γ

γ

A′

e+

e−
u, s

p p

g*§ Meson decays:

§ Proton-bremsstrahlung [Phys. Lett. B 731 (2014) 320]:

1. !V

We begin with the decays of the vector V!. Through
mixing with the photon, V! will decay to SM leptons, with
partial width

!V!ll ¼
1

3
"#2mV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1" 4m2

l

m2
V

s "
1þ 2m2

l

m2
V

#
: (4)

Also, for masses mV > 2m$, V! will decay to hadrons.
Since mV may overlap with hadronic resonances, we will
use the fact that the total decay width to hadrons can be
directly related to the cross section %eþe"!hadrons,

!V!hadrons ¼
1

3
"#2mV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1" 4m2
!

m2
V

vuut
"
1þ 2m2

!

m2
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#
Rðs ¼ m2

VÞ;

(5)

where as usual R ¼ %eþe"!hadrons=%eþe"!!þ!" . In the
compilation of the hadronic cross section, the lowest data
point is at

ffiffiffi
s

p ¼ 0:36 GeV [22,23], well above the pion
threshold. Therefore, in the intermediate range above the
threshold we use the cross section for eþe" ! $þ$"

[23,24].
We show in Fig. 1 the total V decay width and branching

ratios for # ¼ 10"2. We see that for most values ofmV , the
vector will have a significant branching to leptons (unless
mV happens to coincide with a hadronic resonance). Note
also that it is possible for the vector to decay to neutrinos
due to kinetic mixing with the Z boson, but this will be
suppressed by a factor m4

V=m
4
Z & 10"8 for a GeV-scale

vector and can safely be neglected.

2. !h0

Next, we consider the decays of the Higgs’. The decay
characteristics of the h0 depend on whether it is heavier or
lighter than the vector. Let us first consider mh0 > 2mV , in
which case the h0 decays predominantly to a pair of real

vectors, with partial width

!h0!VV ¼ "0m3
h0

8m2
V

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1" 4m2

V

m2
h0

vuut
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V
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þ 12m4
V

m4
h0

#
; (6)

where "0 ¼ e02=4$. For the casemh0 <mV , the Higgs’ can
decay to leptons and hadrons via two off-shell vectors V'

!

[25]:

!h0!V'V' ¼ 1
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(8)

with &ðA; B;CÞ ¼ A2 þ B2 þ C2 " 2AB" 2AC" 2BC.
In fact, Eq. (7) can also be used to calculate the decay to
one real and one virtual vector h0 ! VV' for the regime
mV <mh0 < 2mV as well as two real vectors [Eq. (6)] with
the replacement of the Breit-Wigner peak by a delta
function.
If the Higgs’ is light, then loop-induced decays become

important. For example, the Higgs’ can decay into a pair of
leptons through a triangle graph

!h0!ff ¼ "0"2#4mh0

2$2

m2
f

m2
V

"
1"

4m2
f

m2
h0

#
3=2

jIðmh0 ; mV;mfÞj2;

(9)

where the form factor I is

FIG. 1. Total width !V ðGeVÞ and branching ratios for V: V ! eþe" (dashed), V ! !þ!" (dotted), and V ! 'þ'" (dotted-
dashed), and V ! hadrons (solid) for the choice of # ¼ 10"2 and "0 ¼ ".
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vector and can safely be neglected.
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Next, we consider the decays of the Higgs’. The decay
characteristics of the h0 depend on whether it is heavier or
lighter than the vector. Let us first consider mh0 > 2mV , in
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with &ðA; B;CÞ ¼ A2 þ B2 þ C2 " 2AB" 2AC" 2BC.
In fact, Eq. (7) can also be used to calculate the decay to
one real and one virtual vector h0 ! VV' for the regime
mV <mh0 < 2mV as well as two real vectors [Eq. (6)] with
the replacement of the Breit-Wigner peak by a delta
function.
If the Higgs’ is light, then loop-induced decays become

important. For example, the Higgs’ can decay into a pair of
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mV <mh0 < 2mV as well as two real vectors [Eq. (6)] with
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Also, for masses mV > 2m$, V! will decay to hadrons.
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

Event selection: Track quality, timing coincidence, PID with calorimeter and muon detector

No Photons and no in-time activity in Large Angle Vetos

Decay Vertex match:  A’ decay point PCDA compatible with beam extrapolation
Closest Distance of Approach (CDA) between the dark photon line of flight and the proton beam 
direction at the TAX entrance.
Blind analysis with control regions used for MC background estimate validation

Same sign event MC BG validation A’ à µ+µ- MC: signal region definition

JHEP09(2023)035

https://link.springer.com/article/10.1007/JHEP09(2023)035
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

§ Open Signal and Control Regions: 
0 events in CR  1 event in SR, black dot

§ Probability to observe SM event in SR is 
only 1.6%

§ However, event on tail end of SR and the
Dt between the tracks is 2s away from zero

§ Invariant mass of event was 411 MeV

§ Observed event could be interpreted as 
combinatorial background fluctuation 
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

Improved 90% CL limit on DP in the mass range 215 MeV/c2<MA'<550 MeV/c2

Black line:     observed limit
Green filled:  1s confidence level
Yellow filled: 2s confidence level
Grey filled:    Already excluded regions

JHEP09(2023)035

https://link.springer.com/article/10.1007/JHEP09(2023)035
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

§ Access to the mass region MA’< 210 MeV/c2

§ Signal and control regions redefined (different kinematics)

§ PID changed to select electrons, Veto on in-time activity in the muon detector (MUV3)

§ Same blind analysis technique as in A’→ µ+µ- (expected SM background < 0.06 events)

§ No events found in the SR after unblinding!
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard Results for A’ → e+e- channel only

§ NA62 dump mode results for 2-leptons decays improve 90% CL limit on DP 
in the mass range 20 MeV/c2<MA’<550 MeV/c2

§ Analysis on additional final states γγ, π π γ, μπ… ongoing on 2021 data set

Combined results for A’→e+e- and A’→µ+µ-
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

§ The NA62 collaboration is continuing to fully exploit the data collected during Run 1:

• K+ → p0e+ng decay: new measurements of the BR and new limits on   
T-asymmetry parameter x

• New limits on the search of dark photons and QCD axions from the non 
resonant decay K+→p+e+e-e+e-

• First search of the LF/LN violation decay K+→µ-ne+e+

§ Meanwhile, after important hardware upgrades installed during LS2 (2019-2020), the 
data taking restarted in 2021 for Run 2 (2021-2025) and new results, based on these 
data,  are incoming:

• New limits on dark photon search from 2021 beam dump run:
Ø A’ → µ+µ-

Ø A’ →  e+e-

§ Stay tuned! (new results, new proposal – HIKE)
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

SPARES
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

BR(K+à p+nn) = (0.84 ± 0.10)⨉10-10

New SM calculations:
Buras, Venturini (arXiv:2109.11032): (0.860 ± 0.042)⨉10-10
Brod, Gorbahn, Stamou (PoS BEAUTY2020 (2021) 056): (0.773 ± 0.061)⨉10-10
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Perugia – 22 Maggio 2013 

Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 
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Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

8++-p+   measurement with the NA62 experiment at CERN (R. Marchevski)HQL 2021

Reminder: 2016 and 2017 data results

2 events observed

Br(K+-P+UU ) < 1.78x10-10 @ 90% CL 
JHEP 11 (2020) 042

1 events observed

Br(K+-P+UU ) < 14x10-10  @ 90% CL
Phys. LeH. B 791 (2019) 156-166 

2016 data
2017 data
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Decadimenti di mesoni K per 
la ricerca di nuova fisica oltre 

il Modello Standard 

16++-p+   measurement with the NA62 experiment at CERN (R. Marchevski)HQL 2021

Opening the box in the 2018 data

5.4 background + 7.6 SM signal events expected, 17 events observed


