
LATEST RESULTS FROM THE 
NA62 EXPERIMENT 

@CERN
Letizia Peruzzo 

Johannes Gutenberg University Mainz

on behalf of NA62 Collaboration

BLOIS 2024
35th Rencontres de Blois on Particle Physics and Cosmology

Blois 20th — 25th October 2024 



NA62 

NA62 EXPERIMENT

23.10.2024 BLOIS 2024 2

2009-2014 Detector R&D 
     Installation
2015 Pilot run and commissioning 

2016–2018 NA62 Physics Run 1

2019-2020 CERN Long Shutdown 2 (LS2)

2021-LS3 NA62 Physics Run 2 

Ø Multi purpose high-intensity Kaon experiment

Ø Broad physics programme in kaon and pion sectors

Ø Primary goal: precision measurement of 𝐁𝐑(𝑲! → 𝝅!𝝂(𝝂)

This talk

Currently ~300 participants from ~30 institutions

Joel Swallow
CERN Seminar

NA62:  
The  factory at the 
CERN north area

K+

5

Data taking is 
currently ongoing

Flavor session !!!
!!! New Results

F. Brizioli talk at Plenary 



NA62 BROAD PHYSICS PROGRAMME

23.10.2024 BLOIS 2024 3

400 GeV/c SPS 
proton beam on 

target

400 GeV/c SPS 
proton beam 

on dump module

Ø Low energy QCD tests
Ø Precise tests of lepton flavor universality, lepton number and 

flavor violation 
Ø First row CKM unitarity 

Ø New Physics searches at the EW scale with sizeable coupling 
to SM particles via indirect effects in loops

Ø New Physics searches below the EW scales (MeV-GeV range) 
feebly-coupled to SM particles via direct detection of long-
lived particles 

Ø Dark Photon (DP), Axion Like Particle (ALP), Dark Scalar (S), 
Heavy Neutral Lepton (N) 



OUTLINE
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Ø Experiment apparatus

Ø Precision measurements with kaon and pion
q 𝐾! → 𝜋!𝛾𝛾 , 𝜋" → 𝑒!𝑒#

Ø Lepton Number and Flavor Violation searches
q 𝐾! → 𝜋𝜋"𝜇𝑒

Ø Hidden Sector searches with kaons and in dump mode
q 𝐾! → 𝜋!𝑋 𝑋 → 𝛾𝛾 , 𝐴$ → ℓ!ℓ# and 𝑋 → ℎ𝑎𝑑𝑟𝑜𝑛𝑠

Ø Conclusions



NA62 DETECTOR LAYOUT
[NA62 Detector Paper, 2017 JINST 12 P05025]
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TOP 

view Beam

NA62 Performance Keystones: 
q High-precision time measurements 𝓞 𝟏𝟎𝟎 𝐩𝐬 timing between detectors
q High-efficiency and high-precision tracking 𝓞(𝟏𝟎𝟒) background suppression from kinematics
q High-performance particle identification system > 𝟏𝟎𝟕 muon rejection 
q Hermetic photon-veto system > 𝟏𝟎𝟖 rejection of 𝜋" from 𝐾! → 𝜋!𝜋" decays

Detector layout optmized for the main measurement 𝐾! → 𝜋!𝜈�̅�



NA62 DETECTOR LAYOUT
[NA62 Detector Paper, 2017 JINST 12 P05025]
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Primary beam from SPS:
² 400	GeV/𝑐	protons 
Secondary hadronic beam:
² 𝐾 +(6%)/𝑝(23%)/𝜋!(70%)
² 75	GeV/𝑐	(±	1%)
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TOP 

view

Upstream detectors for 𝐾! identification, momentum and directions
Fiducial volume 105-165 m from target 4.5 × 1012 kaon decays/year
Downstream detectors for 𝐾! decay products

²Tracking STRAW Spectrometer 4 chambers +	1	dipole magnet 
²Timing and trigger hodoscopes (CHODs)
²Particle ID: RICH + Calorimeters (EM + hadron) + Muon Veto 
²Photon Veto system (LKr, LAV, SAV) hermetic veto 0-50mrad

²Kaon tagger KTAG
   Cherenkov detector 70ps time resolution
²Beam spectrometer GTK
   Si-pixel stations for momentum and position
²Anticounter CHANTI
   veto detector

Beam



NA62 DATA TAKING

23.10.2024 BLOIS 2024 7

Ø Run1 2016 (45 days), 2017 (160 days) and 2018 (217 days) 
~2.2 × 10() Proton On Target (POT) collected in Run1 

6 × 10(* 𝐾! decays

4New result on the search for the K+ ✓ ◆+ decay at NA62 (R. Marchevski)ICHEP 2020

State-of-the-art !+✓p+ experiments 

Phys. Rev. D 79, 092004 (2009)

Phys. Rev. D 77, 052003 (2008)

Past experiments (E787/E949 @ BNL)

Kaon decay-at-rest technique

Present state-of-the-art !+✓p+ 
experiments 

Kaon decay-in-Light technique

NA62 experiment (this talk)

NA62

Integrated luminosity NA62 Run 1

1.9 x 1012 proton per spill on target

~ 2.2 x 1018 POT collected in Run 1

     Run 1 statistics
Ø Dedicate trigger streams to collect both single-track 

and multi-track final state events, based on 
hardware L0 and software L1 trigger

[Performance of the NA62 Trigger System, 
JHEP03 (2023) 122]

Target

LKr EM Calorimeter

RICH

Beam direc
tion

Ø Run2 2021 (85 days), 2022 (215 days), 2023 (150 days), 
2024 ongoing and until LS3

Larger 𝐾! sample expected
1.4 × 10(+ POT collected in beam dump (10 days in 2021)
One additional week in beam dump both in 2023&2024 



PRECISION MEASUREMENTS
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Additional analyses on precision not covered here:
 𝐾! → 𝜋!𝜇!𝜇# [JHEP11 (2022) 011]
 𝐾! → 𝜋"𝑒!𝜈𝛾  [JHEP09 (2023) 040]



𝑲! → 𝝅!𝜸𝜸 
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Ø Crucial test of Chiral Perturbation Theory (ChPT)
Ø All results so far consistent with leading order 𝒪 𝑝,  ChPT description

Ø Decay rate and spectrum determined by a single, a priori unknown, 
𝒪 1  parameter H𝒄

Ø Decay described kinematic variable 𝒛 = 𝒎𝜸𝜸
𝟐

𝒎𝑲
𝟐

[Phys. Lett. B386 (1996) 403]

NA62 analysis details:
q Full Run1 data sets
q External parameters from [Rev. Mod. Phys. 84 (2012)][Phys. Lett. B835 (2022)]
q Normalize to 𝐾! → 𝜋!𝜋" , 𝜋" → 𝛾𝛾 events 𝑁-~5. 6 × 10(. 

q Analysis performed in 𝒛 =
𝑷𝑲##𝑷𝝅#

𝟐

𝒎&#
𝟐 > 𝟎. 𝟐 signal region

q 𝑁-'((
"12 = 3984 , 𝑁345

678 = 291 ± 14
q Backgrounds (validate in control regions with enhanced background and check 

Data/MC agreement) 
• Multi-𝛾 with merged clusters (e.g. 𝐾! → 𝜋!𝜋'𝛾)
• 𝐾! → 𝜋!𝜋!𝜋( with 2 non reconstructed tracks

Data
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Published results in
Phys. Lett. B850 (2024) 138513

First evidence that ChPT 
description at NLO 𝓞(𝒑𝟔) is needed 
to accurate describe the process

Fit to d
ata poin

t of 𝑧 

distribu
tion to 

extract
 �̂� param

eter



𝑲! → 𝝅!𝜸𝜸 

23.10.2024 BLOIS 2024 10

Published results in
Phys. Lett. B850 (2024) 138513

5 6 7 8 9 10 11 12 13 14
710×)γγ+π →+K(Β

31 events
E787 (1997)

NA48/2 (2014)
149 events

NA62-2007 (2014)
232 events

NA48/2 + NA62-2007 (2014)
381 events

NA62 (2023)
3984 events

0.5 1 1.5 2 2.5
c) 6pChPT O(

31 events
E787 (1997)

NA48/2 (2014)
149 events

NA62-2007 (2014)
232 events

NA48/2 + NA62-2007 (2014)
381 events

NA62 (2023)
3984 events

Results in the ChPT 𝒪 𝑝#  description:
.𝒄𝟔 = 𝟏. 𝟏𝟒𝟒 ± 𝟎. 𝟎𝟕𝟕

𝐁𝐑𝐂𝐡𝐏𝐓𝓞 𝒑𝟔 𝑲! → 𝝅!𝜸𝜸 = 𝟗. 𝟔𝟏 ± 𝟎. 𝟏𝟕 × 𝟏𝟎+𝟕

Model independent branching ratio summing over z bins
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𝝅𝒐 → 𝒆!𝒆# 
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PRELIMINARY RESULTS

π0

γ#

γ#

e+

e−

Ø Measurement of a very rare decay of 𝜋"

Ø Measurement experimentally challenging due to presence of radiative photon in final state

Ø Important role of radiative corrections  

Ø Observable accessible by the experimets 𝐁𝐑 inclusive of final-state radiation

𝐁𝐑 𝝅𝒐 → 𝒆!𝒆+ 𝜸 𝒙 > 𝒙𝒄𝒖𝒕) 𝒙 =
𝒎𝒆𝒆
𝟐

𝒎𝝅𝒐
𝟐

q Dalitz decay 𝜋9" → 𝛾𝑒!𝑒# dominant in low-𝑥 region
q For 𝑥 > 0.95 only ≈ 3.3% of 𝜋9" enter the 𝜋" → 𝑒!𝑒#(𝛾) signal region

Ø State of the art so far
 
 Experimental KTeV      BR 𝜋" → 𝑒!𝑒# = 6.84 ± 0.35 × 10#)
 
 Theory         BR 𝜋" → 𝑒!𝑒# = 6.25 ± 0.03 × 10#)

(latest radiative corrections [JHEP10 (2011) 122] [Eur. Phys. J. 74 (2014) 8, 3010])

Diagram considered in 
theoretical predictions 

leading to BR 𝜋' → 𝑒!𝑒( . 
Various 𝜋' → 𝛾∗𝛾∗ transition 
form factors are considered

BR(𝜋" → 𝛾𝛾) ≈ 98.82%
BR(𝜋9" → 𝛾𝑒!𝑒#) ≈ 1.17%

Phys. Rev. Lett. 128 (2022) 112002

Phys. Rev. D 75 (2014) 012004
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PRELIMINARY RESULTS

Ø Large sample of 𝝅𝒐 available in NA62 via 𝑲! → 𝝅!𝝅𝒐 decay

Ø Dedicate multi-track electron trigger line

Ø Normalization 𝐾! → 𝜋!𝑒!𝑒# (same final state and trigger)
𝑁- ~ 8.6 × 10((

Ø Main backgrounds:
v 𝐾! → 𝜋!𝑒!𝑒# irreducible and flat in signal region
v 𝐾! → 𝜋!𝜋9" (𝜋" → 𝑒!𝑒#𝛾) irreducible at high 𝑥 tail,
  or 𝛾 conversion in STRAW Spectrometer 
v 𝐾! → 𝜋!𝜋9"𝜋9" with two undetected 𝑒±

o 3-track final state with vertex in FV
o 𝑚<< 	130 − 140	MeV/𝑐* for signal
o 𝑚<< 	140 − 360	MeV/𝑐* for normalization

𝐁𝐑𝐏𝐫𝐞𝐥𝐢𝐦𝐢𝐧𝐚𝐫𝐲 𝝅𝒐 → 𝒆!𝒆+ = 𝟔. 𝟐𝟐 ± 𝟎. 𝟑𝟗 ×𝟏𝟎+𝟖

q 1402 observed candidates
q Acceptance ~ 5.7%
q Maximum likelihood fit of simulated 

samples to data to extract 𝐁𝐑
q Signal yield 597 ± 29	
q 𝜒*/𝑛𝑑𝑓 = 25.3/19 p-value= 0.152



LEPTON NUMBER AND LEPTON FLAVOR 
VIOLATION SEARCHES
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Additional analyses on precision not covered here:
𝐾! → 𝜋#𝜇!𝜇! [Phys. Lett. B797 (2019) 134794]
𝐾! → 𝜋# 𝜋" 𝑒!𝑒![Phys. Lett. B830 (2022) 137172] 
𝐾! → 𝜋∓𝜇±𝑒!, 𝜋" → 𝜇#𝑒! [Phys. Rev. Lett. 127 (2021) 131802]
𝐾! → 𝜇#𝜈𝑒!𝑒! NA62Coll., Phys. Lett. B838 (2023) 137679]



𝑲! → 𝝅𝝅𝒐𝝁𝒆 
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Published results in
arXiv:2409.12981

Submitted to Phys. Lett. B
Ø Lepton Number (LN) and Lepton Flavor (LF) conserved in SM
Ø Observations of LN and LF violation clear signs of New Physics
Ø Several scenario for generating LNV/LFV in charged processes

Ø Rich programme @NA62 in search for LN and LF violation
Ø Dedicate multi-track trigger streams with electron and/or muon in final states
Ø Analysis carried on with blind principle
Ø World’s leading sensitivity in many channels with 𝐔𝐋 𝓞 𝟏𝟎#𝟏𝟎 /𝓞(𝟏𝟎#𝟏𝟏)

𝑲! → 𝝅#𝝁!𝝁!, 𝑲! → 𝝅# 𝝅𝒐 𝒆!𝒆!, 𝑲! → 𝝅∓𝝁±𝒆!, 𝝅𝒐 → 𝝁#𝒆!, 𝑲! → 𝝁#𝝂𝒆!𝒆!

Ø First search for LNV decay 𝑲! → 𝝅𝒐𝝅+𝝁!𝒆! and LFV decays 𝑲! → 𝝅𝒐𝝅!𝝁±𝒆∓
q Normalization channel 𝐾! → 𝜋!𝑒!𝑒# (BR~3×10#+) 10975	candidates selected ⟶𝑁- ≈ 2×10(*
q Full reconstruction of signal final state 𝜋" → 𝛾𝛾 in EM calo, 3 charged tracks with PID 𝜋𝜇𝑒
q Background from single or coincidence of two 𝐾! decays, with mis-PID and/or 𝜋 decay-in-flight (evaluated 

with simulation validated in control samples)

𝐾! → 𝜋!ℓ2!ℓ3( LFV 
process mediated by 
a leptoquark (𝑌45)

[JHEP 12 (2019) 089]

𝐾! → 𝜋(ℓ!ℓ!(ΔL = 2) 
LNV process mediated by 
Majorana neutrino (U)

[JHEP 05 (2009) 030]



𝑲! → 𝝅𝝅𝒐𝝁𝒆 
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Published results in
arXiv:2409.12981

Submitted to Phys. Lett. B

Figure 3: Left: momentum di!erence (”p) spectra for data and simulated samples obtained
using a loose Kωωµe selection without the ”p, pT and LAV veto conditions, and with the mωωµe

condition inverted. Right: mass (mωωµe) spectra for data and simulated samples for the full
selection; the signal mωωµe regions, shown with arrows, are not masked. Top row: K+

→

ω0ω→µ+e+ mode; middle row: K+
→ ω0ω+µ→e+ mode; bottom row: K+

→ ω0ω+µ+e→ mode.
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0 signal observed in the signal region 𝟒𝟖𝟔 < 𝒎𝝅𝒐𝝅𝝁𝒆 < 𝟓𝟎𝟐𝐌𝐞𝐕/𝒄𝟐 for all 3 investigated 
channels
Channel Expected Background Mechanism 𝑼𝑳 on 𝐁𝐑

@ 𝟗𝟎% CL
𝐾! → 𝜋"𝜋#𝜇!𝑒! 0.33 ± 0.07 𝐾! → 𝜋!𝜋"𝜋9" with soft 𝛾 undetected, 𝝅! →

𝜇!𝜈 DIF and 𝑒 → 𝜋 mis-ID
𝟐. 𝟗 × 𝟏𝟎#𝟏𝟎

𝐾! → 𝜋"𝜋!𝜇!𝑒# 0.29 ± 0.07 𝟓. 𝟎 × 𝟏𝟎#𝟏𝟎

𝐾! → 𝜋"𝜋!𝜇#𝑒! 0.004 ± 0.003 𝐾! → 𝜋"𝑒!𝜈 + 𝐾! → 𝜋!𝜋!𝜋# with 𝜋# → 𝜇#𝜈 
DIF and 1 𝜋! undetected 𝟑. 𝟏 × 𝟏𝟎#𝟏𝟎

𝑲! → 𝝅𝒐𝝅#𝝁!𝒆! 𝑲! → 𝝅𝒐𝝅!𝝁#𝒆!𝑲! → 𝝅𝒐𝝅!𝝁!𝒆#



HIDDEN SECTOR SEARCHES
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Additional analyses on hidden sector not covered here:
     𝐾! → 𝜋!𝑋𝑋(𝑋 → 𝑒!𝑒#, 𝑋 → 𝑒!𝑒#) [Phys. Lett. B846 (2023) 138193]
     𝐾! → 𝑒!𝑁 [Phys. Lett. B 807 (2020) 135599]
     𝐾! → 𝜇!𝑁 [Phys. Lett. B 816 (2021) 136259]
𝐾! → 𝜇!𝜈𝑋, 𝐾!→ 𝜇!𝜈�̅�𝜈 [Phys. Lett. B 816 (2021) 136259]



𝑲! → 𝝅!𝑿 
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Published results in
Phys. Lett. B850 (2024) 138513

Ø Axion-like particle (ALP) search in 𝒂 → 𝜸𝜸 channel (dominant final state for mD < 3𝑚E)
Ø Direct by product of 𝑲! → 𝝅!𝜸𝜸 analysis 
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Results interpreted in the BC11 scenario 
ALP with dominant gluon coupling

q Peak search over 𝑚D = 𝑃- − 𝑃E * in the range 𝟐𝟎𝟕 − 𝟑𝟓𝟎 𝐌𝐞𝐕/𝒄𝟐 
in step of 0.5 MeV/𝑐*

q In each mass hyp. background estimation with simulations
q 𝑼𝑳 on BR(𝐾! → 𝜋!𝑎) assuming prompt 𝑎 → 𝛾𝛾 (𝜏D = 0)
q Sensitivity limited by 𝐾! → 𝜋!𝛾𝛾 background

Exclusion limits in the parameter 
space coupling 𝑣𝑠 mass

together with NA62 results for 
invisible 𝑎 decays

[Physics Beyond Collider project at CERN,
 J. Phys. G47 (2020) 010501]

[JHEP02 (2021) 201][JHEP06 (2021) 93]



NA62 IN BEAM DUMP CONFIGURATION
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Normal data taking with Be 
target in place

29/05/19 Search for exotics at NA62 (A. Kleimenova) 10

Beam dump mode of NA62
Normal data taking BD mode

29/05/19 Search for exotics at NA62 (A. Kleimenova) 10
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Ø 3.2m long Cu-Fe collimator (TAX)
Ø 19.6 interaction length
Ø ×𝟏. 𝟓 nominal proton intensity wrt kaon mode
Ø 𝟏. 𝟒	×𝟏𝟎𝟏𝟕 POT collected and analyzed in 2021
Ø additional data collected in 2023-2024
Ø aim at 𝟏𝟎𝟏𝟖 POT before end of Run2

Target removed
and TAX closed

Proton 
beam

Ø Signal region of the search define in the plane
q ZFGH longitudinal position primary vertex
q CDAFGH closest distance of approach between beam 

direction (at TAX entrance) and track pair direction

𝑍!"#

CDA!"#
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Ø SM extension via vector portal Dark Photon 𝐴A
Ø New vector field feebly interacting with SM particles
Ø Free parameters of the model 𝒎𝑨* and kinetic coupling 𝜺

Ø Production mechanism
q Bremsstrahlung: 𝛾∗𝑝 → 𝐴$𝑝$
 virtual photon exchange between proton and nucleus
q Meson decay: 

𝑃 → 𝛾𝐴$, 𝑉 → 𝑃𝐴$ with 𝑉 = 𝜌,𝜔, 𝜙  and , 𝑃 = {𝜋" , 𝜂, 𝜂$}

Ø Dominant decay in ℓ�ℓ pair for 𝑚K* < 700 MeV/c*
𝑒!𝑒# and 𝜇!𝜇# channels investigated

Ø Blind technique
Ø Backgrounds data-driven and simulation

qCombinatorial dominant for 𝜇 channel
 random superposition of 2 uncorrelated halo µ

q Prompt dominant for 𝑒 channel
 secondary particles from µ-halo interaction with
 material upstream or inside decay volume

Dark photon search in 𝐴′ → 𝑙+𝑙−

10/04/2024 Latest results for searches of exotic decays with NA62 in beam-dump mode 10

The signal signature:
• Lepton-antilepton vertex in the NA62 decay 

region and pointing back to the proton beam 
interaction point at the TAX.

Event selection:
• Reconstructed track quality
• Track timing coincidence with the trigger
• Muon/electron identification with calorimeter and 

muon detector
• In ee analysis: decay region & PID optimization

and no in-time activ ity in muon veto detector 
MUV3

• No in-time activ ity at large angle veto detectors 
(LAV) and ANTI0 in ee analysis to reduce possible 
selection of vertices derived by interaction of 
incoming muons with the material in the LAVs. 

• Signal region (SR) selection (new SR definition in 
ee analysis)

CR and SR kept masked until 
the analysis strategy is frozen

CDATAX – closest distance of approach 
between the beam direction at the TAX 
entrance and 𝜇+𝜇− pair direct ion 𝜎𝐶𝐷𝐴 =
 ~7 mm
ZTAX – longitudinal posit ion, 𝜎𝑍 =  ~5.5 m

CR = control region
SR = signal region

𝐴′ → 𝜇+𝜇− 

𝐴′ → 𝑒+𝑒− 

SR: 6 < ZTAX < 40 m & CDATAX< 20 mm

SR: Ellipse centered around ZTAX = 23 m 
& CDATAX = 0 mm

JHEP 09, 035 (2023)
arXiv :2312.12055

JHEP09(2023)035
Figure 14. The region of the parameter space within the solid line is excluded at 90% CL. The
colour-filled area represents the expected uncertainty in the exclusion contour in the absence of a
signal: green (yellow) corresponds to a statistical coverage of 68% (95%).

Figure 15. Distributions of CDATAX vs ZTAX. Left: data (dots) and expected background (colour-
scale plot). Right: data (dots) and expected signal density (colour scale). Bins of 2 mm × 1 m size
are used for the colour scale.

The results are also interpreted in terms of the emission of axion-like particles. In a
model-independent approach [5], the ALP lifetime τa, the ALP mass Ma, and the product of
the branching ratios of eq. (1.3) are free parameters. The NA62 result is shown in figure 16
for selected values of Ma. For ALP masses below 280MeV/c2, the NA62 result extends the
exclusion limits from previous experiments (LHCb [20, 21], CHARM [22, 23]).

8 Conclusions

The search for production and decay of dark photons to a di-muon final state is the first
result obtained using NA62 data taken in beam-dump mode. A counting experiment is
performed through a cut-based, blind analysis of a data sample equivalent to 1.4 × 1017
dumped protons. One event is found, with a possible interpretation as a combinatorial
background. No evidence of a dark photon signal is established. A region of the dark photon
parameter space (coupling constant, mass) is excluded at 90% CL, extending the limits of
previous experiments in the mass range 215–550MeV/c2 for coupling constants of the order
of 10−6. In addition, the result is interpreted in terms of the emission of axion-like particles

– 17 –

𝐴$ → 𝜇!𝜇#
SR: 6 < 𝑍!"# < 40 m & CDA!"# < 20 mm

1 event observed

0 event observed

Published results in
Phys. Rev. Lett. 133 (2024) 111802

JHEP 09 (2023)
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TAX and is estimated to be 20%. Additionally, factors
such as the size of the signal MC sample and various
reconstruction parameters induce a 2.9% uncertainty in the
signal selection efficiency. After unmasking the CR, no
events are observed, in agreement with the 98.3% proba-
bility of observing no counts in the null hypothesis. After
unmasking the SR, no events are observed, in agreement
with the 98.4% probability of observing no counts in the
null hypothesis. The exclusion limits obtained are derived
using the CLs method [16] on a grid of A0 mass and
coupling values. The test statistic is the profile likelihood
ratio [17]:

q ¼ −2 ln
Lsþb

Lb
; ð4Þ

where

Lsþb ¼ ρðθjθ̃Þ e
−½sðθÞþbðθÞ&

N

Y

i

!
sðθÞfsðxi;MA0 ; εÞ

þ bðθÞfbðxi;MA0 ; εÞ
"

ð5Þ

is the likelihood of the observed data under the signal-
plus-background hypothesis. The product runs over the
observed events. The terms sðθÞ and bðθÞ are the numbers
of signal and background events in the SR, respectively.
The functions fs and fb are the signal and background pdfs
of the reconstructed mass of the two leptons, xi. The
symbol θ collectively denotes the nuisance parameters: the
number of protons on TAX and the expected number of
signal and background events in SR. The functions ρðθjθ̃Þ,
where θ̃ contains the default values of the nuisance para-
meters, are the systematic error pdfs. These are interpreted
as posteriors derived from simulations. The specific func-
tional forms of all pdfs are given Appendix B.

The likelihood of the data under the background-
only hypothesis, Lb, has a similar form, with the signal-
related components removed. The exclusion contour is
obtained by fitting q to the observation, for each value of
MA0 and ε, maximizing separately the numerator and
denominator with respect to the nuisance parameters.
Pseudoexperiments are generated under both signal-only
and signal-plus-background hypotheses, using the respec-
tive fitted values θ. The same test statistic is computed for
each pseudoexperiment. The distributions of q under these
hypotheses are used in the CLs method to decide whether a
specific ðMA0 ; εÞ point is excluded or not at a desired
confidence level. The observed and expected exclusion
contours at 90% CL, and the expected'1σ and'2σ bands,
in the ðMA0 ; εÞ plane are shown in Fig. 4. Previous
results [8,18–30], adapted from the DarkCast package [31],
and supernova exclusions [32] are shown as grey areas.
The combination of this A0 → eþe− result with the NA62

A0 → μþμ− result [10] is performed with the same test statis-
tic but with total likelihoods expressed as products of contri-
butions from the individual A0 decay channels. The number
of protons on TAX is common to both channels, therefore
its pdf enters only once in the likelihood function. The
exclusion regions obtained at 90% CL are shown in Fig. 4.
The interpretation of this eþe− result in terms of the

emission of ALPs in b → s transitions is shown in Fig. 5 for
a set of ALP mass values. A model-independent approach
is used, where the ALP lifetime τa, the mass Ma and the
product BRðB → Kð(ÞaÞ × BRða → eþe−Þ are the free
parameters [11]. Here, BRðB → Kð(ÞaÞ stands for the
sum of these branching ratios of B meson decays (Bþ,
B0 and their antiparticles) weighted by the corresponding
production yields in proton-nucleus interaction obtained
from the PYTHIA8.2 [33] simulation used in [11]. The same
notation was adopted in [10]. The result is found to improve
on previous limits in a mass range from 10 to 800 MeV=c2.

FIG. 4. Observed and expected exclusion contours, at 90% CL, in the plane ðMA0 ; εÞ for the A0 → eþe− analysis (left) and the
combined A0 → eþe− and A0 → μþμ− analyses (right) together with the expected'1σ (green) and'2σ (yellow) bands. Previous results,
including the recent FASER result [25] are shown in gray. The NA62 A0 → μþμ− result [10] is shown with a dot-dashed line in the
right panel.
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meters, are the systematic error pdfs. These are interpreted
as posteriors derived from simulations. The specific func-
tional forms of all pdfs are given Appendix B.
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only hypothesis, Lb, has a similar form, with the signal-
related components removed. The exclusion contour is
obtained by fitting q to the observation, for each value of
MA0 and ε, maximizing separately the numerator and
denominator with respect to the nuisance parameters.
Pseudoexperiments are generated under both signal-only
and signal-plus-background hypotheses, using the respec-
tive fitted values θ. The same test statistic is computed for
each pseudoexperiment. The distributions of q under these
hypotheses are used in the CLs method to decide whether a
specific ðMA0 ; εÞ point is excluded or not at a desired
confidence level. The observed and expected exclusion
contours at 90% CL, and the expected'1σ and'2σ bands,
in the ðMA0 ; εÞ plane are shown in Fig. 4. Previous
results [8,18–30], adapted from the DarkCast package [31],
and supernova exclusions [32] are shown as grey areas.
The combination of this A0 → eþe− result with the NA62

A0 → μþμ− result [10] is performed with the same test statis-
tic but with total likelihoods expressed as products of contri-
butions from the individual A0 decay channels. The number
of protons on TAX is common to both channels, therefore
its pdf enters only once in the likelihood function. The
exclusion regions obtained at 90% CL are shown in Fig. 4.
The interpretation of this eþe− result in terms of the

emission of ALPs in b → s transitions is shown in Fig. 5 for
a set of ALP mass values. A model-independent approach
is used, where the ALP lifetime τa, the mass Ma and the
product BRðB → Kð(ÞaÞ × BRða → eþe−Þ are the free
parameters [11]. Here, BRðB → Kð(ÞaÞ stands for the
sum of these branching ratios of B meson decays (Bþ,
B0 and their antiparticles) weighted by the corresponding
production yields in proton-nucleus interaction obtained
from the PYTHIA8.2 [33] simulation used in [11]. The same
notation was adopted in [10]. The result is found to improve
on previous limits in a mass range from 10 to 800 MeV=c2.

FIG. 4. Observed and expected exclusion contours, at 90% CL, in the plane ðMA0 ; εÞ for the A0 → eþe− analysis (left) and the
combined A0 → eþe− and A0 → μþμ− analyses (right) together with the expected'1σ (green) and'2σ (yellow) bands. Previous results,
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Figure 14. The region of the parameter space within the solid line is excluded at 90% CL. The
colour-filled area represents the expected uncertainty in the exclusion contour in the absence of a
signal: green (yellow) corresponds to a statistical coverage of 68% (95%).

Figure 15. Distributions of CDATAX vs ZTAX. Left: data (dots) and expected background (colour-
scale plot). Right: data (dots) and expected signal density (colour scale). Bins of 2 mm × 1 m size
are used for the colour scale.

The results are also interpreted in terms of the emission of axion-like particles. In a
model-independent approach [5], the ALP lifetime τa, the ALP mass Ma, and the product of
the branching ratios of eq. (1.3) are free parameters. The NA62 result is shown in figure 16
for selected values of Ma. For ALP masses below 280MeV/c2, the NA62 result extends the
exclusion limits from previous experiments (LHCb [20, 21], CHARM [22, 23]).

8 Conclusions

The search for production and decay of dark photons to a di-muon final state is the first
result obtained using NA62 data taken in beam-dump mode. A counting experiment is
performed through a cut-based, blind analysis of a data sample equivalent to 1.4 × 1017
dumped protons. One event is found, with a possible interpretation as a combinatorial
background. No evidence of a dark photon signal is established. A region of the dark photon
parameter space (coupling constant, mass) is excluded at 90% CL, extending the limits of
previous experiments in the mass range 215–550MeV/c2 for coupling constants of the order
of 10−6. In addition, the result is interpreted in terms of the emission of axion-like particles
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Ø Exclusion limit at 90% CL in the parameter space coupling 𝜀	𝑣𝑠	𝑚B6
Ø Region enclosed by the contour is excluded
Ø Mass region 𝟓𝟎 < 𝒎𝑨6 < 𝟔𝟎𝟎𝐌𝐞𝐕/𝒄𝟐

(In published papers also ALP scenario is presented)

Single contribution 𝝁	channel

Single contribution 𝒆	channel

Combine results  𝐀A → ℓ!ℓ+ search

* The grey underlying area is adapted by 
PBC, originally based on Phys. Rev. Lett. 
126 (2021) 18, 181801
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Ø New Physics search with hadron final state

Ø Dark Photon
q Bremsstrahlung: 𝛾∗𝑝 → 𝐴$𝑝$
 virtual photon exchange between proton and nucleus
q Meson decays: 

𝑃 → 𝛾𝐴$, 𝑉 → 𝑃𝐴$ with 𝑉 = 𝜌,𝜔, 𝜙  and , 𝑃 = {𝜋" , 𝜂, 𝜂$}

Ø Dark Scalar
q B meson decays: 𝐵±,. → 𝐾±,.,(∗)𝑆 

Ø ALP
q Primakoff (on-/off-shell)
q Mixing with pseudoscalar mesons 𝑃 = {𝜋" , 𝜂, 𝜂$}
q B meson decays: 𝐵±,. → 𝐾±,.,(∗)𝑎

PRELIMINARY RESULTS

Particle Final State
Dark Photon 

𝐴$
𝜋!𝜋#, 𝜋!𝜋#𝜋" , 𝜋!𝜋#𝜋"𝜋" ,

𝐾!𝐾#, 𝐾!𝐾#𝜋"

Dark Scalar
 𝑆

𝜋!𝜋#, 𝜋!𝜋#𝜋"𝜋" ,
𝐾!𝐾#

ALP 
𝑎

𝜋!𝜋#𝛾, 𝜋!𝜋#𝜋" ,
𝜋!𝜋#𝜋"𝜋" , 𝜋!𝜋#η,

𝐾!𝐾#𝜋"

Altogether 36 combinations of 
production and decay channels studied

v 2 charged hadrons in the final state
v full PID (calorimeter and RICH)
v neutral cluster in EM calorimeter to 

reconstruct 𝛾, 𝜋" and 𝜂
v Vertex in FV and pointing back to TAX

Proven that searches are background free not only at 
NDEF 	= 	1.4 × 10GH but also in the future full Run2 

beam dump dataset of NDEF 	= 	 10GI
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PRELIMINARY RESULTS

Results and interpretation

10/04/2024 Latest results for searches of exotic decays with NA62 in beam-dump mode 24

0 events observed in all control and signal regions
Combination of individual production and decay channels were made 
with ALPINIST [JHEP 07 (2022) 094]

Dark scalar ALP

Results and interpretation

10/04/2024 Latest results for searches of exotic decays with NA62 in beam-dump mode 24

0 events observed in all control and signal regions
Combination of individual production and decay channels were made 
with ALPINIST [JHEP 07 (2022) 094]

Dark scalar ALPDark Scalar exclusion limit ALP exclusion limit

Ø 0 events observed in all control and signal regions
Ø Exclusion limit at 90% CL set on the parameter space coupling 𝑣𝑠 mass

Combination of all 36 productions/decay modes made through ALPINIST 
[Axion-Like Particles In Numerous Interactions Simulated and Tabulated, JHEP07 (2022) 094]
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Ø NA62 successfully completed Run1 (2016-2018)

Ø Run2 data taking currently ongoing (from 2021 until LS3 at CERN)

Ø Rich physics programme to test the Standard Model and search for New Physics
q Precision measurement in kaon and pion decays

𝑲! → 𝝅!𝜸𝜸 and 𝝅𝒐 → 𝒆!𝒆+
q Lepton Number and Flavor Violation decays

𝑲! → 𝝅𝒐𝝅𝝁𝒆
q Hidden Sector with kaons

𝑲! → 𝝅!𝑿 (𝑿 → 𝜸𝜸)
q Hidden Sector in dump mode 

𝑨A → ℓ!ℓ+, 𝒂 → ℓ!ℓ+and 𝑿 → 𝒉𝒂𝒅𝒓𝒐𝒏𝒔 (𝑿 = 𝑨A, 𝑺, 𝒂)

Many other analyses ongoing…
…and many new data are ready to be analyzed…

… and to be collected until LS3!
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SUSY2019
22/05/2019

Jacopo Pinzino
CERN

Physics Beyond SM With Kaons at NA62

THANK YOU FOR YOUR ATTENTION!
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Published results in
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Fig. 2. Reconstructed (𝐵𝐶𝐺𝐺 , Δ𝛼) distributions after the full 𝛽𝐶𝐺𝐺 selection for data (left) and simulated background decay samples (right). The simulated distributions 
have a common normalisation to the data according to their branching ratios; all plots have the same colour scale. The elliptical selection condition, and the 
rectangular regions used to obtain the 𝐵𝐶𝐺𝐺 spectrum (Fig. 3) and a control data sample for 𝛽+ → 𝐶+𝐶+𝐶− background evaluation (as discussed in Section 4) are 
shown by solid lines.

Fig. 3. Reconstructed 𝐵𝐶𝐺𝐺 mass distributions of the 𝛽𝐶𝐺𝐺 (left) and 𝛽2𝐶 (right) candidates for selected samples of data and simulated signal and background samples. 
The elliptical selection condition is replaced by the requirement |Δ𝛼| < 3 GeV/𝜁. The simulated 𝛽𝐶𝐺𝐺 signal corresponds to the result of the ChPT fit.

• Events with 0.2 < 𝜉 < 0.51 (0.04 < 𝜉 < 0.12) are identified as 𝛽𝐶𝐺𝐺
(𝛽2𝐶) candidates. The kinematic variable 𝜉 is computed using the 
track information as 𝜉 = (𝜂𝛽 − 𝜂𝐶)2∕𝐵2

𝛽 ≡𝐵2
𝐺𝐺∕𝐵2

𝛽 , where 𝜂𝛽 and
𝜂𝐶 are the reconstructed 𝛽+ and 𝐶+ four-momenta. The photon 
candidate information is not used, which reduces systematic uncer-
tainties and improves the 𝜉 resolution; the resolution varies from 
𝑖𝜉 = 3.5 × 10−3 at 𝜉 = 0.2 to zero at the endpoint 𝜉 = 0.515.

• The reconstructed mass, 𝐵𝐶𝐺𝐺 , and the difference between the re-
constructed momentum of the 𝐶+𝐺𝐺 system and the reconstructed 
parent kaon momentum, Δ𝛼 = 𝛼𝐶𝐺𝐺 − 𝛼𝛽 , are required to be in-
side an ellipse centred on the point (𝐵𝛽 , 0) with semi-axes of 
10 MeV/𝜁2 and 3 GeV/𝜁, respectively. The axes of the ellipse are 
oriented to account for the correlation between 𝐵𝐶𝐺𝐺 and Δ𝛼. This 
condition has an efficiency of 97.3% for both 𝛽𝐶𝐺𝐺 and 𝛽2𝐶 .

The reconstructed (𝐵𝐶𝐺𝐺 , Δ𝛼) distributions of the 𝛽𝐶𝐺𝐺 candidates 
for data and for simulated signal and background samples are displayed 
in Fig. 2: 3984 candidates are observed in the signal region in the 
data. The reconstructed 𝐵𝐶𝐺𝐺 distributions of the selected 𝛽𝐶𝐺𝐺 and 𝛽2𝐶
candidates, obtained using a modified selection with the elliptical con-
dition in the (𝐵𝐶𝐺𝐺 , Δ𝛼) replaced by the requirements |Δ𝛼| < 3 GeV/𝜁, 
440 <𝐵𝐶𝐺𝐺 < 550 MeV∕𝜁2, are shown in Fig. 3.

3. Trigger efficiencies and number of kaon decays

The trigger lines used in the analysis, the fractions of the dataset col-
lected with each line, and the trigger efficiencies measured for the data 
using control datasets and modelled for the simulated samples are sum-
marised in Table 1. Part of the dataset was collected with the STRAW 
condition disabled in the non-muon trigger line. The 𝛽𝐶𝐺𝐺 and 𝛽2𝐶 de-
cays have different 𝐶+ momentum spectra. The efficiency of the control 
trigger has no significant geometric or momentum dependence; there-
fore it cancels between signal and normalisation samples and is not 
simulated. In contrast, the efficiency of the non-muon line is momentum 
dependent due to the RICH and STRAW conditions and differs between 
the two decay modes. The response of the non-muon trigger is modelled 
for simulated samples, and is included in the acceptance.

The effective number of 𝛽+ decays in the FV is calculated as

𝜒𝛽 =
𝜒𝛽2𝐶 ⋅⃗𝛽2𝐶

,𝛽2𝐶 ⋅(𝛽2𝐶) ⋅(𝐶0
𝐺𝐺 )

= (5.55 ± 0.03) × 1010,

where 𝜒𝛽2𝐶 = 1.14 × 108 is the number of data events passing the 𝛽2𝐶
selection; ⃗ 𝛽2𝐶 = 10 is a software downscaling factor applied to the 𝛽2𝐶
candidates in the data at the processing stage; ,𝛽2𝐶 = (10.05 ± 0.05)%
is the acceptance of the 𝛽2𝐶 selection evaluated with simulations, with 

𝑚788spectra for signal (left) and normalization (right) 

q Background contamination in normalization < 10(9
q Select event in 440 < 𝑚788 < 550 MeV/𝑐3

q Normalization 𝑧 ∈ [0.04 , 0.12] 
q Signal 𝑧 ∈ [0.20 , 0.51]
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Table 2
Numbers of events expected from simulations 
and observed in the data in the control sam-
ples A and B used for validation of the 𝐵3𝐶
background evaluation.

Source Sample A Sample B
𝐵+ → 𝐶+𝐶+𝐶− 933 ± 9stat 1007 ± 5stat
𝐵+ → 𝐶+𝐶0𝐺 – 33 ± 8stat
𝐵+ → 𝐶0𝛼+𝛽(𝐺) – 23 ± 2stat
𝐵+ → 𝐶+𝐶0𝐶0 – 1 ± 1stat

Total expected 933 ± 9stat 1064 ± 10stat

Data 917 1044

Table 3
Estimated background contributions in 
the 𝐵𝐶𝐺𝐺 sample.

Source Estimated background
𝐵+ → 𝐶+𝐶0𝐺 240 ± 8stat ± 12syst
𝐵+ → 𝐶+𝐶+𝐶− 35 ± 1stat ± 1syst
𝐵+ → 𝐶+𝐶0𝐶0 9 ± 2stat
𝐵+ → 𝐶0𝛼+𝛽(𝐺) 7 ± 1stat

Total 291 ± 8stat ± 12syst

precision determined by the size of the control data samples. A system-
atic uncertainty of 3% in relative terms is assigned to the estimated 𝐵3𝐶
background.

4.3. Other backgrounds and summary

The 𝐵+ → 𝐶0𝛼+𝛽(𝐺) decay contributes to the background when the 
𝛼+ is misidentified as a 𝐶+, one of the photons from the 𝐶0 → 𝐺𝐺 decay 
is not detected, and either a radiative photon from the 𝐵+ decay or 
a photon produced by bremsstrahlung is detected. Background from 
the 𝐵+ → 𝐶+𝛼+𝛼− decay where the 𝛼± tracks are not reconstructed but 
produce LKr clusters is found to be negligible.

In total, 3984 𝐵𝐶𝐺𝐺 candidates are observed in the data. The back-
ground contributions in the signal sample estimated with simulations 
are reported in Table 3. The estimated number of background events is 
291 ± 8stat ± 12syst , which corresponds to 7% of the signal candidates.

5. Measurement of the !"## decay

The 𝐵𝐶𝐺𝐺 decay is described by the two kinematic variables

𝜁 =
𝜉𝐵 (𝜉𝐺1 − 𝜉𝐺2)

𝜂2
𝐵

, 𝑖 =
𝜂2
𝐺𝐺

𝜂2
𝐵
,

where 𝜉𝐵 and 𝜉𝐺1,2 are the four-momenta of the kaon and the two 
photons, 𝜂𝐺𝐺 is the di-photon mass and 𝜂𝐵 is the 𝐵+ mass. The physical 
region of the kinematic variables is

|𝜁| ≤ 1
2𝜒

1∕2(1, ⃗2𝐶 ,𝑖), 0 ≤ 𝑖 ≤ (1− ⃗𝐶)2 = 0.515,

where 𝜒(,, 𝑘, .) = ,2 + 𝑘2 + .2 − 2(,𝑘 + ,. + 𝑘.), ⃗𝐶 = 𝜂𝐶∕𝜂𝐵 , and 𝜂𝐶
is the 𝐶+ mass. In the ChPT framework at next-to-leading order, (𝑆6), 
the decay rate is parameterised as follows [2]:
𝜏2Γ
𝜏𝜁𝜏𝑖

=
𝜂𝐵
29𝐶3

[
𝑖2

(|𝑓(.̂,𝑖,𝜁2) +3(𝑖)|2 + |4(𝑖)|2)

+
(
𝜁2 − 1

4𝜒(1, ⃗
2
𝐶 ,𝑖)

)2
|3(𝑖)|2

]
,

where 𝑓(.̂, 𝑖, 𝜁2) and 3(𝑖) are the loop amplitudes (the latter dominates 
at low 𝑖 and vanishes at leading order), and 4(𝑖) is the pole amplitude 

Table 4
Values of the external parameters used for this and previous 𝐵𝐶𝐺𝐺 mea-
surements. The parameter values are reported in [1,14–17].

Parameter E787 [4] NA48/2, NA62 [5,6] This measurement
58𝜂2

𝐵 × 106 2.24 2.202 2.202
61 × 108 91.71 93.16 92.80
63 × 108 −7.36 −7.62 −7.45
71 × 108 −25.68 −27.06 −26.46
73 × 108 −2.43 −2.22 −2.50
𝐺3 × 108 2.26 2.95 2.78
81 × 108 −0.47 −0.40 −0.11
91 × 108 −1.51 −1.83 −1.20
:; (; = 1, 2, 3) 0 0 0

contributing a few percent to the total decay rate. The differential de-
cay rate depends strongly on the 𝑖 variable, and only weakly on the 𝜁
variable. The parameter .̂ is the only free parameter in this analysis. 
The decay amplitudes depend on external parameters, namely the ef-
fective weak octet coupling 58 fixed in this analysis according to [14], 
the 𝐵3𝐶 decay amplitude parameters (61, 63, 71, 73, 𝐺3, 81, 91) fixed ac-
cording to [15], and the polynomial contributions :; fixed to zero as in 
the previous measurements. The values of the external parameters are 
summarised in Table 4.

To measure the parameter .̂, the reconstructed 𝑖 spectrum of the 
signal candidates (Fig. 5) is fitted according to the prescription of [2]
in 31 bins of equal width in the signal region 0.2 < 𝑖 < 0.51 to find the 
minimum of the quantity

<2 = (>⃗− 𝜒(.̂))? ⋅4−1 ⋅ (>⃗− 𝜒(.̂)),

where the vector >⃗ contains the numbers of observed data events in the 
𝑖 bins, and the vector 𝜒= 𝜒@ (.̂) +𝜒3 contains the simulated numbers of 
the signal, 𝜒@ (.̂), and background, 𝜒3 , events in the 𝑖 bins for a given 
.̂ value. The covariance matrix 4 accounts for the statistical uncertain-
ties in bins of the data and simulated 𝑖 distributions, the systematic 
uncertainty due to A𝐵 which is fully correlated among the bins, and 
the systematic uncertainties in the multi-photon and 𝐵3𝐶 background 
estimates are also conservatively assumed to be fully correlated. Addi-
tional systematic uncertainties in .̂ may arise from: the measurement 
of the trigger efficiency; the LKr calorimeter energy calibration; the res-
olution of the 𝑖 variable. Each of these is found to be B.̂ < 10−3 and 
neglected.

Fits to the data using both leading order, (𝑆4), and next-to-leading 
order, (𝑆6), ChPT descriptions [2] are performed. The resulting fit 𝑆-
values are 2.7 × 10−8 and 0.49, respectively. This constitutes the first 
evidence that the (𝑆4) description is not compatible with the data. Fit 
results corresponding to the minimum <2 values are shown in Fig. 5.

Model-independent 𝐵𝐶𝐺𝐺 partial branching ratios, ;, and differ-
ential decay widths, (CΓ∕C𝑖);, are computed in the 31 bins of the 𝑖
variable in the signal region as

; =
A; −AB

;
A𝐵 ⋅𝑓;

,
(CΓ
C𝑖

)
;
=

Γ𝐵;
%𝑖 ,

where A; is the number of 𝐵𝐶𝐺𝐺 candidates observed in the ;-th bin in 
data, AB

; the estimated number of background events in that bin, 𝑓;
the signal acceptance in that bin, A𝐵 the number of 𝐵+ decays in the 
FV, Γ𝐵 = (5.32 ±0.01) × 10−17 GeV the charged kaon decay width [13], 
and %𝑖 = 0.01 is the bin width. The statistical errors in 𝑓;, the effects 
of the dependence of 𝑓; on the assumed 𝐵𝐶𝐺𝐺 kinematic distribution 
and the resolution effects are negligible with respect to the statistical 
uncertainties in A;.

6. Results of the !"## measurement

A sample of 3984 𝐵𝐶𝐺𝐺 decay candidates with an estimated back-
ground contamination of 291 ± 14 events is analysed. The observed 𝑖
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Table 2
Numbers of events expected from simulations 
and observed in the data in the control sam-
ples A and B used for validation of the 𝐵3𝐶
background evaluation.

Source Sample A Sample B
𝐵+ → 𝐶+𝐶+𝐶− 933 ± 9stat 1007 ± 5stat
𝐵+ → 𝐶+𝐶0𝐺 – 33 ± 8stat
𝐵+ → 𝐶0𝛼+𝛽(𝐺) – 23 ± 2stat
𝐵+ → 𝐶+𝐶0𝐶0 – 1 ± 1stat

Total expected 933 ± 9stat 1064 ± 10stat

Data 917 1044

Table 3
Estimated background contributions in 
the 𝐵𝐶𝐺𝐺 sample.

Source Estimated background
𝐵+ → 𝐶+𝐶0𝐺 240 ± 8stat ± 12syst
𝐵+ → 𝐶+𝐶+𝐶− 35 ± 1stat ± 1syst
𝐵+ → 𝐶+𝐶0𝐶0 9 ± 2stat
𝐵+ → 𝐶0𝛼+𝛽(𝐺) 7 ± 1stat

Total 291 ± 8stat ± 12syst

precision determined by the size of the control data samples. A system-
atic uncertainty of 3% in relative terms is assigned to the estimated 𝐵3𝐶
background.

4.3. Other backgrounds and summary

The 𝐵+ → 𝐶0𝛼+𝛽(𝐺) decay contributes to the background when the 
𝛼+ is misidentified as a 𝐶+, one of the photons from the 𝐶0 → 𝐺𝐺 decay 
is not detected, and either a radiative photon from the 𝐵+ decay or 
a photon produced by bremsstrahlung is detected. Background from 
the 𝐵+ → 𝐶+𝛼+𝛼− decay where the 𝛼± tracks are not reconstructed but 
produce LKr clusters is found to be negligible.

In total, 3984 𝐵𝐶𝐺𝐺 candidates are observed in the data. The back-
ground contributions in the signal sample estimated with simulations 
are reported in Table 3. The estimated number of background events is 
291 ± 8stat ± 12syst , which corresponds to 7% of the signal candidates.

5. Measurement of the !"## decay

The 𝐵𝐶𝐺𝐺 decay is described by the two kinematic variables

𝜁 =
𝜉𝐵 (𝜉𝐺1 − 𝜉𝐺2)
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where 𝜉𝐵 and 𝜉𝐺1,2 are the four-momenta of the kaon and the two 
photons, 𝜂𝐺𝐺 is the di-photon mass and 𝜂𝐵 is the 𝐵+ mass. The physical 
region of the kinematic variables is

|𝜁| ≤ 1
2𝜒

1∕2(1, ⃗2𝐶 ,𝑖), 0 ≤ 𝑖 ≤ (1− ⃗𝐶)2 = 0.515,

where 𝜒(,, 𝑘, .) = ,2 + 𝑘2 + .2 − 2(,𝑘 + ,. + 𝑘.), ⃗𝐶 = 𝜂𝐶∕𝜂𝐵 , and 𝜂𝐶
is the 𝐶+ mass. In the ChPT framework at next-to-leading order, (𝑆6), 
the decay rate is parameterised as follows [2]:
𝜏2Γ
𝜏𝜁𝜏𝑖

=
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where 𝑓(.̂, 𝑖, 𝜁2) and 3(𝑖) are the loop amplitudes (the latter dominates 
at low 𝑖 and vanishes at leading order), and 4(𝑖) is the pole amplitude 

Table 4
Values of the external parameters used for this and previous 𝐵𝐶𝐺𝐺 mea-
surements. The parameter values are reported in [1,14–17].

Parameter E787 [4] NA48/2, NA62 [5,6] This measurement
58𝜂2

𝐵 × 106 2.24 2.202 2.202
61 × 108 91.71 93.16 92.80
63 × 108 −7.36 −7.62 −7.45
71 × 108 −25.68 −27.06 −26.46
73 × 108 −2.43 −2.22 −2.50
𝐺3 × 108 2.26 2.95 2.78
81 × 108 −0.47 −0.40 −0.11
91 × 108 −1.51 −1.83 −1.20
:; (; = 1, 2, 3) 0 0 0

contributing a few percent to the total decay rate. The differential de-
cay rate depends strongly on the 𝑖 variable, and only weakly on the 𝜁
variable. The parameter .̂ is the only free parameter in this analysis. 
The decay amplitudes depend on external parameters, namely the ef-
fective weak octet coupling 58 fixed in this analysis according to [14], 
the 𝐵3𝐶 decay amplitude parameters (61, 63, 71, 73, 𝐺3, 81, 91) fixed ac-
cording to [15], and the polynomial contributions :; fixed to zero as in 
the previous measurements. The values of the external parameters are 
summarised in Table 4.

To measure the parameter .̂, the reconstructed 𝑖 spectrum of the 
signal candidates (Fig. 5) is fitted according to the prescription of [2]
in 31 bins of equal width in the signal region 0.2 < 𝑖 < 0.51 to find the 
minimum of the quantity

<2 = (>⃗− 𝜒(.̂))? ⋅4−1 ⋅ (>⃗− 𝜒(.̂)),

where the vector >⃗ contains the numbers of observed data events in the 
𝑖 bins, and the vector 𝜒= 𝜒@ (.̂) +𝜒3 contains the simulated numbers of 
the signal, 𝜒@ (.̂), and background, 𝜒3 , events in the 𝑖 bins for a given 
.̂ value. The covariance matrix 4 accounts for the statistical uncertain-
ties in bins of the data and simulated 𝑖 distributions, the systematic 
uncertainty due to A𝐵 which is fully correlated among the bins, and 
the systematic uncertainties in the multi-photon and 𝐵3𝐶 background 
estimates are also conservatively assumed to be fully correlated. Addi-
tional systematic uncertainties in .̂ may arise from: the measurement 
of the trigger efficiency; the LKr calorimeter energy calibration; the res-
olution of the 𝑖 variable. Each of these is found to be B.̂ < 10−3 and 
neglected.

Fits to the data using both leading order, (𝑆4), and next-to-leading 
order, (𝑆6), ChPT descriptions [2] are performed. The resulting fit 𝑆-
values are 2.7 × 10−8 and 0.49, respectively. This constitutes the first 
evidence that the (𝑆4) description is not compatible with the data. Fit 
results corresponding to the minimum <2 values are shown in Fig. 5.

Model-independent 𝐵𝐶𝐺𝐺 partial branching ratios, ;, and differ-
ential decay widths, (CΓ∕C𝑖);, are computed in the 31 bins of the 𝑖
variable in the signal region as
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where A; is the number of 𝐵𝐶𝐺𝐺 candidates observed in the ;-th bin in 
data, AB

; the estimated number of background events in that bin, 𝑓;
the signal acceptance in that bin, A𝐵 the number of 𝐵+ decays in the 
FV, Γ𝐵 = (5.32 ±0.01) × 10−17 GeV the charged kaon decay width [13], 
and %𝑖 = 0.01 is the bin width. The statistical errors in 𝑓;, the effects 
of the dependence of 𝑓; on the assumed 𝐵𝐶𝐺𝐺 kinematic distribution 
and the resolution effects are negligible with respect to the statistical 
uncertainties in A;.

6. Results of the !"## measurement

A sample of 3984 𝐵𝐶𝐺𝐺 decay candidates with an estimated back-
ground contamination of 291 ± 14 events is analysed. The observed 𝑖
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Table 1
Trigger lines, fractions of the dataset collected with each line, and trigger efficiencies 
for the 𝐵𝐶𝐺𝐺 and 𝐵2𝐶 samples, 𝛼(𝐵𝐶𝐺𝐺 ) and 𝛼(𝐵2𝐶 ). Statistical uncertainties are quoted 
for the 𝐵𝐶𝐺𝐺 trigger efficiencies in data, and are negligible for other quantities.

Trigger line Fraction 
of dataset

Data Simulation
𝛼(𝐵𝐶𝐺𝐺 ) 𝛼(𝐵2𝐶 ) 𝛼(𝐵𝐶𝐺𝐺 ) 𝛼(𝐵2𝐶 )

Control 39% (99.1 ± 0.2)% 99.1% – –
Non-muon 36% (96.7 ± 0.6)% 98.0% 96.5% 97.9%
Non-muon (no L1-STRAW) 25% (99.5 ± 0.2)% 99.5% 99.1% 99.6%

a systematic uncertainty evaluated by variation of the selection condi-
tions; (𝐵2𝐶) = (20.67 ±0.08)% and (𝐶0

𝐺𝐺 ) = (98.823 ±0.034)% are the 
branching ratios in the 𝐵2𝐶 decay chain [13]. The relative background 
in the 𝐵2𝐶 sample is found with simulations to be of (10−5) and is 
neglected.

4. Backgrounds to the !"## decay

4.1. Multi-photon backgrounds

Multi-photon backgrounds come from 𝐵+ → 𝐶+𝐶0𝐺 (𝐵2𝐶𝐺 ) and 
𝐵+ → 𝐶+𝐶0𝐶0 (𝐵3𝐶0) decays followed by 𝐶0 → 𝐺𝐺 decays, where the 
photons produce overlapping showers in the LKr calorimeter leading to 
the reconstruction of merged clusters. In the 𝐵2𝐶𝐺 case, a merged clus-
ter is formed by the photon from the 𝐵+ decay and a photon from the 
𝐶0 decay. In the 𝐵3𝐶0 case, two merged clusters are formed. These con-
ditions lead to final states with no missing energy, and the background 
𝛽𝐶𝐺𝐺 distribution peaks at the 𝐵+ mass as for signal events (Fig. 2, 
right).

To validate the simulation of cluster merging, a modified 𝐵𝐶𝐺𝐺 se-
lection is employed. Three photon candidates are required, the cluster 
size conditions are removed, and the reconstructed mass of each pho-
ton pair is required to differ from the 𝐶0 mass by more than 8 MeV∕𝜁2. 
The selected data sample consists mainly of 𝐵3𝐶0 events with a single 
merged cluster. The merged cluster (M) is identified as that with recon-
structed energy lying within 1 GeV of its expected value based on the 
energies and positions of the other two clusters (A, B):

𝜉M =𝛽2
𝐶0𝜂

2 ⋅ (1∕(𝜉A𝑖2AM) + 1∕(𝜉B𝑖2BM)) .

Here 𝜉A(B) are the reconstructed energies of the clusters A(B), 𝑖A(B)M
are the distances between the clusters A(B) and M, and 𝜂 is the distance 
between the 𝐵+ decay vertex and the LKr calorimeter front plane.

Cluster size distributions for regular (non-merged) clusters from 𝐵2𝐶
decays and merged clusters from 𝐵3𝐶0 decays for data and simulated 
samples are displayed in Fig. 4. The cluster size requirement, smaller 
than 20 mm, removes 2.9% (2.5%) of the regular clusters for data (sim-
ulated) events. The number of merged clusters identified in the data is 
80519, while 84103 ± 1200 are expected from a simulated 𝐵3𝐶0 sam-
ple normalised to the number of kaon decays (𝜒𝐵 ) evaluated using the 
𝐵2𝐶 sample. With the cluster size requirement applied, 18820 merged 
clusters remain in the data, compared to 19953 ± 281 expected from 
simulation. This validates the modelling of cluster merging to a 5% pre-
cision. The uncertainties in the expected values are dominated by the 
systematic uncertainty in the 𝐵3𝐶0 branching ratio. A systematic un-
certainty of 5% in relative terms is assigned to the estimated 𝐵2𝐶𝐺 and 
𝐵3𝐶0 backgrounds.

4.2. Background from the 𝐵+ → 𝐶+𝐶+𝐶− decay

The 𝐵+ → 𝐶+𝐶+𝐶− (𝐵3𝐶 ) decays contribute to the background 
when two pions (𝐶+ and 𝐶−) are not reconstructed by the STRAW spec-
trometer while producing clusters in the LKr calorimeter. To satisfy the 
⃗𝐶𝐺𝐺 selection condition, the non-reconstructed pions must deposit most 
of their energy in the calorimeter. This background contributes in the 
kinematic region , > 0.3 above the di-pion threshold.

Fig. 4. Cluster size distributions for regular and merged LKr clusters for data 
and simulated samples. An arbitrary scale factor of 2 × 10−4 is applied to the 
regular cluster distributions to fit the scale. The accuracy of the simulation is 
limited both for regular and merged clusters.

Hadronic showers in the LKr calorimeter are imperfectly modelled 
by the GEANT4 toolkit. The 𝐵3𝐶 background is therefore simulated 
using a calorimeter response model obtained from the data. The proba-
bility for a 𝐶± to create exactly one cluster in the LKr calorimeter with 
a size smaller than 20 mm is measured as a function of both the 𝐶±

momentum and the energy deposited in the calorimeter using a sam-
ple of 𝐵3𝐶 decays selected kinematically from the STRAW spectrometer 
information.
To validate the 𝐵3𝐶 background simulation two control samples are 
used:

• Sample A consists of 𝐵3𝐶 decays where two pions deposit most 
of their energy in the LKr calorimeter with negligible background. 
This sample is obtained from a modified 𝐵𝐶𝐺𝐺 selection in which 
each photon candidate is required to have an associated STRAW 
track, and the three STRAW tracks in the event are required to be 
kinematically compatible with a 𝐵3𝐶 decay. To increase the sample 
size, the MT trigger line is employed in addition to the control and 
non-muon trigger lines used for the main analysis.

• Sample B consists mainly of 𝐵3𝐶 events with two pions not re-
constructed by the STRAW spectrometer and depositing only a 
fraction of their energy in the LKr calorimeter. This sample is 
obtained from a modified 𝐵𝐶𝐺𝐺 selection where the elliptical con-
dition in the (𝛽𝐶𝐺𝐺 , Δ⃗) plane is replaced by the requirements 
𝛽𝐶𝐺𝐺 −𝛽𝐵 > −20 MeV/𝜁2 and Δ⃗ < −3 GeV/𝜁 (as shown in Fig. 2), 
and additionally requiring , > 0.3. These conditions are introduced 
to suppress the 𝐵3𝐶0 and 𝐵2𝐶𝐺 contributions.

The two control samples do not overlap with the 𝐵𝐶𝐺𝐺 signal sample. 
The numbers of events observed in the control samples in the data, and 
those expected from simulations of the 𝐵3𝐶 , 𝐵2𝐶𝐺 and 𝐵+ → 𝐶0𝑘+.(𝐺)
decays, are presented in Table 2. Simulations are in agreement with the 
data, which validates the 𝐵3𝐶 background model within a 3% statistical 
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Fig. 5. Reconstructed 𝐵 spectrum of the 𝐶𝐺𝛼𝛼 candidates, estimated background contributions and simulated signal spectra using the 𝛽𝜁 values obtained from the fits 
(upper panels). The signal region used in the fit is indicated with arrows. The two panels correspond to the (𝜉4) and (𝜉6) signal descriptions. The ratios of data 
and simulated spectra with their full uncertainties are shown in the lower panels.

Table 5
Systematic uncertainties for 𝛽𝜁,  and MI(𝐵 > 0.2) measurements.

Source 𝜂 𝛽𝜁 𝜂 × 107 𝜂MI(𝐵 > 0.2)× 107

Number of kaon decays 0.026 0.056 0.064
Simulation of multi-photon backgrounds 0.016 0.034 0.026
Simulation of 𝐶3𝐺 background 0.001 0.002 0.003
Limited size of simulated samples 0.014 0.030 0.018
Total 0.034 0.072 0.072

spectrum is consistent with the ChPT description to the next-to-leading 
order, (𝜉6). The 𝛽𝜁 parameter is measured in the ChPT (𝜉6) descrip-
tion to be

𝛽𝜁 = 1.144 ± 0.069stat ± 0.034syst.

The corresponding branching ratio obtained by integration of the ChPT (𝜉6) differential branching ratio in the full kinematic range is

 = (9.61 ± 0.15stat ± 0.07syst) × 10−7.

The model-independent branching ratio in the region 0.2 < 𝐵 < 0.51 is 
measured by summing over the 𝐵 bins to be

MI(𝐵 > 0.2) = (9.46 ± 0.19stat ± 0.07syst) × 10−7.

The statistical uncertainties are due to the limited size of the signal 
sample. The individual contributions to the systematic uncertainties are 
listed in Table 5. The 𝑖Γ∕𝑖𝐵 spectrum corresponding to the central 
value of 𝛽𝜁 obtained from the ChPT fit, and the differential decay widths 
in the 𝐵 bins obtained from the model-independent measurement, are 
displayed in Fig. 6.

The ChPT (𝜉6) decay amplitudes 𝜒( 𝛽𝜁, 𝐵, ⃗ 2) and ,(𝐵) depend on 
external parameters, which are fixed in this analysis as summarised in 
Table 4. The quantities 𝛽𝜁 and  measured in the ChPT (𝜉6) framework 
are compared to the previous measurements [4–6] in Fig. 7. Also shown 
are the 𝛽𝜁 values obtained using the same sets of external parameter 
values as each of the previous measurements (Table 4): the 𝛽𝜁 value 
depends significantly on the external parameter values. The dependence 
arises mainly from the sensitivity to 𝑘1, with the derivative . 𝛽𝜁∕.𝑘1 =
−1.0 ×108. On the other hand, the sensitivity of  to external parameter 
values is negligible with respect to the uncertainties quoted above, the 
largest derivative being .∕.𝑆1 = −1.8. Uncertainties in 𝛽𝜁 and  due to 
those in the external parameters are not quoted.

The measured values of 𝛽𝜁,  and MI(𝐵 > 0.2) are consistent within 
one standard deviation with the earlier measurements [4–6] when the 
same sets of external parameter values are used, and are obtained with 
an improved precision.

Fig. 6. Differential 𝐶𝐺𝛼𝛼 decay width as a function of 𝐵. Markers: model-
independent measurements in the signal region with their full uncertainties. 
The 𝐵 positions of the markers are evaluated according to [18]. Solid line: dif-
ferential decay width in the ChPT (𝜉6) description with 𝛽𝜁 = 1.144. External 
parameters of the ChPT description are fixed as shown in Table 4.

7. Search for the !+ → "+#, # → $$ decay

An axion-like particle (ALP, 𝜏) coupling to gluons is considered in 
one of the hidden-sector scenarios known as BC11 [19–21]. For ALP 
masses 𝑓𝜏 < 3𝑓𝐺 , the ALP decays almost exclusively into photon pairs. 
A search for the 𝐶+ → 𝐺+𝜏, 𝜏 → 𝛼𝛼 decay chain is performed as a peak 
search in the distribution of the missing mass of the 𝐶𝐺𝛼𝛼 candidates, 
𝑓miss =

√
(2𝐶 − 2𝐺)2, where 2𝐶 and 2𝐺 are the reconstructed 𝐶+ and 

𝐺+ four-momenta.
The signal is investigated in 287 mass hypotheses in the search range 

of 207–350 MeV∕𝜁2, with a step of 0.5 MeV∕𝜁2. The lower limit of 
the range is chosen to avoid background from the non-gaussian tail of 

𝜕$Γ
𝜕𝑦𝜕𝑧

=
𝑚%

2&𝜋'
𝑧$ |𝐴(�̂�, 𝑧, 𝑦$ + 𝐵 𝑧 <

$
+ 𝐶 𝑧 $) + 𝑦$ −

1
4
𝜆 1, 𝑟($, 𝑧

$

|𝐵 𝑧 $

Decay rate parametrization in ChPT framework from 
[G. D’Amborsio, J. Portolés, Phys. Lett. B386 (1996) 403]

External parameters used in 
this analysis and in previous 
analysis

[4] [Phys. Rev. Lett. 79 (1997) 4079]
[5] [Phys. Lett. B730 (2014) 141]
[6] [Phys. Lett. B732 (2014) 65]

Cluster size cut against 
multi-photon background 
with merged clusters in 
EM calorimeter

Background contributions

 Systematics sources



Preliminary Result and Uncertainties

BNA62(ω
0 → e+e→(ε), x > 0.95) = (5.86±0.30stat ±0.11syst ±0.19ext)↑10→8 = (5.86±0.37)↑10→8

ϑB [10→8] ϑB/B [%]

Statistical uncertainty 0.30 5.1

Total external uncertainty 0.19 3.2

Total systematic uncertainty 0.11 1.9

Trigger efficiency 0.07 1.2
Radiative corrections for ω0 → e+e→ 0.05 0.9
Background 0.04 0.7
Reconstruction and particle identification 0.04 0.7
Beam simulation 0.03 0.5
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PRELIMINARY RESULTS

Previous best measurement by KTeV
𝐵𝑅:;<= 𝜋' → 𝑒!𝑒( 𝛾 𝑥 > 0.95) = 6.44 ± 0.25 0.22 ×10(>

794 signal candidates with 52.7 ± 11.2 background events
[Phys. Rev. D75 (2007) 012004]
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𝑩𝑹 𝝅𝒐 → 𝒆!𝒆(

KTeV, PRD 75 (2007) 012004 (6.84 ± 0.35)× 10>

Knecht et al., PRL 83 (1999) (6.2 ± 0.3) × 10>

Dorokhov and Ivanov, PRD 75 (2007) (6.23 ± 0.09) × 10>

Husek and Leupold, EPJ C 75 (2015) (6.12 ± 0.06) × 10>

Hoferichter et al., PRL 128 (2022) (6.25 ± 0.03)× 10>

𝑚E<<  spectra 𝑚<<  spectra for normalization

BLOIS 2024

𝐵𝑅 𝜋) → 𝑒*𝑒+| 𝑥 > 0.95 = 5.86 ± 0.30,-.-. ± 0.11,0,-. ± 0.1912-. ×10+3
= 5.86 ± 0.37 × 10+3

𝐵𝑅 𝜋) → 𝑒*𝑒+ = 6.22 ± 0.39 ×10+3

12160 candidates for normalization
Acceptance ~4.7%
Background < 1%
𝑁- dominat by external uncertainty from 𝐵𝑅

NA62 
preliminary 
result: 
ncertainty 
contributions
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q Normalization channel 𝐾! → 𝜋!𝑒!𝑒(
q Similar final state (3 tracks with one pion 

and pne electron) 
q Same trigger stream
q Close decay
q 470 < 𝑚7?? < 505 MeV/𝑐3
q 10975 candidate observed
q Background contamination 𝒪(10(@)

Background mechanism considered
DIF = decay-in-flight

Direct = no mis-PID involved 

Published results in
arXiv:2409.12981

Submitted to Phys. Lett. B
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LFV/LNV K+ decays: state of the art

19
E. Goudzovski / BEACH 2024, Charleston, 4 June 2024

LNV/LFV K+ and p0 decays, NA62 Run 1 Channel NA62 UL @ 90% CL Improvement

𝐾! → 𝜋(𝑒!𝑒! 5.3 × 10(22 Phys. Lett. B 830 (2022) 137172 factor~12

𝐾! → 𝜋(𝜇!𝜇! 4.2 × 10(22 Phys. Lett. B 797 (2019) 134794 factor~2

𝐾! → 𝜋(𝜇!𝑒! 4.2 × 10(22
Phys. Rev. Lett. 127 (2021) 12, 131802

factor ~12

𝐾! → 𝜋!𝜇(𝑒! 6.6 × 10(22 factor~8

𝐾! → 𝜋(𝜋'𝑒!𝑒! 8.5 × 10(22 Phys. Lett. B 830 (2022) 137172 first search

𝐾! → 𝜋'𝜋(𝜇!𝑒! 2.9 × 10(2A
arXiv:2409.12981

Submitted to Phys. Lett. B

first search

𝐾! → 𝜋'𝜋!𝜇(𝑒! 3.1 × 10(2A first search

𝐾! → 𝜋'𝜋!𝜇!𝑒( 5.0 × 10(2A first search

𝐾! → 𝜇(𝜈𝑒!𝑒! 2.1 × 10(> Phys. Lett. B838 (2023) 137679 factor ~250

𝜋' → 𝜇(𝑒! 3.4 × 10(B Phys. Rev. Lett. 127 (2021) 12, 131802 factor~10

NA62 searches with Run1 data

Plusblished results
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Figure 9: Left: Model-independent observed upper limits as functions of the X mass and
lifetime hypotheses. Right: Excluded regions of the parameter space (mS, sin

2 ✓) for a dark
scalar, S, of the BC4 model [20] decaying only to visible SM particles. Exclusion bounds from
the present search for the decay K+

! ⇡+X are labelled as “K+
! ⇡+ + inv.” and are shaded

in red. The constraints from the independent NA62 search for ⇡0
! invisible decays [34] are

shown in purple. Other bounds, shown in grey, are derived from the experiments E949 [17],
CHARM [37], NA48/2 [38], LHCb [39,40] and Belle [41].

9 Conclusions

The NA62 experiment at CERN has analysed the data set collected in 2018, searching for
the very rare K+

! ⇡+⌫⌫̄ decay, taking advantage of new shielding against decays upstream
of the kaon decay volume, and of improved reconstruction algorithms and particle identifica-
tion performance with respect to earlier data sets. The statistical power was increased by
three multiplicative factors, one factor of 1.8 due to the larger number of e↵ective kaon de-
cays, and two factors of 1.4, each due to better shielding and to improved analysis technique.
Combining the results obtained from the whole 2016–2018 data set, a single event sensitiv-
ity of (0.839 ± 0.053syst) ⇥ 10�11 has been reached. The number of expected K+

! ⇡+⌫⌫̄
events in the signal regions is (10.01 ± 0.42syst ± 1.19ext), assuming the Standard Model BR
of (8.4 ± 1.0) ⇥ 10�11, while 7.03+1.05

�0.82 background events are expected in the same signal re-
gions, mainly due to upstream background. After unmasking the signal regions, twenty can-
didate events are observed, consistent with expectation. This leads to the branching ratio
BR(K+

! ⇡+⌫⌫̄) = (10.6+4.0
�3.4|stat ± 0.9syst)⇥ 10�11 at 68% CL, which is the most precise mea-

surement to date. In a background-only hypothesis, a p-value of 3.4 ⇥ 10�4 is obtained, which
corresponds to a 3.4 standard-deviation evidence for this very rare decay.

This result is also interpreted in the framework of a search for a feebly interacting scalar
or pseudo-scalar particle X, produced in the decay K+

! ⇡+X with the same experimental
signature as the dominant background process K+

! ⇡+⌫⌫̄. Upper limits on the branching
ratio at 90% CL of 3–6 ⇥10�11 are obtained for mX masses in the range 0–110 MeV/c2 and
1⇥ 10�11 for mX masses in the range 160–260 MeV/c2. A particular model where X is a dark-
sector scalar mixing with the Higgs boson has been explored, setting more stringent constraints
on the allowed region in the plane (mX, sin

2 ✓), where ✓ is the mixing angle.
NA62 will continue taking data in 2021 with an upgraded detector including beam line

modifications, with the aim of further reducing the upstream background, thus allowing for an
improved signal sensitivity.
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9 Conclusions

The NA62 experiment at CERN has analysed the data set collected in 2018, searching for
the very rare K+

! ⇡+⌫⌫̄ decay, taking advantage of new shielding against decays upstream
of the kaon decay volume, and of improved reconstruction algorithms and particle identifica-
tion performance with respect to earlier data sets. The statistical power was increased by
three multiplicative factors, one factor of 1.8 due to the larger number of e↵ective kaon de-
cays, and two factors of 1.4, each due to better shielding and to improved analysis technique.
Combining the results obtained from the whole 2016–2018 data set, a single event sensitiv-
ity of (0.839 ± 0.053syst) ⇥ 10�11 has been reached. The number of expected K+

! ⇡+⌫⌫̄
events in the signal regions is (10.01 ± 0.42syst ± 1.19ext), assuming the Standard Model BR
of (8.4 ± 1.0) ⇥ 10�11, while 7.03+1.05

�0.82 background events are expected in the same signal re-
gions, mainly due to upstream background. After unmasking the signal regions, twenty can-
didate events are observed, consistent with expectation. This leads to the branching ratio
BR(K+

! ⇡+⌫⌫̄) = (10.6+4.0
�3.4|stat ± 0.9syst)⇥ 10�11 at 68% CL, which is the most precise mea-

surement to date. In a background-only hypothesis, a p-value of 3.4 ⇥ 10�4 is obtained, which
corresponds to a 3.4 standard-deviation evidence for this very rare decay.

This result is also interpreted in the framework of a search for a feebly interacting scalar
or pseudo-scalar particle X, produced in the decay K+

! ⇡+X with the same experimental
signature as the dominant background process K+

! ⇡+⌫⌫̄. Upper limits on the branching
ratio at 90% CL of 3–6 ⇥10�11 are obtained for mX masses in the range 0–110 MeV/c2 and
1⇥ 10�11 for mX masses in the range 160–260 MeV/c2. A particular model where X is a dark-
sector scalar mixing with the Higgs boson has been explored, setting more stringent constraints
on the allowed region in the plane (mX, sin

2 ✓), where ✓ is the mixing angle.
NA62 will continue taking data in 2021 with an upgraded detector including beam line

modifications, with the aim of further reducing the upstream background, thus allowing for an
improved signal sensitivity.
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Ø Search as a direct by product of main 𝑲! → 𝝅!𝝂f𝝂 analysis
Ø Signal in 0 ≤ 𝑚C ≤ 110 MeV/𝑐3 and 154 ≤ 𝑚C ≤ 260 MeV/𝑐3
Ø Main background is 𝐾! → 𝜋!𝜈�̅� 

Ø Search as a direct by product of 𝝅𝒐 → 𝒊𝒏𝒗𝒊𝒔𝒊𝒃𝒍𝒆 analysis
Ø Signal in 110 ≤ 𝑚C ≤ 155 MeV/𝑐3

Ø Main background 𝜋' → 𝛾𝛾 rejection 𝜀 = 2.8(3.2!9.B ×10(B
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Figure 6. The upper limit on the branching ratio for a decay K+ → π+X is indicated by the solid
line, where X is a particle (or a system of particles) with mass mX escaping detection. The dashed
lines are obtained with the assumption that X is a single particle with values of the lifetime, τX ,
as shown in the figure.

9.2 Interpretation in terms of ALP production from K+ decays

The ALP model denoted as BC10 in [7] assumes an ALP field a interacting with SM
fermions according to the Lagrangian:

LSM = ∂µa

fℓ

∑

α

ℓ̄αγµγ5ℓα + ∂µa

fq

∑

β

q̄βγµγ5qβ, (9.4)

where, for simplicity, the coupling parameters f are assumed to be universal for quark
(q) and lepton (ℓ) fields: fq = fℓ. In Yukawa-like scenarios, the interactions between the
ALP a and the charged SM fermions arise from a mixing with the Higgs boson, so that
the couplings are proportional to the fermion masses. The corresponding Yukawa coupling
is defined as gY = 2v

fq
, where v ≃ 246GeV is the vacuum expectation value of the SM

Higgs field. The dynamics of equation (9.4) induces a flavour-changing neutral current
transition K+ → π+a.

If, within the accessible mass range, the ALP width is assumed to be dominated by
decays to SM particles, the ALP rest lifetime must be taken into account when converting
the analysis result into an upper limit for the coupling gY as a function of the ALP mass
ma. The present result excludes a previously unexplored region of the parameter space, as
shown in the left panel of figure 7.

If, within the accessible mass range, the ALP width is assumed to be dominated
by decays to invisible particles, the corresponding ALP lifetime can be assumed to be
significantly lower than that of the previous scenario. Nevertheless, the branching fractions
for ALP decays to SM particles would be suppressed, so that the ALP would effectively be

– 17 –

2−10 1−10 1] 2c [GeV/a m

5−10

4−10

3−10

2−10

1−10 Y
 g

E949

2µK

CLEO

CHARM

BBN constraints

 inv.→ 0π
  NA62  

 + inv.+π → + K
      NA62    

LHCb
K

Te
V

E9
49

[JHEP06 (2021) 93]
[JHEP02 (2021) 201]
𝐁𝐑 𝝅𝒐 → 𝒊𝒏𝒗 < 𝟒. 𝟒 × 𝟏𝟎(𝟗 

@ 90% CL

NA62 Run1 results 𝑣𝑠	𝑚C
for different 𝑋 lifetime

Limits on BC10 scenario 
(ALP with dominat fermion coupling)

Limits on BC4 scenario 
(Dark Scalar)

Hidden Sector scenario 
from

Physics Beyond Collider 
project at CERN 

[J. Phys. G47 (2020) 010501]

Published results in
JHEP02 (2021) 201
JHEP 06 (2021) 93
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Published results in
Phys. Rev. Lett. 133 (2024) 111802

JHEP 09 (2023)

Model-independent limits on 𝑎 → 𝑒+𝑒− process

10/04/2024 Latest results for searches of exotic decays with NA62 in beam-dump mode 16

• Assume that 𝑎 is a pseudoscalar(scalar) particle [Phys. Lett. B 790 (2019) 537]
• Assume mass M𝑎, lifetime 𝜏𝑎 and coupling to be independent parameters
→ Set limits in 𝐵𝑅 𝐵 → 𝐾 ∗ 𝑎 × 𝐵𝑅(𝑎 → 𝑒+𝑒−) vs 𝜏𝑎 parameter space for each 
mass separately 

JHEP 09, 035 (2023)
arXiv :2312.12055

Model-independent limits on 𝑎 → 𝜇+𝜇− process

10/04/2024 Latest results for searches of exotic decays with NA62 in beam-dump mode 15

• Assume that 𝑎 is a pseudoscalar(scalar) particle [Phys. Lett. B 790 (2019) 537]
• Assume mass M𝑎, lifetime 𝜏𝑎 and coupling to be independent parameters
→ Set limits in 𝐵𝑅 𝐵 → 𝐾 ∗ 𝑎 × 𝐵𝑅(𝑎 → 𝜇+𝜇−) vs 𝜏𝑎 parameter space for each 
mass separately 

JHEP 09, 035 (2023)
arXiv :2312.12055

ALP search
Ø Production mechanism: 
   B meson decay: 𝐵 → 𝐾(∗)𝑎
Ø Model independent 

approach: assume mass 
𝑚D, lifetime 𝜏D 	and coupling 
to be independent 
parameters

Ø BR 𝐵 → 𝐾𝑎 ×BR(
)

𝑎 →
ℓℓ 𝑣𝑠 𝜏D for each mass 
separately

𝝁 channel

𝒆 channel



𝑿 → 𝒉𝒂𝒅𝒓𝒐𝒏𝒔 

23.10.2024 BLOIS 2024 32

Background sources
Ø Combinatorial data-driven event overlay (negligible)
Ø Neutrino-induced: GENIE+PYTHIA+GEANT4 (negligible)
Ø Prompt: data-driven+GEANT4, inelastic interaction of halo 𝜇	
     (< 10(E in all channels)
Ø Upstream: data-driven+GEANT4, particles selected by  the 

GTK achromat:
q Upstream interactions (veto by ANTI0 and vertex)
q 𝐾2 candidates (3𝜎 window around 𝑚F4	kept masked)
q 𝐾!-induced background (simulated using selected single 
𝐾!tracks forced to decay in 𝐾! → 𝜋!𝜋!𝜋(in FV)

PRELIMINARY RESULTS

Analysis strategy

Selection of two charged hadrons:
• 2 good quality STRAW tracks in coincidence

with each other and the trigger
• Particle ID to select hadrons (LKr and

MUV1-3), RICH for tagging K+

• No in-time activity in LAV, SAV and ANTI0
• Decay vertex reconstructed in FV

Search strategy:
• select neutral LKr clusters, reconstruction of ω,

ε0, ϑ based on time and opening angle;
• dark messenger reconstructed from final states

and extrapolation to TAX - definition of signal
region (SR) in terms of primary vertex:
CDATAX vs ZTAX
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Signal MC:
-π+π→(Bremsstrahlung)A'

-4 = 10A'εProduction: 
) = 1-π+π→A'Decay: BR(

)∞→A'τFlat decay in FV (

SR

CR

NA62 Preliminary

Figure: A
→ → ω

+
ω

↑ MC: control (CR) and signal (SR) regions.
• SR: ellipse center {ZTAX, CDATAX} = {23 m, 0 mm},

semi-axes of 23 m and 40 mm
• CR: CDATAX < 150 mm and ↑7 m < ZTAX < 53 m
• both SR and CR kept masked during the analysis

Tommaso Spadaro (LNF) Searches for dark messengers at NA62: a focus on hadronic final states Ischia, May 31, 2024 7 / 15

Example signal region for 𝐴G → 𝜋!𝜋(
SR: ellipse center 𝑍;HI, CDA;HI = {23m, 0mm}, 
semi-axes of 23m and 40mm
CR: CDA;HI < 150mm and−7m < 𝑍;HI < 53m

Summary of background 
expecteation (68%	CL) for 
each final state and 
minimum number of 
observed events for a 
background-only p-value 
above 5𝜎

Total expected background overview

Table: Expected number of background events (68% CL) in CR and SR. Minimum number of observed events Nobs for a
background-only p-value above 5ω in SR and SR+CR (global significance, flat background in minv assumed).

Channel Nexp,CR ± ωNexp,CR Nexp,SR ± ωNexp,SR Np>5ω

obs,SR Np>5ω

obs,SR+CR
ε+ε→

0.013 ± 0.007 0.007 ± 0.005 3 4

ε+ε→ϑ 0.031 ± 0.016 0.007 ± 0.004 3 5

ε+ε→ε0
(1.3+4.4

→1.0) → 10
→7

(1.2+4.3
→1.0) → 10

→7
1 1

ε+ε→ε0ε0
(1.6+7.6

→1.4) → 10
→8

(1.6+7.4
→1.4) → 10

→8
1 1

ε+ε→ϖ (7.3+27.0
→6.1 ) → 10

→8
(7.0+26.2

→5.8 ) → 10
→8

1 1

K+K→
(4.7+15.7

→3.9 ) → 10
→7

(4.6+15.2
→3.8 ) → 10

→7
1 2

K+K→ε0
(1.6+3.2

→1.2) → 10
→9

(1.5+3.1
→1.2) → 10

→9
1 1

• Search is background free not only at NPOT = 1.4 → 10
17

but also in the future full Run 2 dataset of NPOT = 10
18

Tommaso Spadaro (LNF) Searches for dark messengers at NA62: a focus on hadronic final states Ischia, May 31, 2024 13 / 15
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4 5 6 7 8 9 10 11

8 10×) −µ +µ +π → +(KB 

 

E787 (1997)
207 events

E865 (2000)
430 events

HyperCP (2002)
110 events

NA48/2 (2011)
3120 events

NA62 (2022)
27679 events

Central value and total errors
Statistical+systematic errors
Statistical errors only
PDG average (2022), without NA62 result

0.64− 0.62− 0.6− 0.58− 0.56− 0.54− 0.52− 0.5−

+a Form factor parameter 

1−

0.9−

0.8−

0.7−
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ar
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et
er

 )µµπNA62 (
 

)µµπNA62 (
)µµπNA48/2 (

ee)πNA48/2 (
ee) (stat. only)πE865 (

68% CL contours:

Ø Model-independent BR
• 𝐁𝐑 𝑲! → 𝝅!𝝁!𝝁# = 𝟗. 𝟏𝟓 ± 𝟎. 𝟎𝟖 × 𝟏𝟎#𝟖
• Improvement by a factor ≥ 𝟑
• Consistent with previous measurements

Ø ChPT form factor parameter
• 𝒂! = −𝟎. 𝟓𝟕𝟓 ± 𝟎. 𝟎𝟏𝟑, 𝒃! = −𝟎. 𝟕𝟐𝟐 ± 𝟎. 𝟎𝟒𝟑
• Compatible with previous measurements (as 

expected by LFU) in 𝝁𝝁 and 𝐞𝐞 channel

Published results in
JHEP11 (2022) 011
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Direct 
Emission

Inner 
Bremsstrahlun

g

Published results in
JHEP09 (2023) 040

Ø Decay described in ChPT as direct emission, inner 
bremsstrahlung and their interference

Ø BR strongly depends on 𝑬𝜸 and 𝜽𝒆𝜸 cuts in 𝐾! rest frame
Ø Three kinematic regions considered

𝑅K =
BR 𝐾! → 𝜋'𝑒!𝜈𝛾 𝐸8

K, 𝜃?,8
K )

BR(𝐾! → 𝜋'𝑒!𝜈)

Ø Test of T-conservation via T-odd variable 
𝜉 = M5⋅(M6 ×M7)

Q8
9  , 𝐴R =

S:(S;
S:!S;

K+
→ ω0e+εϑ analysis [JHEP 09 (2023) 040]
Decay described in ChPT as direct emission, inner
bremsstrahlung and their interference

B(K+
→ ω0e+εϑ) strongly depends on Eω and ϖeω cuts

in K+ rest frame

Three kinematic ranges considered (defined by Eω and
ϖeω → table below)

Measure normalized B(K+
→ ω0e+εϑ) in ranges

j = {1, 2, 3}:

Rj =
B(K+

→ ω0e+εϑ | Ej
ω , ϖ

j
eω)

B(K+ → ω0e+ε(ϑ))

Test of T-conservation thanks to T-odd observable ϱ and
its asymmetry:

ϱ =
ςpω · (ςpe ↑ ςpε)

(MK · c)3
, Aϑ =

Nϑ>0 ↓ Nϑ<0

Nϑ>0 + Nϑ<0

Signal selection:

Reconstruct and match K+ and e+ tracks

Reconstruct ω0
→ ϑϑ as two LKr clusters

Radiative ϑ identified as isolated LKr cluster

Kinematic constratint with the observable:
m2

miss = (PK ↓ Pe ↓ Pε0 ↓ Pω)2

Minimal di!erences in signal and normalization selections,
only related to the radiative photon ↔ reduced systematic
e!ects

State of the art:
Ej
ω , ϖ

j
eω O(p6) ChPT ISTRA+ OKA

[EPJ C 50 (2007)] [PAN 70 (2007)] [EPJ C 81 (2021)]

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

Francesco Brizioli (CERN) Moriond EW 2024 – New results from NA62 La Thuile (IT), March 28, 2024 6 / 29

K+
→ ω0e+εϑ results [JHEP 09 (2023) 040]

N
obs = 1.3↑ 105 with relative bkg contamination < 1%

range 1 range 2 range 3

R → 10
2

1.715± 0.005stat ± 0.010syst 0.609± 0.003stat ± 0.006syst 0.533± 0.003stat ± 0.004syst
Aω → 10

2
↑0.1± 0.3stat ± 0.2syst ↑0.3± 0.4stat ± 0.3syst ↑0.9± 0.5stat ± 0.4syst

NA62 measurements of Rj smaller than O(p
6
) ChPT by 5% relative (disagreement: 3 std deviations)

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

Francesco Brizioli (CERN) Moriond EW 2024 – New results from NA62 La Thuile (IT), March 28, 2024 7 / 29

NA62 measurements of 𝑅K smaller than 𝒪(𝑝T)	ChPT by 5% relative (disagreemenr: 3 standard deviations)
Improvement on experimental precision of 𝑅K measurements by a factor > 	2
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[arXiv:2201.07805] [arXiv:2201.07805]

NA62 results:
Ø 𝑼𝒆𝟒 𝟐 UL 𝓞 𝟏𝟎#𝟗  complimentary to search for 𝜋! → 𝑒!𝑁
Ø 𝑼𝝁𝟒

𝟐
 UL  𝓞 𝟏𝟎#𝟖  complimentary to search for 𝜋! → 𝜇!𝑁

Ø Muon channel extension: 
• 𝐊! → 𝝁!𝝂𝑿	scalar or vector with 𝑚P ∈ 10 − 310 MeV/c* UL	𝓞 𝟏𝟎#𝟓 − 𝟏𝟎#𝟕
• 𝐁𝐑 𝑲! → 𝝁!𝝂𝝂�𝝂 < 𝟏. 𝟎 ×𝟏𝟎#𝟔 @ 90% CL

NA62 Coll., Phys. Lett. B 807 (2020) 135599 (e channel)
NA62 Coll., Phys. Lett. B 816 (2021) 136259 (𝜇 channel)

NA62 Coll., Phys. Lett. B816 (2021) 136259 


