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Kaons: flavour physics laboratory@ CERN SPS

The quintessential precision frontier experiments: 
few decay modes, simple final states, large statistics. 

Sensitive probes of new physics:

Karim Massri – Capri Workshop 2024 – Anacapri19/06/2024 2

Kaons: protagonists of many discoveries since 1947!

Kaon physics: sensitive probe to both “heavy” and “light” new physics

Kaon decay experiments: the quintessential precision frontier experiments

– few decay modes

– simple final states

– large statistics

→ Long history of successes!

Kaon physics: why?

Energy scale

Heavy New physics

Light (Dark) New physics

Standard Model

Flavour physics
Virtual NP contributions

in SM-suppressed processes

Dark sector
Direct search for light NP
produced in meson decays

K+→π+X (X→invisible,

X→ℓ+ℓ–, X→γγ)
K+→ℓ+N,

K→πaa (a→e+e–)

K→πνν, K→πℓ+ℓ– 
K+→e+ν/K+→µ+ν
LFV/LNV K decays
(K→πµe, K+→π–ℓ+ℓ+)
and more

and more



Rare kaon decays: KRare kaon decays: K→πνν→πνν

2

Theoretically clean,
almost unexplored,

sensitive to new physics.

Mode BRSM×1011

K+→π+νν(γ) 8.4±1.0
KL→π0νν 3.00±0.31

 Hadronic matrix element related
    to a measured quantity (K+→π0e+ν).

 Exceptional SM precision.
 Free from hadronic uncertainties.

SM branching ratios
Buras et al., JHEP 1511 (2015) 033

Ultra-rare decays with
the highest CKM suppression:
A ~ (mt/mW)2|VtsVtd| ~ λ5*

SM: box and penguin diagrams
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Ultra-rare decays with
the highest CKM suppression:
A ~ (mt/mW)2|VtsVtd| ~ λ5*

SM: box and penguin diagrams

FCNC process with highest CKM suppression

Dominated by short-distance contribution (top quark)
t quark @ NLO QCD + 2-loop EW corrections, 
c quark @ NNLO QCD + NLO EW corrections
 
Hadronic matrix element from BR(K±→e±π0ν)
“Free” from hadronic uncertainties

Exceptional SM precision
[arxiv:2105.02868]

K+ → π+νν

Before NA62: BNL E787/E949

Mode BRSM x 1011

K+ → π+νν 7.86 ± 0.61

K0 → π0νν 2.68 ± 0.30

SM branching ratios
[JHEP09(2022)148]

Sources of uncertainty:
K+ : SD ~ 2%, LD ~ 3%, Parametric ~ 7% 
K0 : SD ~ 2%, LD ~ 0.8%, Parametric ~ 11% 
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 : Precision test of the Standard ModelK → πνν̄

•  highly suppressed in SM


• GIM mechanism & maximum CKM suppression  transition: 


• Theoretically clean  high precision SM predictions

• Dominated by short distance contributions.

• Hadronic matrix element extracted from  decays via isospin rotation.

ℬ(K → πνν̄)
s → d ∼ mt

mW
V*tsVtd

⇒

ℬ(K → π0ℓ+νℓ)

3

SM: Z-penguin &  box diagrams

Mode SM Branching Ratio [1] SM Branching Ratio [2] Experimental Status

K+ → π+νν̄
KL → π0νν̄

(8.60 ± 0.42) × 10−11

(2.94 ± 0.15) × 10−11
(10.6 ± 4.0) × 10−11

< 2 × 10−9
NA62 16—18 

KOTO (2021 data)

^Recent SM calculations [1:Buras et al. EPJC 82 (2022) 7, 615][2:D'Ambrosio et al. JHEP 09 (2022) 148]

(Differences in SM calculations from choice of CKM parameters: see [Eur.Phys.J.C 84 (2024) 4, 377])

(7.86 ± 0.61) × 10−11

(2.68 ± 0.30) × 10−11
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Sensitivity to new physics
KLEVER 

KLEVER: An experiment to measure BR(KL → π0νν) at the CERN SPS – M. Moulson – KAON 2019 – Perugia, 13 Sep 2019  

New physics affects BRs differently for K+ and KL channels
Measurements of both can discriminate among NP scenarios

BR(K+ → π+νν) × 1011

B
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Buras, Buttazzo, Knegjens
JHEP 1511
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K → πνν and new physics 
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●  Models with CKM-like 
flavor structure
− Models with MFV

●  Models with new flavor-
violating interactions in 
which either LH or RH 
couplings dominate
− Z/Z′ models with pure 

LH/RH couplings
− Littlest Higgs with      

T parity

●  Models without above 
constraints
− Randall-Sundrum

− KLEVER 

KLEVER: An experiment to measure BR(KL → π0νν) at the CERN SPS – M. Moulson – KAON 2019 – Perugia, 13 Sep 2019  

New physics affects BRs differently for K+ and KL channels
Measurements of both can discriminate among NP scenarios

BR(K+ → π+νν) × 1011

B
R

(K
L →

 π
0 ν
ν)

 ×
 1

01
1

Buras, Buttazzo, Knegjens
JHEP 1511

−

−

K → πνν and new physics 

4

G
ro

ss
m

an
-N

ir 
bo

un
d

●  Models with CKM-like 
flavor structure
− Models with MFV

●  Models with new flavor-
violating interactions in 
which either LH or RH 
couplings dominate
− Z/Z′ models with pure 

LH/RH couplings
− Littlest Higgs with      

T parity

●  Models without above 
constraints
− Randall-Sundrum

−

KK→πνν→πνν: e: experiment xperiment vs vs theorytheory
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Simplified Z,Z’ models [JHEP 1511 (2015) 166]
Littlest Higgs with T-parity [EPJ C76 (2016) 182]
Custodial Randall-Sundrum [JHEP 0903 (2009) 108]
MSSM non-MFV [PEPT 2016 123B02, JHEP 0608 (2006) 064
LVF models [Eur Phys J C (2017) 77]

(littlest Higgs
with T parity)

CKM unitarity triangle with kaonsBR(KL→π0νν) vs BR(K+→π+νν)

Correlations significantly change for different classes of NP models

KL → π0νν
•  (JEHP11(2015)033)

• Suppressed SM process
• Theoretically clean  

• CKM parameter uncertainty
• theoretical uncertainty ~2%

• Sensitive to new physics 
• High energy scale as large as 1000 TeV
• Correlation to 

• Grossman-Nir bound 

ℬSM(KL → π0νν) = (3.4 ± 0.6) × 10−11

ℬ(K+ → π+νν)

ℬ(KL → π0νν) < 4.3ℬ(K+ → π+νν)

2
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K→πνν: new physics scenarios

New physics affects K+ and K
L
 BRs differently

Measurements of both can discriminate among NP scenarios

Models with:
● CKM-like flavor structure

− MFV
● New flavor-violating interactions 

with dominant LH or RH couplings
−Z/Z′ with pure LH/RH couplings
−Littlest Higgs with T parity

● None of the above constraints
−Randall-Sundrum

Grossman-Nir bound
Model-independent relation

Important to have
updated theory scenarios



Kaon rare decays
CERN: NA62 (K+), LHCb (KS)

JPARC: KOTO, KOTO-II (KL)



The NA62 experiment 

NA62 experiment (decay-in-flight)
❖ Main goal is measure ultra 

rare kaon decay K+→π+νν 
with 10% precision

❖ SM prediction:

❖ Experimental value

❖ Data taking resumed in 2021, 
after LS2, approved until 
LS3, data analysis ongoing

2

BR(K+ ! ⇡+⌫⌫̄) = (8.4± 1.0)⇥ 10�11
<latexit sha1_base64="yQ4jmahte2G50iSTrOg9WHICn38="></latexit><latexit sha1_base64="yQ4jmahte2G50iSTrOg9WHICn38="></latexit><latexit sha1_base64="yQ4jmahte2G50iSTrOg9WHICn38="></latexit><latexit sha1_base64="yQ4jmahte2G50iSTrOg9WHICn38="></latexit>

BR(K+ ! ⇡+⌫⌫̄) = (17.3+11.5
�10.5)⇥ 10�11

<latexit sha1_base64="n5xG5Tdx9gOSIyGhyBnpv8qrRdY="></latexit><latexit sha1_base64="n5xG5Tdx9gOSIyGhyBnpv8qrRdY="></latexit><latexit sha1_base64="n5xG5Tdx9gOSIyGhyBnpv8qrRdY="></latexit><latexit sha1_base64="n5xG5Tdx9gOSIyGhyBnpv8qrRdY="></latexit>

[Buras et al., JHEP 1511 (2015) 033]

[E949/E787 PRL 101 (2008) 191802]

[NA62, JHEP06 (2021) 093]

<latexit sha1_base64="i3CTfJN8A9BGIhM88Lm1zGz8Bg0="></latexit>

BR(K+ ! ⇡+⌫⌫̄) = (10.6+4.0
�3.4stat. ± 0.9syst.)⇥ 10�11

Broad physics program: LFV/LNV 
searches, exotic particles searches, 
precision measurements (this talk):
❖ π0→e+e- (NEW PRELIMINARY)
❖ K+→π+!! [PLB 850 (2024) 138513]

Main aim: measure
                               with 
decay-in-flight technique
Broad physics programme:
• Kaon rare decays
• Searches for LFV/LNV
• Precision measurements
• Exotic searches 

Fixed-target experiment @ CERN North Area 
400 GeV proton SPS beam

Timeline:
• 2016-2018: Run1 (2.2 1018 POT),
first observation of 
• 2021-LHC Long Shutdown 3: 
Run2 with improved detector



The NA62 beam and detector
 The NA62 detector The NA62 detector
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Timing between sub-detectors O(100 ps).
Kinematic rejection O(104) for K+→π+π0 and K→µ+ν.
Photon veto: π0→γγ decay suppression from K+→π+π0 >10−7.
Particle ID (RICH+LKr+HAC+MUV): muon suppression from K→µ+ν > 10−7 .

Un-separated hadron (p/π+/K+) beam.
SPS protons: 400 GeV, 3×1012/spill.

K+: 75GeV/c (±1%), divergence < 100µrad.
800 MHz beam rate; 45 MHz K+ rate;
~5 MHz K+ decays in fiducial volume

KTG: Cherenkov
kaon tagger
σt=70ps

Anti-counters

GTK: beam
tracker

Spectrometer:
straw chambers

LAV: large-angle
photon veto (12 stations)

σt=70ps

Hadronic
calorimeter Muon

detector
(MUV)

Small-angle
photon vetoLKr EM

calorimeter

Dump

Z [m]

NA62 collaboration,
JINST 12 (2017)  P05025 

400 GeV
SPS protons

60 m
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Un-separated hadron beam: find K+

Boosted kaons (75 GeV)



NA62 technique
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 at NA62K+ → π+νν̄

7

Decay mode Branching Ratio [PDG]

(8.60 ± 0.42) × 10−11K+ → π+νν̄ [SM]

K+ → π+π0 (20.67 ± 0.08) %
K+ → μ+νμ (63.56 ± 0.11) %

K+ → π+π+π− (5.583 ± 0.024) %
K+ → π+π−e+νe (4.247 ± 0.024) × 10−5

NA62 Strategy: 

• Tag  and measure momentum. 

• Identify  and measure momentum. 

• Match  and  in time & form vertex. 

• Determine  

• Reject any additional activity.

K+

π+

K+ π+

m2
miss = (PK − Pπ)2

NA62 Performance Keystones: 

•  timing between detectors 

•  background suppression from kinematics 

•  muon rejection 

•  rejection of  from  decays

$(100) ps
$(104)
> 107

> 107 π0 K+ → π+π0

Buras et al. EPJC 82 (2022) 7, 615
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Extreme challenge but… few decay modes, simple final states,
large statistics. Maximum use of data for bckg evaluation.



NA62 techniqueANALYSIS

18/07/2024ICHEP 2024

m2
miss = (PK – Pπ)2

Performances
▪ Kinematic suppression O(104)
▪ Muon suppression O(107)
▪ π0 suppression O(107)
▪ Timing between sub-detectors O(100 ps)

Selection
▪ K+, π+ track reconstruction
▪ Track matching, vertex reconstruction
▪ π+ identification, μ+ rejection
▪ Multi-track rejection, photon veto
▪ Kinematics (m2

miss, pπ)

Analysis
▪ Momentum range: 15 < pπ < 45 GeV/c
▪ Signal regions blinded during the analysis
▪ Data-driven background estimate
▪ Categories depending on hardware and momentum

4/11
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K+ →π+νν signature:
Kaon track +
Pion track +

NOTHING ELSE

K+ →π+νν at NA62: strategy

 NA62 keystones:

– Precise tracking
– PID (in particular π/μ)
– Photon rejection
– Precise timing

Background 
rejection

at ~ 1011 level

Main backgrounds:
BR(K+→μ+ν) = 63.5%
BR(K+→π+π0) = 20.7%

Joel Swallow
CERN Seminar

Kinematic constraints & signal regions

8 momentum range: 15—45 GeV/cπ+

 background suppression from kinematics!(104)

[JHEP 06 (2021) 093]
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Kinematic constraints & signal regions

8 momentum range: 15—45 GeV/cπ+

 background suppression from kinematics!(104)

[JHEP 06 (2021) 093]



Result: 2016+2017+2018 data
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(*  assumes SM BR from [JHEP 11 (2015) 166])NSM,exp
πνν̄

9

The story so far:   with 2016—18 dataK+ → π+νν̄

 2016 data [PLB 791 (2019) 156]  2017 data [JHEP 11 (2020) 042] 

[JHEP 06 (2021) 093] 

ℬ(K+ → π+νν̄) = (10.6+4.0
−3.4 stat

± 0.9syst) × 10−11 at 68 % CL

In background-only hypothesis:   significance= .p = 3.4 × 10−4 ⇒ 3.4σ

Statistical combination:

𝑁!""
#$,&'( assumes:
ℬ!""
#$ = 8.4×10)**

RUN1 RESULTS

18/07/2024ICHEP 2024

 Single Event Sensitivity: (0.839 ± 0.053syst) × 10-11

 Expected SM signal events: 10.01 ± 0.42syst ± 1.19ext

 Expected background events: 7.03−0.82
+1.05

 Observed events: 20

 Significance: 3.4σ

BR(K+→π+νതν)16+17+18NA62 = (10.6 −3.8
+4.0 |stat ± 0.9syst) × 10-11

JHEP 06 (2021) 093

5/11
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(*  assumes SM BR from [JHEP 11 (2015) 166])NSM,exp
πνν̄
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Figure 7: The K+
! ⇡+⌫⌫̄ candidate events in the 2018 (left) and 2016–2018 (right) data

sets. Left: Reconstructed m2

miss
as a function of ⇡+ momentum for events satisfying the K+

!

⇡+⌫⌫̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM
signal acceptance in the plane. The two boxes represent the signal regions. The events observed
in Regions 1 and 2 are shown together with the events found in the background and control
regions. Right: Expected numbers of background events and numbers of observed events in
the nine categories used in the maximum likelihood fit to extract the K+

! ⇡+⌫⌫̄ branching
ratio. Categories 0,1 and 2 correspond to 2016, 2017 and S1 subsets, respectively. Categories 3
to 8 correspond to the six 5 GeV/c wide momentum bins of the S2 subset. The observed data
for each category are indicated by black markers with Poissonian statistical errors. The shaded
boxes show the numbers of expected background events and the corresponding uncertainties.

compatible with the SM value within one standard deviation. The first uncertainty is statistical,
related to the Poissonian fluctuation of the numbers of observed events and expected background,
while the second is systematic, resulting from the uncertainty in the signal and background
estimates.

This result is the most precise measurement of the K+
! ⇡+⌫⌫̄ decay rate to date and

provides the strongest evidence so far for the existence of this extremely rare process.

8 Search for K+ ! ⇡+X decays

The existence of a new feebly interacting scalar or pseudo-scalar particle, X, is foreseen in
several BSM scenarios. If X decays to invisible particles or lives long enough to decay outside
the detector, the signature of a K+

! ⇡+X decay is the same as that of the K+
! ⇡+⌫⌫̄

decay. The two-body decay K+
! ⇡+X would result in a peak in the reconstructed m2

miss

distribution, centred at the squared value of the X mass, m2

X
. Using the event sample selected

in the K+
! ⇡+⌫⌫̄ measurement, a search for a peaking signal in the 2016–2018 data set is

performed following the procedure detailed in [35]. The width of a signal peak is determined by
the resolution of the m2

miss
observable, which decreases monotonically from 0.0012 GeV2/c4 at

mX = 0 to 0.0007 GeV2/c4 at mX = 260 MeV/c2.
The SES is determined, for each mX, according to equation 1, by replacing A⇡⌫⌫̄ with the

acceptance for K+
! ⇡+X decays, which is obtained from simulation. Acceptance values for X

with finite lifetime, ⌧X, decaying to visible SM particles are estimated by weighting simulated

18
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Squared missing mass (2018 data)

K+→π+Xinvisible: a K+→π+νν spin-off   

Search for K+→π+X (X = invisible):
by-product of K+→π+νν analysis

● Peak search in R1 (0 ≤ mX ≤ 110 MeV/c2)
   and R2 (154 ≤ mX ≤ 260 MeV/c2)
● Acceptance scan over mX and τX

● Main background: K+→π+νν

Long-lived X or X → invisible

JHEP 06 (2021) 093

X → visible SM particles
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Long-lived X or X → invisible

JHEP 06 (2021) 093

X → visible SM particles

Search for K+ → π+Xinv
By-product of K+→π+νν analysis 
Peak search in R1 (0 ≤ mX ≤ 110 MeV/c2) 
and R2 (154 ≤ mX ≤ 260 MeV/c2) 
Acceptance scan over mX and τX 
Main background: K+→π+νν

[JHEP 06 (2021) 093]
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K+→π+π0
invisible: another K+→π+νν spin-off         

Squared missing mass (2018 data)

BR(π0→inv) < 4.4×10–9

60x better than previous results

Restricted region
used for the search

Basic event selection same as K+→π+νν,
but applied to K+→π+π0 region
 

Main K+→π+π0 (π0 →γγ) background estimated
from MC with single γ efficiency by tag-and-probe
[Validates π0 rejection estimate for BR(K+→π+νν) analysis]
 

Expected π0 →γγ events: 10+22
–8, observed: 12. 

[~10% of Run1 data: reaching limits from γ-veto inefficiency]
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[JHEP 02 (2021) 201]Search for K+ → π+ π0
inv

Basic event selection as K+→π+νν, but 
applied to K+→π+π0 region on 10% of Run1 data

Main K+→π+π0 (π0 →γγ) background estimated 
from MC with single γ efficiency by tag-and-probe 
Expected π0 →γγ events: 10+22–8, observed: 12. 
[reaching limits from γ-veto inefficiency] 



Interpretation of K+ → π+X
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Limits on BRs for K+ → π+Xinv, K+ → π+π0
inv, K+ → π+X(X→γγ)

translate to parameter space for hidden-sector portals

K+→π+X searches: interpretation

Higgs-mixed scalar

decaying only to SM particles (BC4)

Rept.Prog.Phys. 86(2023)016201 PLB850(2024)138513

ALP with gluon coupling (BC11)

K+→π+Xinv

(NA62 Run1)

K+→π+π0
inv

(NA62 2017)
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ALP with gluon coupling (BC11)

K+→π+Xinv

(NA62 Run1)

K+→π+π0
inv

(NA62 2017)

Limits on BRs for K+ → π+Xinv, K+ → π+π0inv, K+ → π+X(X→γγ)
translate to parameter space for hidden-sector portals 

[ReptProgPhys 86 (2023) 016201] [PLB 850 (2024) 138513]

BC4 model, X is a dark scalar
BC11 model, a is an axion

[BC models within the Physics Beyond Colliders framework]
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Upgrading NA62

15

K2pi
Kmu2
K3pi
Ke4
Upstream

 decays in decay tankK+
Background N(exp) 

2018 (S2)

Upstream

Total

2.76+0.90
−0.70

K+ → π+π0

K+ → μ+ν

K+ → π+π+π−

K+ → π+π−e+ν

0.52 ± 0.05

0.45 ± 0.06
0.41 ± 0.10
0.17 ± 0.08
4.31+0.91

−0.72 Upstream background

Largest backgrounds: 
1. Upstream 

2. K+ → π+π0

Veto by detecting previously 
missed particles…

• 2016—18 analysis proved NA62 technique. 

• Limitation: tight cuts to reject backgrounds  reduces signal efficiency. 

• To improve: need new tools to control background.

⇒
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Background reduction: VetoCounter
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VetoCounter

17

Rough categorisation: 
-like : candidate in station 1 (+ possible shower also hitting station2 “shower-like”)


/shower -like : candidates in 2 different tiles of station 2.

-like : candidates in stations 1+3.

-like : candidate in station 2 only.
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2021-2022 detector improvements
2021 – 2022 HARDWARE IMPROVEMENTS

18/07/2024ICHEP 2024

 Additional GTK station

 Beam line rearranging to swipe away upstream π+

 VetoCounter to detect upstream decays

 ANTI0 to veto accidental particles

 HASC-2 to further suppress K+→ π+π0 decays

 Intensity increased from 60% to 100% of nominal

Data taken pushing to the hardware 
limit of intensity for NA62

Beam line rearranging

GTK0

VetoCounter

ANTI0 HASC-2
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Data taking pushing
to the hardware limit
of intensity for NA62



Photon veto:
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Comprehensive photon veto system: 2021—22

• Meets target: combined /  rejection of .γ π0 !(108)

• Probability of ,  
events passing all photon veto conditions:

K+ → π+π0 π0 → γγ ηπ0 = (1.72 ± 0.07) × 10−8

Control sample of K+ → π+π0

Particle identification performance (2021-22)
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• Use BDT classifier for LKr & MUV1,2 

• + MUV3 (fast  detector)μ+

Particle ID performance : 2021—22 data

Designed to distinguish between 
 with . π+/μ+ 15 − 35 GeV/c

P(μ+ misID as π+) = (1.3 ± 0.2) × 10−8
ε(π ID) = (73.00 ± 0.01) %
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Signal sensitivity

29

Effective number of  decays, :K+ NK

NK = NππD0
ℬππAππ

Number of 
normalisation events

Downscaling factor of 
normalisation trigger 

(generally 400)

Branching ratio of 
 decayK+ → π+π0

Acceptance of 
normalisation selection

Single event sensitivity: 
(Branching ratio corresponding to expectation of 1 event)

ℬSES = 1
NKεRVεtrigAπνν̄

Random veto 
efficiency

Trigger efficiency 
(ratio)

Signal selection 
acceptance

Number of expected SM events: NSM
πνν̄ = ℬSM

πνν̄

ℬSES(For comparison to previous results use  
[JHEP 11 (2015) 166], but results are independent of this choice)

ℬSM
πνν̄ = 8.4 × 10−11

• Normalisation channel:  , momentum range .   K+ → π+π0 p ∈ [15,45] GeV/c

Signal sensitivity
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Single-event sensitivity
(2021-2022 data)

[Random veto (RV): efficiency 
loss due to beam activity]

SINGLE EVENT SENSITIVITY (2021 – 2022 DATA)

18/07/2024ICHEP 2024

Nπνν
SM,exp = 

BR(πνν)SM
SES = 

BR(πνν)SM
BR(ππ)

A πνν
A ππ

(Nππ×D0) εtrig εRV

▪ K+→ π+π0 normalization channel

▪ Random Veto (RV): efficiency loss due to beam activity
7/11

With respect to 2018 analysis:
• Improvements in energy 

reconstruction 
• "Bayesian" K+-π+ matching 
• Increased signal yield 
• More precise εtrig and εRV

evaluation 
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NA62 Preliminary

Trigger efficiencies

• Trigger efficiency ratio: 

• New: several components in both 
normalisation & signal triggers: 
partial cancellation. 

• Old: in 2016—18 data normalise with 
fully independent min bias trigger 
(no cancellation). 

• Improved precision by factor 3 with 
reduced systematic uncertainty. 31

Nexp
πνν̄(pi) = ℬSM

πνν̄

ℬSES(pi)
= ℬSM

πνν̄

ℬππ

Aπνν̄(pi)
Aππ(pi)

D0Nππ(pi)εtrig(pi)εRV

εtrig =
εsig

εnorm

εtrig(new) = (85.9 ± 1.4) %
εtrig(2018) = (89 ± 5) %

Analysis is performed in (5 GeV/c) 
bins of momentum:
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Acceptances

• Increased selection efficiencies. 

• New K-pi matching technique. 

• Re-tuned vertex conditions. 

• Relaxation of some vetos. 

• Improved precision (plus improved 
systematic uncertainty evaluation). 30

Case OLD 
2018 (S2)

NEW 
2021–22

Norm. 11.8% 13.4%

Signal (6.37±0.64)% (7.61±0.18)%

Nexp
πνν̄(pi) = ℬSM

πνν̄

ℬSES(pi)
= ℬSM

πνν̄

ℬππ

Aπνν̄(pi)
Aππ(pi)

D0Nππ(pi)εtrig(pi)εRVAnalysis is performed in (5 GeV/c) 
bins of momentum:

Acceptances

+15%

+20%

Acceptances evaluated at 0 intensity. 
Intensity dependence captured in εRV



Background evaluation (2021-2022 data)
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Background regions & background estimations

36

Events passing  selection 
Background Regions: 2021—22 data

πνν

• Backgrounds from kinematic 
misconstruction tails in m2

miss

Nbg = NbkgR ⋅ ftail = NbkgR ⋅ NCS
SR

NCS
bkgR

Number of events 
passing signal selection 

in background region 

Kinematic tail fraction: 
measured in control sample

Control sample events 
in Signal Regions

Control sample events 
in Background Region

CR3pi

CRmu3

K+ → π+π0

K+ → π+π+π−

K+ → μ+ν

Region 1

Region 2

CRmu

CRmu2

CR1

CR2

Joel Swallow
CERN Seminar

Background regions & background estimations

36

Events passing  selection 
Background Regions: 2021—22 data

πνν

• Backgrounds from kinematic 
misconstruction tails in m2

miss

Nbg = NbkgR ⋅ ftail = NbkgR ⋅ NCS
SR

NCS
bkgR

Number of events 
passing signal selection 

in background region 

Kinematic tail fraction: 
measured in control sample

Control sample events 
in Signal Regions

Control sample events 
in Background Region

CR3pi

CRmu3

K+ → π+π0

K+ → π+π+π−

K+ → μ+ν

Region 1

Region 2

CRmu

CRmu2

CR1

CR2



Backgrounds: kaon decays (2021-2022 data)
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Radiative decays:  &   K+ → π+π0γ K+ → μ+νγ

38

photon-like

MIP

•  : included with “kinematic tails” estimation. 

• Suppression: photon vetos, rejection with additional  is 30x stronger. 

• Estimation: MC + measured single photon rejection efficiency :  

• Validation:  control regions (CR1,2 - see later) 

•  : not included in “kinematic tails” estimation if  overlaps  at LKr (leading to misID as ) 

• Suppression: based on  and  with  = LKr cluster (mis)associated to muon. 

• Necessary for 2021—22 data, since Calorimetric PID degraded at higher intensities. 

• Estimation: min. Bias data control sample with signal in MUV3 :  

• Validation: data sample without  veto and PID = “less pion-like” (Calo BDT bins below  bin).

K+ → π+π0γ
γ

Nbg(K+ → π+π0γ) = 0.07 ± 0.01
m2

miss
K+ → μ+νγ γ μ+ π+

(PK − Pμ − Pγ)2 Eγ γ

Nbg(K+ → μ+νγ) = 0.8 ± 0.4
K+ → μ+νγ π+

Sketch only
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Upstream background evaluation
• Upstream reference sample contains 

all known upstream mechanisms. 

•  provides normalisation. 

•  depends only on geometry. 

•  depends on .

N
fCDA
Pmatch (ΔT+, NGTK)

Nbg = ∑
i

Ni fcdaPmatch
i

Upstream Reference Sample:  

signal selection but invert CDA cut (CDA>4mm)

Scaling factor : bad cda —> good cda

Probability to pass  matchingK+ − π+

N
fcda

Pmatch

Nbg(Upstream) = 7.4+2.1
−1.8

Calculate using bins (i) of  
[Updated to fully data-driven procedure]

(ΔT+, NGTK)
Pmatch

fCDA = 0.20 ± 0.03N = 51 < Pmatch > = 73 %

Backgrounds: upstream (2021-2022 data)
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Upstream background evaluation
• Upstream reference sample contains 

all known upstream mechanisms. 

•  provides normalisation. 

•  depends only on geometry. 

•  depends on .

N
fCDA
Pmatch (ΔT+, NGTK)

Nbg = ∑
i

Ni fcdaPmatch
i

Upstream Reference Sample:  

signal selection but invert CDA cut (CDA>4mm)

Scaling factor : bad cda —> good cda

Probability to pass  matchingK+ − π+

N
fcda

Pmatch

Nbg(Upstream) = 7.4+2.1
−1.8

Calculate using bins (i) of  
[Updated to fully data-driven procedure]

(ΔT+, NGTK)
Pmatch

fCDA = 0.20 ± 0.03N = 51 < Pmatch > = 73 %
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Upstream background evaluation
• Upstream reference sample contains 

all known upstream mechanisms. 

•  provides normalisation. 

•  depends only on geometry. 

•  depends on .

N
fCDA
Pmatch (ΔT+, NGTK)

Nbg = ∑
i

Ni fcdaPmatch
i

Upstream Reference Sample:  

signal selection but invert CDA cut (CDA>4mm)

Scaling factor : bad cda —> good cda

Probability to pass  matchingK+ − π+

N
fcda

Pmatch

Nbg(Upstream) = 7.4+2.1
−1.8

Calculate using bins (i) of  
[Updated to fully data-driven procedure]

(ΔT+, NGTK)
Pmatch

fCDA = 0.20 ± 0.03N = 51 < Pmatch > = 73 %

(Time matching, intensity/pileup estimator)
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 Expected Observed

Upstream background validation
• Invert & loosen upstream vetos to 

enrich with different mechanisms: 

• Interaction-enriched: Val1,2,7,8 

• Accidental-enriched: Val3,4,5,6,9,10. 

• All independent. 

• Expectations and observations are in 
good agreement. 

• Number of events rejected by 
VetoCounter:  

• (i.e. events in signal region with 
associated VC signal) 

•  ,  

• VetoCounter is essential to control 
upstream background.

NVC rej.
exp = 6.9 ± 1.4 NVC rej.

obs = 9

42
Signal region 

masked

Val1 Val2 Val3 Val4 Val5 Val6 Val7 Val8 Val9 Val10



Background evaluation (2021-22 data)
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Summary of expectations

•  per SPS spill:  in 2022 

• c.f.  in 2018.  signal yield increased by 50%. 

• Sensitivity for BR   

• Similar but improved with respect to 2018 analysis for 
same amount of data.

NSM
πνν̄ 2.5 × 10−5

1.7 × 10−5 ⇒
∼ S + B /S = 0.5

43

ℬSES = (0.84 ± 0.03) × 10−11 NSM,exp
πνν̄ = ℬSM

πνν̄

ℬSES

Signal SensitivityBackgrounds

Assuming  :  

2021—22:  

c.f. 2016—18 : 

ℬSM
πνν̄ = 8.4 × 10−11

Nπνν̄ = 10.00 ± 0.34
Nπνν̄ = 10.01 ± 0.42

Expected signal doubled 
by including 2021—22 data
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Signal regions (2021-22 data)

Expected background: 𝑁!" = 11.0#$.&'(.$

Observed: 𝑁)!* = 31

Expected SM signal: 𝑁+,,
-. ≈ 10

ℬ($#(( 𝐾' → 𝜋'𝜈𝜈 = 16.0#/.0'0.1 ×10#$$ = 16.0 (#/.('/.2)𝑠𝑡𝑎𝑡 (#$.3'$./)𝑠𝑦𝑠𝑡 ×10#$$



Combining NA62 results: 2016-22 
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2021-22

• Integrating 2016—22 data:  , . 

•Background-only hypothesis p-value =   significance 

Nbg = 18+3
−2 Nobs = 51

2 × 10−7 ⇒ Z > 5

ℬ16−22(K+ → π+νν̄) = (13.0+3.3
−2.9) × 10−11 = (13.0 (+3.0

−2.7)stat [+1.3
−1.2]syst) × 10−11
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•Background-only hypothesis p-value =   significance 

Nbg = 18+3
−2 Nobs = 51

2 × 10−7 ⇒ Z > 5

ℬ16−22(K+ → π+νν̄) = (13.0+3.3
−2.9) × 10−11 = (13.0 (+3.0

−2.7)stat [+1.3
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ℬ12344 𝐾5 → 𝜋5𝜈𝜈 = 13.034.657.7 ×10311

ℬ12344 𝐾5 → 𝜋5𝜈𝜈 = 13.0 (34.857.9)𝑠𝑡𝑎𝑡 (31.451.7)𝑠𝑦𝑠𝑡 ×10311



K+ → π+νν result in context 

Karim Massri et al. – Kaon physics @ XFEL – PPAN uses of UK XFEL meeting28/10/2024 4

New physics affects K+ and K
L
 BRs differently

Measurements of both can discriminate among NP scenarios

Current limits:
Direct search (KOTO, 2022):  BR(KL → π0νν) < 2.1 × 10−9 @ 90% CL [EPJ.C84 (2024) 4,377]

GN-bound (NA62, 2024): BR(KL → π0νν) < 8.0 × 10−10 @ 95% CL 

Experimentally, KL→ π0νν is even harder than K+→ π+νν: “nothing” in, “nothing” out!

New: NA62 result from 2021-22 data 
[CERN EP Seminar 24/9/24, paper in preparation]

NA62

< 210 (KOTO limit)

K→πνν: experimental status and implications
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Results in context
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NA62: 2016-18

NA62: 2021-22

NA62: 2016-22
SM [JHEP 09 (2022) 148]

SM [EPJC 82 (2022) 7, 615] 

 

ℬ16−18
πνν̄ = (10.6+4.1

−3.5) × 10−11

BNL E787/E949 experiment  

[Phys.Rev.D 79 (2009) 092004]

ℬ21−22
πνν̄ = (16.0+5.0

−4.5) × 10−11

ℬ16−22
πνν̄ = (13.0+3.3

−2.9) × 10−11

[JHEP 06 (2021) 093]

• NA62 results are consistent 

• Central value moved up (now 1.5—1.7  above SM) 

• Fractional uncertainty decreased: 40% to 25% 

• Bkg-only hypothesis rejected with significance Z>5

σ

Rarest decay process
ever measured !

NA62 results are consistent
Central value moved up

Fractional uncertainty decreased: 
40% to 25%



Implica)ons of K+ → π+νν 

Next target: 
at least x3 improved 
precision to match 
parametric theoretical 
uncertainty by LS3

Part of parameter space already ruled out
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−2.9) × 10−11

 range : [7.4 — 19.7]2σ × 10−11

• Fractional uncertainty: 25% 

• Bkg-only hypothesis rejected 
with significance Z>5 

• Observation of the 
 decay with BR 

consistent with SM prediction, 
within 1.7  

• Need full NA62 data-set to 
clarify SM agreement or 
tension

K+ → π+νν̄

σ

KOTO preliminary: [Eur.Phys.J.C 84 (2024) 4, 377]
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Fractional uncertainty: 25%
Still consistent with SM

Need full NA62 data-set
to clarify SM tension



Anatomy of K+ → π+νν 
Kaon decays induced by scalar or tensor BSM operators 

University College London

12 / 33 Frank Deppisch | Exotic Kaon Decays and New Physics | 28/07/2024

 Differential decay rate via scalar current

 Branching ratios

FFD, Fridell, Harz, JHEP 12 (2020) 186

1.3 General (SM+BSM inclusive) formalism K !º∫∫̄ MC Generator

scalar currents
O

SLL

∫d
=

≥
∫c

L
∫L

¥≥
dR dL

¥
, O

SLR

∫d
=

≥
∫c

L
∫L

¥≥
dLdR

¥
, (1.14)

and tensor currents
O

T LL

∫d
=

≥
∫c

L
æµ∫∫L

¥≥
dRæ

µ∫
dL

¥
, (1.15)

where each operator has an accompanying wilson coefficient C ; dL,R and ∫L are Weil fermions and field ∫c

L
=

C∫L is right-handed (and charge-conjugation operator is C = i∞2∞0) 4 and all possible flavour combinations are
implicitly summed over in the Lagrangian.

The scalar operators are symmetric in neutrino flavours, the tensor operators are antisymmetric in neutrio
flavours, and vector operators have neither a symmetry nor antisymmerty in neutrino flavours [5], [7].

Assuming 3 neutrino generations the vector operators (SM and BSM) conserve lepton number, while (BSM)
scalar and tensor operators are lepton number violating [5].

In general the neutrino pair may be: ∫∫̄ i.e. a neutrni-antineutrio pair of the same flavour (e, µ or ø), or ∫∫ i.e.
two neutrnos (or anti-neutrinos) of the same flavour (e, µ or ø) in lepton number violating scenarios. To represent
both the ∫∫̄ (LNC) and ∫∫ (LNV) the shorthand ∫∫̂ can be used [5].

The branching ratios B(K !º∫∫̂) can therefore be expressed, in general, as [5]

B(K
+ !º+∫∫̂) = J

K
+

V
f

K
+

V
+ J

K
+

S
f

K
+

S
+ J

K
+

T
f

K
+

T
, (1.16)

B(KL !º+∫∫̂) = J
KL

V
f

KL

V
+ J

KL

S
f

KL

S
+ J

K
+

T
f

KL

T
, (1.17)

where J = 1
°K

g (mº,mK )
R

d s (h(s))| fF F |2 are functions of kinematic constants g (mº,mK ), integrals (over Madlestam
parameter s of some function h(s)) and form factors ( fF F ) and f are functions of Wilson coefficients. Full details
are given in [5].

What is essential to generating Monte Carlo simulations of the different scenarios is the form factors and associ-
ated kinematic functions inside the matrix element. The form factors can be written as follows [5] 5.

vector form factors

f
K

+ = f
K

+ (0)
µ
1+∏0

+
s

m
2
º

+∏00
+

s
2

2m
4
º

∂
, (1.18)

where
f

K
+

+ (0) = 0.9778 , f
K

0

+ (0) = 0.9544 , ∏0
+ = 24.82£10°3 , and ∏00

+ = 1.64£10°3 . (1.19)

scalar form factors

f
K

0 = f
K

+ (0)
µ
1+∏0

s

m
2
º

∂
(1.20)

where ∏0 = 13.38£10°3 [6], [3] and f
K

+
+ (0) = 0.9778 and f

K
0

+ (0) = 0.9544, as defined above.

tensor form factors

f
K

T
=

f
K

T

1° s∏T

(1.21)

where,
1
p

2
f

K
+

T
(0) = f

K
0

T
= 0.417

p
2

, and ∏T = 1.1GeV°2 . (1.22)

Finally, the relevant expressions for the kinematic functions entering the matrix element can be written as [5]:

4The Weil fermions for the neutrino fields can be combined to form Majorana neutrino fields: ∫¥ ∫L +∫c

L

[7].
5See appendix A1 of [5].
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f Wilson coeff
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What is the nature of the  decay?K+ → π+ν ̂ν
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Vector (SM) Scalar Tensor

• All 3 scenarios now implemented 
in NA62MC (from r4832, [MR4622]) 

• Set /decay/GeneratorMode to 
0,100,200. 

• Test productions in progress to 
evaluate impact on 
acceptance. 

• Note: equivalent 3  scenarios 
also implemented.
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Figure 3: Kinematic s = m
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mi ss

distributions for 106 simulated K
+ ! º+∫∫̂ decays, from MC truth KinePart information.

Signal regions defined in the current NA62 º∫∫ analysis are indicated by the vertical black lines.

References
[1] Andrzej J. Buras and Elena Venturini. “The exclusive vision of rare K and B decays and of the quark mixing

in the standard model”. In: Eur. Phys. J. C 82.7 (2022), p. 615. DOI: 10.1140/epjc/s10052-022-10583-8. arXiv:
2203.11960 [hep-ph].

[2] Andrzej J. Buras et al. “K
+ !º+∫∫ and KL !º0∫∫ in the Standard Model: status and perspectives”. In: JHEP

11 (2015), p. 033. DOI: 10.1007/JHEP11(2015)033. arXiv: 1503.02693 [hep-ph].
[3] Frank F. Deppisch, Kåre Fridell, and Julia Harz. “Constraining lepton number violating interactions in rare

kaon decays”. In: JHEP 12 (2020), p. 186. DOI: 10.1007/JHEP12(2020)186. arXiv: 2009.04494 [hep-ph].
[4] Tong Li, Xiao-Dong Ma, and Michael A. Schmidt. “Implication of K ! º∫∫̄ for generic neutrino interactions

in effective field theories”. In: Phys. Rev. D 101.5 (2020), p. 055019. DOI: 10.1103/PhysRevD.101.055019. arXiv:
1912.10433 [hep-ph].

[5] Andrzej J. Buras, Julia Harz, and Martin A. Mojahed. “Disentangling new physics in K !º∫̄∫ and B ! K (K
§)∫̄∫

observables”. In: (May 2024). arXiv: 2405.06742 [hep-ph].
[6] Jason Aebischer, Andrzej J. Buras, and Jacky Kumar. “On the Importance of Rare Kaon Decays: A Snowmass

2021 White Paper”. In: Snowmass 2021. Mar. 2022. arXiv: 2203.09524 [hep-ph].
[7] Tobias Felkl, Sze Lok Li, and Michael A. Schmidt. “A tale of invisibility: constraints on new physics in b →

s∫∫”. In: JHEP 12 (2021), p. 118. DOI: 10.1007/JHEP12(2021)118. arXiv: 2111.04327 [hep-ph].

page 6 of 7

[JHEP 12 (2020)186, 
arXiv:2405.06742, 
Eur. Phys. J. C (2024) 84: 680]  

Joel Swallow

What is the nature of the  decay?K+ → π+ν ̂ν

10

Vector (SM) Scalar Tensor

• All 3 scenarios now implemented 
in NA62MC (from r4832, [MR4622]) 

• Set /decay/GeneratorMode to 
0,100,200. 

• Test productions in progress to 
evaluate impact on 
acceptance. 

• Note: equivalent 3  scenarios 
also implemented.

KL

Calculations Simulations

Joel Swallow

What is the nature of the  decay?K+ → π+ν ̂ν

10

Vector (SM) Scalar Tensor

• All 3 scenarios now implemented 
in NA62MC (from r4832, [MR4622]) 

• Set /decay/GeneratorMode to 
0,100,200. 

• Test productions in progress to 
evaluate impact on 
acceptance. 

• Note: equivalent 3  scenarios 
also implemented.

KL

Calculations Simulations

R1 R2



Probing 3-generation BSM

3

Proceeding this way we obtain

� =0.2251± 0.0008 , ⇢̄ =0.144± 0.016 ,

A =0.816± 0.017 , ⌘̄ =0.343± 0.012 .
(6)

With these inputs, we predict

B(K+ ! ⇡
+
⌫⌫̄)SM =(8.09± 0.63)⇥ 10�11

, (7)

B(KL ! ⇡
0
⌫⌫̄)SM =(2.58± 0.30)⇥ 10�11

, (8)

that we employ as the reference SM values in the rest of
this work.

III. EFT FRAMEWORK

As anticipated, we work within an EFT framework
assuming heavy NP predominantly coupled to third-
generation fermions. More precisely, we assume that
the only dynamical fields are the SM ones, and we ne-
glect U(2)5–invariant operators involving light fermions.
On the other hand, since we are interested in describ-
ing flavor mixing in the quark sector, we consider opera-
tors built in terms of the leading U(2)q–breaking spurion
Ṽ [22] which is responsible for the heavy!light mixing in
the quark Yukawa couplings. The spurion, which trans-
forms as a doublet under U(2)q, is parameterized as

Ṽ = �"Vts

 
Vtd/Vts

1

!
. (9)

The parameters " and  are assumed to be real and O(1):
" control the overall size of the spurion (the normaliza-
tion is chosen such that 3 ! 2 mixing is positive for
" > 0 in the standard CKM convention), while  quan-
tifies possible deviation from a minimal U(2)q–breaking
structure. The minimal framework corresponds to the
limit  = 1 [4, 22].

In this setup there is an intrinsic ambiguity on what
we denote as third generation in the left-handed quark
sector, or better which are the U(2)q singlet fields. For
definiteness, we choose a down-aligned basis, where the
quark doublets are written as qiL = (Vjiu

j
L, d

i
L)

T , with u
i
L

and d
i
L denoting the quark mass eigenstates, such that

q
3
L =

✓
VubuL + VcbcL + VtbtL

bL

◆
(10)

is a U(2)q singlet. On the lepton side, we focus only on
amplitudes sensitive to third-generation leptons, hence
the only relevant lepton fields to consider are `

3
L =

(⌫⌧ , ⌧L)T and ⌧R. With these assumptions, the leading
semileptonic operators involving only U(2)5–singlet fields
are

Q
±
`q = (q̄3L�

µ
q
3
L)(¯̀

3
L�µ`

3
L)± (q̄3L�

µ
�
a
q
3
L)(¯̀

3
L�µ�

a
`
3
L) ,

QS = (¯̀3L⌧R)(b̄Rq
3
L) . (11)

CS C+
`q C�

`q "  Exp. indication

�(pp ! ``) X X X bounds on ANP

EWPO X X bounds on ANP

RD, RD⇤ X X X X ANP/ASM > 0

B(B ! K(⇤)µµ̄) X X ANP/ASM < 0

B(B ! K⌫⌫̄) X X |ASM +ANP|2 > |ASM|2

B(K ! ⇡⌫⌫̄) X X |ASM +ANP|2 > |ASM|2

TABLE I. List of observables considered in the analysis, and
their sensitivity to the EFT parameters. In the last column
we highlight the present hints of deviations from the SM, as
emerging from data.

The Wilson Coe�cients associated to these three opera-
tors are dimensionful parameters that we express in units
of TeV�2:

LNP
e↵ �

X

k

CkQk + h.c. . (12)

In principle, in addition to the three operators in
Eq. (11) we should consider all terms generated by the in-
sertion of one or two spurions in each of them, separately,
via the replacement q3L ! Ṽiq

i
L. In practice, to avoid the

proliferation of free parameters, we assume that the un-
derlying NP leads to a rank-one structure in quark flavor
space [23]. In other words, we assume that NP is aligned
to a specific direction in flavor space, and the insertion
of spurions describes the misalignment of this direction
relative to that of the q

3
L field in (10). In practice, this

condition is achieved via the replacement

q
3
L ! q

3
L + Ṽiq

i
L (13)

in the three operators in Eq. (11). In Sect. IV we will
discuss what are the implications of the rank-one hypoth-
esis, relative to the more general case, and we will provide
explicit examples of ultraviolet (UV) completions where
this condition is fulfilled.
The EFT framework we are considering is then de-

scribed by five independent parameters: C+
`q, C

�
`q, CS , ",

and . The list of the observables included in the analy-
sis and the way they are a↵ected by these parameters is
summarized in Table I.

A. Flavor-changing amplitudes

Before presenting the numerical results, it is useful to
discuss the implications of the U(2)q breaking assump-
tions on the di↵erent flavor-changing amplitudes. While
the complete EFT predictions are illustrated in detail in
the appendix, here we provide some simplified formulae
which illustrate the main e↵ects.
Let’s start from the contributions to RD and RD⇤ .

Here NP interfere with a tree-level SM amplitude, hence

(for comparison)

EFT with dimension-six semileptonic operators 
built in terms of SM fields.
Minimally-broken U(2)5 flavor symmetry acting 
on the lightest two SM families.
Reduce the number of relevant operators to 5

6

FIG. 5. ⇤ vs. " plane, where ⇤ is defined by C�
`q = 1/⇤2.

The blue and red areas indicate present 1� constraints from
B(K+ ! ⇡+⌫⌫̄) and B(B ! K(⇤)⌫⌫̄), setting  = 1. The
95% CL exclusion limit from direct searches and EWPO are
also indicated. The dashed lines illustrate the change of the
respective regions assuming near-future experimental projec-
tions for B(K+ ! ⇡+⌫⌫̄) and B(B ! K(⇤)⌫⌫̄).

U(2)q breaking the two modes become uncorrelated
and the combined significance for a deviation from
the SM drops below 95% CL.1

• In Figs. 4–6 we illustrate how the individual con-
straints on the two modes, or the respective mea-
surements, could change in the near future, assum-
ing same central values but halved experimental
errors. As can be seen in Fig. 5, this would al-
low us to derive a stringent range for ", testing the
overall consistency of this framework and, in par-
ticular, the validity of the assumption " = O(1).
As already stated, a firm prediction of this frame-
work is a relative deviation from the SM identical
in B(B+ ! K

+
⌫⌫̄) and B(B ! K

⇤
⌫⌫̄), we thus

expect the central value of B(B+ ! K
+
⌫⌫̄) to de-

crease, as indicated in Fig. 6. If the central value
of B(K+ ! ⇡

+
⌫⌫̄) would remain unchanged, the

combination of the two modes under the hypothe-
sis of minimal U(2)q breaking, as in Fig. 6, would
point toward a deviation from the SM well above
the 3� level.

1 The small tension of the results of the global fits with the ex-
perimental determination of B(B+ ! K+⌫⌫̄) is caused by the
inclusion of B(B ! K⇤⌫⌫̄) data in the global fit.

FIG. 6. Correlation between B(B+ ! K+⌫⌫̄) and B(K+ !
⇡+⌫⌫̄), normalized to their SM predictions. The red areas
denote the parameter regions favored at 1� and 2� from a
global fit in the limit of minimal U(2)q breaking ( = 1). The
dashed and dotted blue curves are 1� and 2� regions from a
global fit where  is a free parameter. The gray bands indi-
cate the current experimental constraints, while the dashed
gray lines highlight near-future projections assuming halved
experimental uncertainties.

B. Comparison with explicit models

a. Vector leptoquark. The non-vanishing values of
C

±
`q and " are qualitatively in good agreement with the ef-

fects associated to a TeV-scale vector leptoquark coupled
mainly to the third-generation (see e.g. [30–32]). While
the values of C+

`q and " confirm previous findings along
this direction [29], the di-neutrino modes provide an ad-
ditional support to this picture indicating |C+

`q| � |C�
`q|.

This is expected given |C+
`q| arises by the tree-level ex-

change of the leptoquark, while |C�
`q| is generated at the

loop level [32].

It is worth stressing that both magnitudes and signs of
the NP amplitudes are consistent with predictions made,
before the observations of the two decay modes, in com-
plete models where the leptoquark is a massive gauge bo-
son arising from SU(4)[3] ⇥ SU(3)[12] ! SU(3)c [32, 33].
In this case, the constructive interference between SM
and NP amplitudes in B ! K

(⇤)
⌫⌫̄ is unambiguously re-

lated to the enhancement of RD(⇤) [32]. The K ! ⇡⌫⌫̄

amplitude is more complicated, since non-minimal U(2)q
terms are naturally present; however, as shown in [33],
constraints from �S = 2 amplitudes point to a scenario
that, once expressed in our notation, e↵ectively corre-
sponds to 1.0 . Re() . 1.5.

[Allwicher, Bordone, Isidori, 
Piazza, Stanzione,
doi.org/10.48550/arXiv.2410.21444]

https://doi.org/10.48550/arXiv.2410.21444


NA62:
FCNC decay, long-distance mediated by photon exchange
Together with electron channel tests LFU

𝑩𝑹 𝑲* → 𝝅*𝝁*𝝁+ = 𝟗. 𝟏𝟓 ± 𝟎. 𝟎𝟖 ×𝟏𝟎+𝟖

[doi:10.1007/JHEP11(2022)011]

𝐴45 = 0.0 ± 0.7 ×10#(	 @	68%	CL

θKμ between K and μ− 
in the μμ rest frame



NA62:

A lot more data 
available, and coming.

Uncertainties are stat-related

Also, electron channel
to come



NA62:
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K+→π+ℓ+ℓ–: Lepton Universality test 

1.5 sigma

JHEP11 (2022) 011
K+→π+ℓ+ℓ–: Flavour Changing Neutral Current, suppressed in SM

Long-distance (LD) dominated, mediated by K+→π+γ* 

LD effects are purely lepton universal (same a & b for ℓ = e, μ).

a
+

μμ – a
+

ee 
is sensitive to LFUV in short-distance contributions

PRD93 (2016) 074038

JHEP09 (2022) 148

[JHEP09(2022)148]

Sensitive to LFUV in SD contributions 
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K+→π+ℓ+ℓ–: Lepton Universality test 

1.5 sigma

JHEP11 (2022) 011
K+→π+ℓ+ℓ–: Flavour Changing Neutral Current, suppressed in SM

Long-distance (LD) dominated, mediated by K+→π+γ* 

LD effects are purely lepton universal (same a & b for ℓ = e, μ).

a
+

μμ – a
+

ee 
is sensitive to LFUV in short-distance contributions

PRD93 (2016) 074038

JHEP09 (2022) 148
[PRD93 (2016) 074038]

1.5σ tension

𝒂! = −𝟎. 𝟓𝟕𝟓 ± 𝟎. 𝟎𝟏𝟑
𝒃! = −𝟎. 𝟕𝟐𝟐 ± 𝟎. 𝟎𝟒𝟑

[doi:10.1007/JHEP11(2022)011]



Kaons at JPARC

30 GeV proton from Main Ring of J-PARC
Slow extraction : 2-s spill / 4.2-s cycle
Beam power : 82 kW as of June 2024

58 m

60 m

30 GeV 
proton

T1

KOTO

Hadron Experimental Facility

J-PARC and KOTO experiment
• 30 GeV proton from Main Ring of J-PARC 
• Slow extraction : 2-s spill / 4.2-s cycle 
• Beam power : 82 kW as of June 2024

1
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Research
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(to Kamioka)
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Facility

Materials and Life 
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3 GeV 
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• T1 target at Hadron experimental facility 
• Beam extraction angle :  
• 20-m beamline + KOTO Detector
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KOTO concept
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Key points of KOTO experiment:
1) KL pencil beam, only KL direction known

→ only PT information can be used (to reject KL→γγ)
2) Zvtx reconstructed assuming 2 clusters from π0 decay
3) Charged and photon vetoes to reject background

KL→π0νν: KOTO (and KOTO II)

Narrow beam

KOTO II: same principle, but more intense beam and larger acceptance

→ Aims to collect O(35) KL→ π0νν events with B/S =1 by 2040



KOTO result of 2021 data analysis

Aim to reach SM sensitivity by 2027



Rare kaon decays after 2030 
CERN: LHCb (KS)

JPARC: KOTO-II (KL)

Unfortunately, HIKE (high-intensity kaons)
at CERN was not approved



Current hall

Extended hall

58 m

60 m

T1

T1

T2

KL beamline

KOTO

KL2 beamline

KOTO II
Dump

Extrac7on angle 5∘ → KOTO II behind the dump
43-m long KL2 beamline

Extension of Hadron Experimental Facility
Double the area for Hadron/Nuclear and Particle physics
Prepare T2 and more several beam lines, put KOTO II behind the dump 
Supported by KEK project implementation plan 2022

as a 1st priority project to request budget

KOTO-II and Extension of J-PARC hadron hall



𝐾 "
→
𝜋#
𝜈𝜈

KOTO
(2013)

KOTO
(2015)

KOTO
(2016-2018)

KOTO(2021(Preliminary)

𝐾" → 𝜋#𝜈𝜈 search by KOTO
Sensi7vity < 10$%#

Next-generation experiment KOTO II with sensitivity < 10$%&

Aiming at first observation of 𝐾"
→ 𝜋#𝜈𝜈 in 2030s

Prospects for K0 → π0νν

Aim to collect O(50) with B/S=1 events in 2030s



KL → π0ℓ+ℓ−

Contributions from long-distance physics
• SD CPV amplitude: γ/Z exchange
• LD CPC amplitude from 2γ exchange
• LD indirect CPV amplitude: KL → KS

• KS→ π0ℓ+ℓ− will help reducing theoretical uncertainties, measure |aS|
• measured NA48/1 with limited statistics
• planned by LHCb Upgrade

• KL → π0ℓ+ℓ− can be used to explore helicity suppression in FCNC 
decays, give unique access to SD BSM effects in the photon 
coupling via the tau loop 

KL → π0ℓ+ℓ− CPV 
amplitude 
constrains UT η

Main background: KL → ℓ+ℓ−γγ
• Like KL → ℓ+ℓ−γ with hard bremsstrahlung

BR(KL → e+e−γγ) = (6.0 ± 0.3) × 10−7 Eγ* > 5 MeV
BR(KL → μ+μ−γγ) = 10+8-6× 10−9 mγγ > 1 MeV

Greenlee
PRD42 (1990)

BR(KL → π0e+e−) < 28 × 10−11

BR(KL → π0μ+μ−) < 38 × 10−11 

Experimental bounds
from KTeV:

Phys. Rev. Lett. 93 (2004) 021805 
Phys. Rev. Lett. 84 (2000) 5279–5282 

(2 sets of values corresponding to constructive (destructive)
interference btw direct and indirect CP-violating contributions)

[arXiv:hep-ph/0404127,arXiv:hpe-ph/0404136, arXiv:hep-ph/0606081]
[arXiv:0705.2025, arXiv:1812.00735, arXiv:1906.03046, 
https://indico.cern.ch/event/1196830/]
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Rare kaon decays

 SD dominated 

● K+  π→ + νν   and  KL  π→ 0 νν  (golden channels)

Excellent theore�cal precision!

 LD dominated

● KL  μμ,  K→ S  μμ → , K+  π→ + ℓℓ    and  KL   π→ 0 ℓℓ, ...  
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Prospects for KOTO-II

Scenario 1

Projec�on A
Observables already measured are kept, others assumed 
at their SM values, all with target precision of KOTO-II

Projec�on B
All measurements give current best-[t point with 
target precision of KOTO-II 

 current sutuation____

o Final NA62 precision for K+  π→ + νν  

o Final KOTO-II precision for KL  π→ 0 νν

Access to
photon coupling
Can be used to explore helicity 
suppression in FCNC decays, 
give unique access to SD BSM 
effects in 𝛾 coupling via 𝝉 loop 
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All observables
Rare kaon observables

We assume NP contributions of the charged and neutral 
leptons related to each other by the SU(2)L gauge symmetry 
and we work in the chiral basis

Bounds from individual observables:

Coloured regions: 68% CL measurements
Dashed lines: 90% upper limits

KL → π0ℓ+ℓ−

Lepton Flavour Universality Violation:
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N. Mahmoudi                                Kaons@J-PARC 2024 workshop - KEK Tokai, 27 July 2024                        36

Impact of the main decays

Scenario 3

Projec�on A
Observables already measured are kept, others assumed 
at their SM values, all with target precision of KOTO-II

Projec�on B
All measurements give current best-[t point with 
target precision of KOTO-II 

[D’Ambrosio, Iyer, Mahmoudi, Neshatpour
2206.14748, 2311.04878, 2404.03643] 



Summary
Kaon physics: sensitive probe to both “heavy” and “light” new physics 

Heavy New Physics probed via flavour physics observables 
Light New Physics probed via production searches in K decays 
 
NA62 new result on 2016-22 data:

First observation of this decay (significance > 5 σ)
Rarest particle decay ever observed !
NA62 will continue to take data until LS3: large stat will also more 
investigations

KOTO-II, the successor to KOTO, aims at first observation of 
KL → π0νν by 2030s.

Increasingly important to combine K+ and KL measurements, 
and with other flavour measurements

Joel Swallow
CERN Seminar

Conclusions
• New study of  decay using NA62 2021—22 dataset: 

• Improved signal yield per SPS spill by 50%.  

•  ,  

•  

• Combining with 2016—18 data for full 2016—22 results: 

•  ,  (using 9+6 categories for BR extraction)  

•  

• Background-only hypothesis rejected with significance Z>5. 

• First observation of  decay: BR consistent with SM prediction within 1.7  

• Need full NA62 data-set to clarify SM agreement or tension.

K+ → π+νν̄

Nbg = 11.0+2.1
−1.9 Nobs = 31

ℬ21−22(K+ → π+νν̄) = (16.0+5.0
−4.5) × 10−11 = (16.0 (+4.8

−4.2)stat [+1.4
−1.3]syst) × 10−11

Nbg = 18+3
−2 Nobs = 51

ℬ16−22(K+ → π+νν̄) = (13.0+3.3
−2.9) × 10−11 = (13.0 (+3.0

−2.7)stat [+1.3
−1.2]syst) × 10−11

K+ → π+νν̄ σ

532023—LS3 data-set collection & analysis in progress…



Additional material



Other LFV / LNV results
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More LFV/LNV decays

NA62: UL on BRs of LNV/LFV K+ and π0 decays ~ O(10–9-10–11)

LFV/LNV K+ and π0 decays, NA62 Run1

..also LFNV decays!

K+→ π–μ+e+ [PRL127(2021)131802]

K+→π0π–μ+e+ [paper in preparation]
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