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Kaon physics: why?

Kaons: protagonists of many discoveries since 1947!

Kaon decay experiments: the quintessential precision frontier experiments

– few decay modes
– simple final states
– large statistics

→ Long history of successes!
● Hot topics – experiment:

– Rare Kaon decays
[especially the “golden modes”: K→πνν, K

L
→π0ℓ+ℓ–, K

L,S
→μ+μ–]

– CKM unitarity tests
– Low-energy QCD tests
– BSM searches (e.g. LNV/LFV decays, on-shell BSM particles)

● Hot topics – theory:
– Precise SM predictions
– Lattice QCD
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This talk!
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CKM unitarity tests

Precise SM predictions

Lattice QCD

Rare K decays &
Low-energy QCD tests

Kaon physics @ CKM 2023
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Recent results
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Decay Γ
SD

/Γ Theory error* SM BR × 1011 Experimental
BR × 1011

(before KAON19)

Experiment Year

K
L
→π0νν >99% 2% 2.94 ± 0.15 < 300 KOTO 2019

K+→π+νν 90% 4% 8.6 ± 0.4 17.3 +11.5
–10.5

BNL-787/949 2009

K
L
→π0e+e– 40% 10% 3.2 ± 1.0 < 28 KTeV 2004

K
L
→π0μ+μ– 30% 15% 1.5 ± 0.3 < 38 KTeV 2000

K
L
→μ+μ– 10% 30% 79 ± 12 (SD) 684 ± 11 BNL-871 2000

K
S
→μ+μ– 4% >30% 0.52 ± 0.15 < 80 LHCb 2017

The golden modes
●  FCNC forbidden at tree level: 1-loop contributions as leading order
●  Highest CKM suppression: BR ~ |V

ts
*V

td
|2 ~ λ10

high sensitivity
to new physics

K
L
 → π 0 ℓ+ℓ− vs K → πνν:

● Larger theoretical uncertainties from LD physics
● SD CPV amplitude: γ/Z exchange
● LD indirect CPV amplitude: K

L
 → K

S
● LD CPC amplitude from 2γ exchange

● Explore helicity suppression in FCNC decays

* approximate error on LD-subtracted rate excluding parametric contributions
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K. Shiomi,
19th Sept, WG3K

L
→π0νν at              : strategy

● K
L
 momentum not known → Kinematics with p

T
● Decay vertex reconstructed assuming M(γγ) = m(π0)
 
● Particle veto is essential:

All other K
L
 decays have ≥ 2 extra γs or ≥ 2 tracks to veto,

except K
L
→

 
γγ: 2γs + nothing else (but p

T
 = 0)

K
L
→π0νν signature: 2γs + missing p

T
 + nothing else!

 KOTO Keystones:
– Pencil neutral beam (precise p

T
)

– Photon rejection
– Charged particle veto
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K. Shiomi,
19th Sept, WG3

Primary beam:
30 GeV/c protons from J-PARC
Neutral beam (16°), 8 μsr “pencil” beam, <p(K

L
)> = 2.1 GeV

K
L
→π0νν at              
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K. Shiomi,
19th Sept, WG3

BR(K
L
→π0νν) < 4.9 × 10–9 (90% CL)

Expected: 0.04 signal + 1.22 background events
Observed: 3 events in the signal box

PRL 126 (2021) 121801

Review of              2016-2018 result

Main backgrounds found:
– K

L
 → γγ from halo 

– K± decays from K
L
→K± conversion
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K. Shiomi,
19th Sept, WG3

286.1± 2.3 0.02± 0.006 0

0.195± 0.083

No events
0.255± 0.058 0

0

Observed
Expected

BR(K
L
→π0νν) < 2.0 × 10–9 (90% CL)

K
L
→π0νν at              : 2021 result

Suppression of dominant backgrounds  Suppression of other backgrounds

Prel
im

inary
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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%
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The NA62 experiment

Primary beam:
●  400 GeV CERN SPS protons

Secondary hadron beam:
●  K+ (6%) / π+ (70%) / p (24%)
●  p = 75 GeV,  Δp/p ~ 1%
●  60 × 30 mm2 transverse size

Decay region:
●  60 m long fiducial volume
●  Vacuum ~ O(10–6 mbar)
●  ~ 5 MHz K+ decay rate

CERN SPS
protons

Nominal intensity:  ~ 3 × 1012 POT/spill → 750 MHz hadron beam

1.5×1012 K+ decays
~ 50-60% nominal

2.6×1012 K+ decays
~ 60-70% nominal

0.12×1012 K+ decays
~ 40% nominal

Data taking periods & intensity
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NA62 Run1 (2016-2018) result

Combined NA62 2016-2018 data

SES = (8.39 ± 0.53
syst

) × 10–12 
Expected signal: 10.01 ± 0.42

syst
 ± 1.19

ext

Expected bkg:       7.03+1.05
–0.82

Observed:      20 (1+2+17) events

BR(K+→π+νν) = (10.6+4.0 
stat

 ±0.9
syst

)× 10–11 −3.4

3.4σ significance, most precise measurement to date!

JHEP 06 (2021) 0932018 data:

Expected: 7.6 signal + 5.4 background events
Observed:  17 K+ →π+νν candidates!
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K
s
→ μ+μ– at LHCb

BR(K
S
→μ+μ–) < 2.1 × 10–10 (90% CL)

PRL 125 (2020) 231801

Data samples:
● Run 1: 3 fb –1 (2011-2012 data) at 7-8 TeV
● Run 2: 5.6 fb–1 (2016-2018 data) at 13 TeV

Run1+Run2 result:
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Decay Γ
SD

/Γ Theory error* SM BR × 1011 Experimental
BR × 1011

Experiment Year

K
L
→π0νν >99% 2% 2.94 ± 0.15 < 200 2023

K+→π+νν 90% 4% 8.6 ± 0.4 10.6 +4.0
–3.4 

±0.9 2021

K
L
→π0e+e– 40% 10% 3.2 ± 1.0 < 28 KTeV 2004

K
L
→π0μ+μ– 30% 15% 1.5 ± 0.3 < 38 KTeV 2000

K
L
→μ+μ– 10% 30% 79 ± 12 (SD) 684 ± 11 BNL-871 2000

K
S
→μ+μ– 4% >30% 0.52 ± 0.15 < 21 2020

Indirect boundary
on K

L
→π0νν  by NA62

The golden modes – today

* approximate error on LD-subtracted rate excluding parametric contributions
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Rare Kaon decays P. Naik, 18th Sept, WG3
M. Koval, 19th Sept, WG3K

S,L
→μ+μ–μ+μ–

BR(K
S
 → μ+μ–μ+μ–) < 5.1×10–12

BR(K
L
 → μ+μ–μ+μ–) < 2.3×10–9

PRD 108 (2023) L031102

K+→π+μ+μ–

JHEP11 (2022) 011→ Test of Lepton Universality

SM prediction [EPJ C73 (2013) 2678]:
BR(K

S
 → μ+μ–μ+μ–) ~ (1–4)×10–14

BR(K
L
 → μ+μ–μ+μ–) ~ (4–9)×10–13
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CKM unitarity tests M. Moulson, 20th Sept, WG1
A. Passeri, 20th Sept, WG1

Figure 3: Status of first-row CKM unitarity in 2023. Left: measurements of +DB, +DB/+D3, and
+D3 and relation to CKM unitarity. Right: constraints on right-handed currents fromobserved
unitarity deficits.

•  ! 2c and  ! 3c: Measurements of the branching ratios of these principal decay
modesprovideoverall informationonall isospinamplitudes, cc phaseshifts, the =1/2
rule, and a test of the weak chiral Lagrangian [86, 87], as well as inputs for theoretical
and experimental studies of the form factors of the  + ! c+WW,  + ! c+✓+✓− and
 + ! c+W✓+✓− decayswhoseamplitudesreceivesubstantial loopcontributionsthatdepend
on the  ! 3c amplitude. Moreover, accuratenew measurements of  ! 2c/3c decays
(and kaon lifetimes) are needed since large-scale factors appear in the PDG for the  ±

lifetime and the  ! ! 3c0 branching ratio. These measurements will also allow for a
constrainedfitleadingtoastringentlimitonthe ! decayingintoafully invisiblefinal state.

2.6 Testsoffirst-rowCKMunitarity

Measurementsof semileptonickaondecays ! c✓aprovidetheprincipal inputfor theextraction
of theCKM parameter +DB, while theratios of (semi)leptonic  + and c+ decay rates areused to
extract theratio+DB/+D3, with inputsprovidedfromlatticeQCD [96]. Determinationof +DB from
kaon, pion, and g decays, combined with that of +D3 from super-allowed beta decays [97] and
neutron decays [98, 99], gives rise to a3f deficit in first-row CKM unitarity relation, known as
theCabibbo angleanomaly. A tension of similar significance is observed between  ! ✓a and
 ! c✓arates[44, 100].

Fig. 3(left) showsthecurrent experimental constraints inthe+DB–+D3 planefrom ✓3 decays
(+DB, green band),  `2 decays (+DB/+D3, light blue band), and nuclear and neutron beta decays
(+D3, magentaband). Thetension between thevalues of +DB from `2 and  ✓3 decays is seen in
the fact that these bands do not intersect at a common point. The yellow ellipse represents the
68.27% CL confidence interval fromafit for thebest values of +DB and+D3. Theunitarity curve
is illustratedby thedashed line. Thesignificanceof theunitarity deficit from ✓3 andbetadecays
is−3.1f , that from `2 andbetadecaysis−1.7f , andthat fromthefit result is−2.7f .

18

Cabibbo Angle Anomaly: Disagreement leads to (apparent?) violation of CKM unitarity

Motivate new measurements in the Kaon sector:
V

us
 from leptonic/semileptonic decays

but also of 
BR(K+→π0μ+ν)/BR(K+→μ+ν) [PLB 838 (2023) 137748]

K
S
→πeν

JHEP 02 (2023) 098

f
+
(0)|V

us
| = 0.2170 ± 0.009

CERN Physics Beyond Colliders Document, in preparation
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Low-energy QCD tests

Paper in preparation

JHEP 09 (2023) 040
K+→π0e+νγ

T-symmetry violation test:

A
ξ
 = (−1.2 ± 2.8

stat
 ± 1.9

syst
) ×10–3

K+→π+γγ

M. Koval,
19th Sept, WG3
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BSM searches in Kaon decays

QCD axion excluded
as explanation

of "17 MeV anomaly"

UL on K+→π+aa, a→e+e–

PLB 830 (2022) 137172

arXiv:2307.04579
K+→π+e+e–e+e–

BR(K+ → π+e+e–e+e–) < 1.4×10–8

BR(K+ → μ–ν+e+e+) < 8.1×10–11 BR(K+ → π–e+e+) < 5.3×10–11 BR(K+ → π–π0e+e+) < 8.5×10–10

LNV K+ decaysPLB 838 (2022) 137679
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Prospects
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Decay Γ
SD

/Γ Theory error* SM BR × 1011 Experimental
BR × 1011

Experiment Year

K
L
→π0νν >99% 2% 2.94 ± 0.15 < 30 ~ 2025

K+→π+νν 90% 4% 8.6 ± 0.4 ~ 15% precision ~ 2025

K
L
→π0e+e– 40% 10% 3.2 ± 1.0 < 28 KTeV 2004

K
L
→π0μ+μ– 30% 15% 1.5 ± 0.3 < 38 KTeV 2000

K
L
→μ+μ– 10% 30% 79 ± 12 (SD) 684 ± 11 BNL-871 2000

K
S
→μ+μ– 4% >30% 0.52 ± 0.15 < 21 2020

The golden modes – short-term

* approximate error on LD-subtracted rate excluding parametric contributions

KOTO: Further improvements in
K± background suppression in 2023
Expect SES ~ 10–10 in a few years

NA62: Run2 (2021-2025) data taking
with improved upstream background suppression
Expect BR precision ~ 15% by 2025

KOTO exclusion 90% CL

~ 2025

Possible picture
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K
L
→π0νν at JPARC: KOTO-II

● Long-term plan (from 2006) to upgrade to reach O(100) SM event sensitivity
● Now beginning design work for a new KOTO-II experiment

● Increase FV from 2 m to 12 m
 → Complete rebuild of detector

● Increase beam power to > 100 kW
● New neutral beamline at 5° → Larger K

L
 yield

Sensitivity studies for smaller beam angle & larger detector:
~ 35 SM events with S/B ~ 1 at 100 kW beam power (3 × 107 s)

 Requires hadron-hall extension
– Joint project with
   nuclear physics community
– KOTO-II is a flagship project
– Described in KEK Road Map 2021
   for research strategy 2022-2027
Hall extension works ~ 6 years
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K+ →π+νν at CERN: HIKE-Phase1

NA62-like design of
experiment will work

at high intensity

NA62

HIKE Recovery of LTU dead-time,
K-π association, improved 
RICH,
better kinematic resolution

Improved timing, software 
trigger
and new DAQ

Overall, HIKE-Phase1 statistics ~ 8x wrt NA62
→ O(5%) precision expected

HIKE-Phase1 improvements wrt NA62:
– Improved timing to be able to stand the intensity increase (x4)
– Equal or better key performances at high-rate to keep background under control
   [e.g. kinematic rejection, photon rejection, PID]
– Up to x2 increase in signal acceptance thanks to new, more granular/performant detectors
   [higher efficiency in K-π association, PID, kinematic rejection] & fully-software trigger
– Further suppress dominant background from upstream K+ decays
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Minimal changes to
Phase1 setup

would allow a beautiful
 K

L
 programme at CERN 

A multi-purpose K
L
 decay experiment focussed on K

L
 →π0ℓ+ℓ– decays

● 120 m long neutral beamline:
● Secondary beam opening angle = 0.4 mrad; 2.4 mrad production angle
● Mean momentum of decaying K

L
 mesons = 46 GeV/c

● Reconfigured HIKE-Phase1 detector:
● Kaon tagger, beam spectrometer, RICH, small-angle calorimeter removed
● STRAW spectrometer shortened, chambers realigned

K
L
 →π0ℓ+ℓ– at CERN: HIKE-Phase2

First observation @ > 5σ
and measurement of both 
ultra-rare decay modes 
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K
s
→ μ+μ– at LHCb: prospects

LHCb Upgrade II TDR

1013 K
s
/fb–1 produced in LHCb acceptance

→ ~1 strange hadron/event!

Vast K program for Run 3
Expected improvements on:

● K
S
→μ+μ–

● K
S
→π0μ+μ–

● K
S
→μ+μ–μ+μ–

● ...
SM expectation

Expected UL

Current UL
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The golden modes – long-term

* approximate error on LD-subtracted rate excluding parametric contributions

Decay Γ
SD

/Γ Theory error* SM BR × 1011 Experimental
BR × 1011

Experiment Year

K
L
→π0νν >99% 2% 2.94 ± 0.15 20% precision KOTO-II ~ 2040

K+→π+νν 90% 4% 8.6 ± 0.4   5% precision             - phase1 ~ 2035

K
L
→π0e+e– 40% 10% 3.2 ± 1.0 20% precision             - phase2 ~ 2040

K
L
→π0μ+μ– 30% 15% 1.5 ± 0.3 20% precision             - phase2 ~ 2040

K
L
→μ+μ– 10% 30% 79 ± 12 (SD)   1% precision             - phase2 ~ 2040

K
S
→μ+μ– 4% >30% 0.52 ± 0.15 SM sensitivity ~ 2040

Ambitious programme
at J-PARC & at CERN

~ 2040
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Conclusions
Rich physics programme with Kaons
→ Recent results:

– Rare Kaon decays:
– Golden modes: K

L
→π0νν (KOTO), K+→π+νν (NA62) and K

s
→ μ+μ– (LHCb)

– K+→π+μ+μ– (NA62) and K
L,s

→ μ+μ–μ+μ– (LHCb)
– CKM unitarity tests:

– Cabibbo angle anomaly: motivate new measurements of V
us

 with kaons
– New measurement of V

us 
from K

S
→

 
πeν (KLOE)

– Low-energy QCD:
– K+→π0e+νγ (NA62), K+→π+γγ (NA62)

– BSM searches:
– K+→π+e+e–e+e– analysis & K+→π+aa (a→e+e–) interpretation (NA62)
– Many LFV/LNV modes (NA62)

Prospects:
[Short-term] Clear strategy defined for experimentally improving on golden modes:

– Reduce current main sources of background
– Run at higher beam intensity

[Long-term] Next-generation of Kaon experiments currently being designed
● J-PARC: Plans for KOTO-II to measure BR(K

L
 → π0νν) at 20% precision

● CERN: Proposal for HIKE to measure BR(K+→ π+νν) at 5% precision
and to measure BR(K

L
→

 
π0ℓ+ℓ–) at 20% precision

→ Bright future for experimental kaon physics!
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