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this Talk (an experimental view)

K Rare decays & SM violation (LU test, LFV/LNV, exotics)
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Rare Kaon Decays and CKM
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𝐾+ → 𝜋+𝜈 ҧ𝜈

𝐾𝐿 → 𝜋0𝑙+𝑙−
𝐾𝑆 → 𝜋0𝑙+𝑙−

𝐾𝐿 → 𝜋0𝛾𝛾

𝐾𝐿 → 𝛾𝛾𝑙+𝑙−

𝐾𝑆 → 𝜇+𝜇−

𝐾𝐿 → 𝛾𝛾 𝐾𝐿 → 𝜇+𝜇−
𝐾𝐿 → 𝑙+𝑙−𝛾

𝐾𝐿,𝑆 → 𝑙+𝑙−𝑙+𝑙−

𝐾𝐿,𝑆 → 𝑒+𝑒−𝜇+𝜇−

𝐾𝐿 → 𝜋0𝜈 ҧ𝜈
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Rare Kaon Decays and CKM
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05/08/2020 Giuseppe Ruggiero - ICHEP2020



𝐊 → 𝛑𝛎ത𝛎: the Subject 
• FCNC loop processes: sd coupling and highest CKM suppression

• SM predictions [Buras et al. JHEP 11 (2015) 33]

ℬ 𝐾+ → 𝜋+𝜈 ҧ𝜈 = 8.39 ± 0.30 ∙ 10−11
𝑉𝑐𝑏

0.0407

2.8
𝛾

73.2°

0.74

= 8.4 ± 1.0 ∙ 10−11

ℬ 𝐾𝐿 → 𝜋0𝜈 ҧ𝜈 = 3.36 ± 0.05 ∙ 10−11
𝑉𝑢𝑏

0.00388

2
𝑉𝑐𝑏

0.0407

2
sin 𝛾

sin 73.2°

2

= 3.4 ± 0.6 ∙ 10−11
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• Very clean theoretically: SD dominated. Hadronic matrix element ∝ ℬ 𝐾𝑙3 (precisely measured)

05/08/2020 Giuseppe Ruggiero - ICHEP2020



𝐊 → 𝛑𝛎ത𝛎: the Actors
• FCNC loop processes: sd coupling and highest CKM suppression
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• Experimental status (before ICHEP 2020):

ℬ = 1.73−1.05
+1.15 × 10−10 [Final, all data]

PRD 77, 052003 (2008); PRD 79, 092004 (2009)

BNL E787/E949  (1995-2002)𝐾+ → 𝜋+𝜈 ҧ𝜈

CERN NA62  (2016 - present)

𝐾𝐿 → 𝜋0𝜈 ҧ𝜈 KEK E391  (2004-2005) ℬ < 26 × 10−9 90% [Final, all data]
PRD 81, 072004 (2010)

JPARC KOTO  (2012 - present)

ℬ < 1.78 × 10−10 90% [2016-17 data]
PLB 791, 156 (2019); arXiv.2007.08218 (subm. JHEP)

ℬ < 3.0 × 10−9 90% [2015 data]
PRL 122, 021802 (2018)

05/08/2020 Giuseppe Ruggiero - ICHEP2020

• Very clean theoretically: SD dominated. Hadronic matrix element ∝ ℬ 𝐾𝑙3 (precisely measured)



𝐊 → 𝛑𝛎ത𝛎: the Plot
• High sensitivity to NP (non MVF): significant variations wrt SM possible  

• Model-dependent correlations of possible variations of  𝐾+ and 𝐾𝐿 BR

• Weak constraints from other flavour observables

LFU violation**Not-SUSY models*

9

NA62 @ 90% CL

E949/E787 @ 1𝝈

NA62 @ 90% CL

E949/E787 

@ 1𝝈

05/08/2020 Giuseppe Ruggiero - ICHEP2020

*See also arXiv:2006.01138 **EPJ C (2017) 77: 618



𝐊 → 𝛑𝛎ത𝛎 Today
• experiment at JPARC: 𝑲𝑳 → 𝝅𝟎𝝂ഥ𝝂
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• experiment at CERN:

LHC

NA62
SPS

30 GeV/c 
Main Ring 

protons

400 GeV/c 
SPS protons

𝑲+ → 𝝅+𝝂ഥ𝝂

05/08/2020 Giuseppe Ruggiero - ICHEP2020



𝐊 → 𝛑𝛎ത𝛎 Today

11

30 GeV/c 
Main Ring 

protons

𝐏
𝐫𝐨
𝐭𝐨
𝐧
𝐬
𝐨
𝐧
𝐭𝐚
𝐫𝐠
𝐞
𝐭

400 GeV/c 
SPS protons

• experiment at JPARC: 𝑲𝑳 → 𝝅𝟎𝝂ഥ𝝂

• experiment at CERN: 𝑲+ → 𝝅+𝝂ഥ𝝂

𝟐𝟎𝟏𝟖𝟐𝟎𝟏𝟕

𝟐
𝟎
𝟏
𝟔

𝟐. 𝟐 × 𝟏𝟎𝟏𝟖 𝑷𝒐𝑻

05/08/2020 Giuseppe Ruggiero - ICHEP2020



𝑲𝑳 → 𝝅𝟎𝛎ത𝝂 @ KOTO: the Method
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Signal Backgrounds (some of...)

Signal 
region

𝝅
𝟎
𝑷
𝒕

Τ
𝑴
𝒆
𝑽
𝒄

𝝅𝟎 𝒁 𝒅𝒆𝒄𝒂𝒚 𝒗𝒆𝒓𝒕𝒆𝒙 𝒎𝒎

𝟓𝟎𝟎

𝟒𝟎𝟎

𝟑𝟎𝟎

𝟐𝟎𝟎

𝟏𝟎𝟎

𝟎
𝟐𝟎𝟎𝟎 𝟑𝟎𝟎𝟎 𝟒𝟎𝟎𝟎 𝟓𝟎𝟎𝟎 𝟔𝟎𝟎𝟎

Vacuum 
region

Neutron - induced

• Calorimetric pulse /cluster shape

• Double-sided crystal readout

• Special neutron runs

𝐾𝐿 - decays

• ~Hermeticity

• Efficient photon detection

• Overlapping pulses ID

𝐾+ - induced:

• 𝐾𝐿 interaction in the inner
wall of collimators



𝑲𝑳 → 𝝅𝟎𝛎ത𝝂 @ KOTO: Status

1305/08/2020 Giuseppe Ruggiero - ICHEP2020

Outcome from 2016-17-18 data:

• 4 (3) events found in signal region: marginally consistent with the expected background

• 𝐾+ background found: now the largest one 

• Dedicated run 2020: estimation of the 𝐾+ background

• Upgrade: New charged veto detector to reduce the 𝐾+ background

Total = 𝟏. 𝟎𝟓 ± 𝟎. 𝟐𝟖

𝑺𝑬𝑺 = 𝟔. 𝟗 × 𝟏𝟎−𝟏𝟎

Background from 2016-17-18 data:

• 𝐾𝐿:   negligible

• 𝐾± / neutron: Presented at 
Kaon2019

(*) N. Shimizu 28/07 flavor session 

NEW*
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15 < Pπ+ < 35 45 GeV/c

Particle ID (𝜇 − 𝜋 separation)

Photon veto

1405/08/2020 Giuseppe Ruggiero - ICHEP2020

mmiss
2 = PK+ − Pπ+

2: Kinematic suppression

𝒪 100 ps Timing between sub-detectors Si – tracker + Cherenkov counters

≥ 103 Kinematic background suppression Low – mass spectrometers (0.5% 𝑋0)

≥ 108 Muon suppression Calorimetric & Cherenkov particle ID

≥ 108 π0 (from K+ → π+π0) suppression 𝛾 detection inefficiency ≲ 10−5 (𝐸𝛾 > 10 GeV) 

Pπ+ < 45 GeV/c → 𝜋0 energy > 30 GeV

• Data – driven evaluation of the most important backgrounds

• Largest background from accidental 𝜋+ coming from the beam line

• Blind analysis procedure
14

𝐊+ → 𝛑+𝛎ത𝛎 @ NA62: the Method



𝐊+ → 𝛑+𝛎ത𝛎 @ NA62: Results
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𝟐𝟎𝟏𝟖

𝑆𝐸𝑆 = 0.111 ± 0.07 × 10−10 Expected SM signal: ~7.6

Observed events: 17 (3.5𝝈 evidence of 𝐊+ → 𝛑+𝛎ത𝛎)Expected background: 5.28−0.74
+0.99

Combined 2016,17,18 (Run1)

Expected background: ~7 Observed events: 20 (1 [2016], 2[2017], 17[2018])

𝓑 𝑲+ → 𝝅+𝝂ഥ𝝂 = ቚ𝟏𝟏. 𝟎−𝟑.𝟓
+𝟒.𝟎

𝒔𝒕𝒂𝒕
± 𝟎. 𝟑𝒔𝒚𝒔𝒕 × 𝟏𝟎−𝟏𝟏

05/08/2020(*) R. Marchevski 28/07 flavor session 

NEW*



𝐊+ → 𝛑+𝛎ത𝛎 @ NA62: Results
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𝟐𝟎𝟏𝟖

05/08/2020(*) R. Marchevski 28/07 flavor session 

NEW*
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𝐊 → 𝛑𝛎ത𝛎: the present Plot

05/08/2020



Rare Kaon Decays and CKM
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𝐾+ → 𝜋+𝜈 ҧ𝜈
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Rare Kaon Decays and CKM
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𝑲𝟎 → 𝝁+𝝁−

ℬ 𝐾𝐿 → 𝜇+𝜇− 𝑆𝑀 ∝ 𝐴𝐿
𝐿𝐷 + 𝐴𝐿

𝑆𝐷 2
, 𝐴𝐿

𝑆𝐷 2
∝ 1 − ҧ𝜌 2

• ℬ 𝐾𝐿 → 𝜇+𝜇− 𝑚𝑒𝑎𝑠 = 6.84 ± 0.11 × 10−9~ 𝐴𝐿
𝐿𝐷 2

• Prediction depends on the sign of the 𝐾𝐿 → 𝛾𝛾 amplitude that determines the 
effect of the SD – LD intereference contribution

ℬ 𝐾𝑆 → 𝜇+𝜇− 𝑆𝑀 = 5.0 ± 1.5 × 10−12 ∝ 𝐴𝑆
𝐿𝐷 + 𝐴𝑆

𝑆𝐷 2
, 𝐴𝑆

𝑆𝐷 2
∝ ҧ𝜂 2 ~𝒪 10−13

• NP: ℬ 𝐾𝑆 → 𝜇+𝜇− 𝑁𝑃 ≤ 10−11

• 𝐾𝑆 − 𝐾𝐿 intereference → 𝜇+𝜇−: higher sensitivity to NP and to the sign of 𝐾𝐿 →
𝛾𝛾 amplitude entering 𝐾𝐿 → 𝜇+𝜇−

20

Long distance (LD) Short distance (SD) [example]

𝛾

𝛾

PRL 84, 1389 (2000) [B871]  

Isidori and Unterdorfer. JHEP01 (2004) 009

Buras, and Fleisher, Adv. Ser. Direct. High Energy 

Phys. 15, 65 (1998), 

D’Ambrosio et al. PRL 119, 20, 201802 (2017), JHEP 05 024 (2018)

05/08/2020 Giuseppe Ruggiero - ICHEP2020



21

LHCb: 1 strange hadron / event
produced at 13 TeV (𝒪(103) > 𝐵𝑠

0)

Production rate compensates low
trigger efficiency and long lifetime

Vast 𝐾 program [mainly for Run3]

𝐾𝑆,𝐿 → 𝜇+𝜇−

𝐾𝑆 → 𝜋0𝜇+𝜇−

𝐾𝑆 → 𝜇+𝜇−𝜇+𝜇− 𝑒+𝑒−

𝐾𝑆 → 𝜋+𝜋−𝑒+𝑒−

𝐾+ → 𝜋+𝑙+𝑙−

...

Present result from Run1 + 2 

Kaons @ LHCb

05/08/2020 Giuseppe Ruggiero - ICHEP2020

𝐵 𝐾𝑆 → 𝜇+𝜇− < 2.1 2.4 × 10−10@ 90 95 % 𝐶𝐿 arXiv:2001.10354 subm. PRL



Rare/Forbidden K Decays: Test of Lepton 

Universality and Explicit SM Violation 

22

Test of lepton universality: 𝐾+ → 𝜋+𝜇+𝜇− vs 𝐾+ → 𝜋+𝑒+𝑒−, Τ𝑅𝐾 ≡ Γ 𝐾+ → 𝑒+𝜈 Γ(𝐾+ → 𝜇+𝜈)

Search for feably interacting particle production:  𝐾+ → 𝑙+𝑁, 𝐾+ → 𝜋+𝑋, ...

Search for LFV and/or LNV (before ICHEP 2020)
PDG ‘20

05/08/2020 Giuseppe Ruggiero - ICHEP2020
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𝑲+ → 𝝅+𝒍+𝒍−

LD dominated, mediated by 𝐾+ → 𝜋+𝛾∗:

Lepton universitality (LU) predicts same 𝑎, 𝑏 for 𝑙 = 𝑒, 𝜇

Difference correlated to possible anomalies in B physics

Τ𝑑Γ 𝑑𝑧 ∝ 𝐺𝐹𝑀𝐾
2 𝑎 + 𝑏𝑧 +𝑊𝜋𝜋(𝑧)

𝑧 = Τ𝑚(𝑙+𝑙−)2 𝑀𝐾
2

Form factors (FF) 
(non pert. QCD)

𝐾3𝜋 loop 
term

𝐾+ → 𝜋+𝜇+𝜇− FF and B measured by NA62 using data from 2017+2018

Result

• 𝑎: 2% precision 

• 𝑏: 8% precision  

Experimental key feature: precise track reconstruction

Analysis strategy: Normalization to 𝐾+ → 𝜋+𝜋+𝜋−, fit to 𝑧 spectrum to extract FF

Signal and background

• 𝑁 𝜋+𝜇+𝜇− ~28 × 103

• Background < 0.1%

(*) L. Bician 28/07 flavor session 

NEW*

22

D’Ambrosio et al. JHEP 02 049 (2019)

Crivellin et al. PRD 93 074038 (2016)



LFV & LNV @ NA62: 𝑲+ → 𝝅𝝁𝒆
E.g. mediated by leptoquark 
[JHEP 12(2019) 089], [NPB 176 (1980) 135]

24

Experimental key-features: particle ID (calorimeters), precise track reconstruction 

Background: mis-ID 𝑒± ↔ 𝜋± (𝒪 % data-driven estimation), 𝜋± decay in flight 

Normalization: 𝐾+ → 𝜋+𝜋+𝜋−

Results (90% CL):

ℬ 𝐾+ → 𝜋−𝜇+𝑒+ < 4.2 × 10−11

ℬ 𝐾+ → 𝜋+𝜇−𝑒+ < 6.6 × 10−11

𝝅−𝝁+𝒆+: background expected 1.06 ± 0.20

events observed 0

𝝅+𝝁−𝒆+: background expected 0.92 ± 0.34

events observed 2

𝝅−𝝁+𝒆+

05/08/2020 Giuseppe Ruggiero - ICHEP2020(*) J. Swallow 29/07 flavor session 

NEW*



K decays & exotic particles @ NA62

25

Heavy Neutral Lepton production: 𝐾+ → 𝑙+𝑁, 𝑙 = 𝑒, 𝜇

Experimental key features: precise track reconstruction, 𝛾 veto, particle ID 

Analysis technique: mass peak search

𝐾+ → 𝑒+𝑁 Final*

𝐾+ → 𝜇+𝑁 Preliminary

PLB 807, 135599 (2020)

05/08/2020 Giuseppe Ruggiero - ICHEP2020(*) E. Goudzovsky 28/07 neutrino session 

NEW*
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Present

𝐾𝐿 → 𝜋0𝜈 ҧ𝜈: Sensitivity 𝒪 10−9 ÷ 10−10 (KOTO)

𝐾+ → 𝜋+𝜈 ҧ𝜈: 30% measurement (NA62)

𝐾𝑆 → 𝜇+𝜇−: Sensitivity 𝒪 10−10 (LHCb)

𝐾𝑆 → 𝜋0𝑙+𝑙−: 40% meas. (NA48/1) 

𝐾𝐿 → 𝜋0𝛾𝛾: 40% meas. (NA48, KTeV) 

𝐾𝐿 → 𝛾𝛾: precise meas. (NA48, KLOE) 

𝐾𝐿 → 𝜇+𝜇−, 𝑙+𝑙−𝛾: precise meas. (B871,KTeV,NA48,E799) 

𝐾𝐿 → 𝛾𝛾𝑙+𝑙−: 10% meas./SM sensitivity (𝜇) (KTeV) 

𝐾𝐿 → 𝑙+𝑙−𝑙+𝑙−: precise meas. (KTeV, NA48) 

𝐾 → 𝐿𝑁𝑉/𝐿𝐹𝑉: Single event sensitivity 𝒪 10−11
𝐾+ → 𝜋+𝑙+𝑙−: LU conservation test 𝒪 %

𝐾 → 𝐸𝑥𝑜𝑡𝑖𝑐𝑠: Single event sensitivity 𝒪 10−8 ÷ 10−11

LU Test and Explicit violation of SM 

LHCb (Run1+2) NA62 (Run1 Preliminary) KOTO (≤ 2020 data)

Flavour & NP 
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Future (< 2025)

Flavour & NP 

LHCb (Upgrade phase I)

• new trigger

NA62 (Run2)

• hwd improvements

KOTO (Step - 1)

• Main ring power increase

• hwd improvements

𝑲𝑳 → 𝝅𝟎𝝂ത𝝂: SM Sensitivity (KOTO)

𝑲+ → 𝝅+𝝂ത𝝂: 𝓞 𝟏𝟎% measurement (NA62)

𝑲𝑺 → 𝝁+𝝁−: Sensitivity 𝓞 𝟏𝟎−𝟏𝟏 (LHCb)

𝑲𝑺 → 𝝅𝟎𝒍+𝒍−: 20% meas. (LHCb, NA48/1)

𝐾𝐿 → 𝜋0𝛾𝛾: 40% meas. (NA48, KTeV) 

𝐾𝐿 → 𝛾𝛾: precise meas. (NA48, KLOE) 

𝐾𝐿 → 𝜇+𝜇−, 𝑙+𝑙−𝛾: precise meas. (B871,KTeV,NA48,E799) 

𝐾𝐿 → 𝛾𝛾𝑙+𝑙−: 10% meas./SM sensitivity (𝜇) (KTeV) 

𝐾𝐿 → 𝑙+𝑙−𝑙+𝑙−: precise meas. (KTeV, NA48) 

𝑲+ → 𝝅+𝝂ത𝝂 Τ𝝈 𝓑 𝓑 = 𝟏𝟎%
(𝓑 = 𝟏𝟏 × 𝟏𝟎−𝟏𝟏)

LU Test and Explicit violation of SM 

𝑲 → 𝑳𝑵𝑽/𝑳𝑭𝑽: Single event sensitivity 𝓞 𝟏𝟎−𝟏𝟐
𝑲+ → 𝝅+𝒍+𝒍−: LU conservation test 𝓞 < %

𝐾 → 𝐸𝑥𝑜𝑡𝑖𝑐𝑠: Single event sensitivity 𝒪 10−8 ÷ 10−11

𝑹𝑲: 𝓞 𝟎. 𝟏% measurement
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Future (≥ 2025)
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Flavour & NP 

LHCb (Upgrade phase II)

• hwd upgrade

K Facility at CERN

• 𝐾+/𝐾0

• NA62-like, Klever

KOTO (Step - 2)

• hwd upgrade

𝑲𝑳 → 𝝅𝟎𝝂ത𝝂: 𝓞 𝟐𝟎% measurement (KOTO / Klever)

𝑲+ → 𝝅+𝝂ത𝝂: 𝓞 𝟓% measurement (NA62-like)

𝑲𝑺 → 𝝁+𝝁−: SM Sensitivity (LHCb)

𝑲𝑺 → 𝝅𝟎𝒍+𝒍−: precision meas. (LHCb, NA48/1)

𝐾𝐿 → 𝜋0𝛾𝛾: 40% meas. (NA48, KTeV) 

𝐾𝐿 → 𝛾𝛾: precise meas. (NA48, KLOE) 

𝐾𝐿 → 𝜇+𝜇−, 𝑙+𝑙−𝛾: precise meas. (B871,KTeV,NA48,E799) 

𝐾𝐿 → 𝛾𝛾𝑙+𝑙−: 10% meas./SM sensitivity (𝜇) (KTeV) 

𝐾𝐿 → 𝑙+𝑙−𝑙+𝑙−: precise meas. (KTeV, NA48) 

𝑲+ → 𝝅+𝝂ത𝝂 Τ𝝈 𝓑 𝓑 = 𝟓%
(𝓑 = 𝟏𝟏 × 𝟏𝟎−𝟏𝟏)

𝑲𝑳 → 𝝅𝟎𝝂ത𝝂 Τ𝝈 𝓑 𝓑 = 𝟐𝟎%
(𝓑 = 𝟐 × 𝓑𝑺𝑴)

𝑲𝑳 → 𝝅𝟎𝒍+𝒍−: (K Facility at CERN)
LU Test and Explicit violation of SM 

𝐾 → 𝐿𝑁𝑉/𝐿𝐹𝑉: Single event sensitivity 𝒪 10−12
𝐾+ → 𝜋+𝑙+𝑙−: LU conservation test 𝒪 < %

𝐾 → 𝐸𝑥𝑜𝑡𝑖𝑐𝑠: Single event sensitivity 𝒪 10−8 ÷ 10−11

𝑅𝐾: 𝒪 0.1% measurement



Conclusions

• Rare kaon decays are among the more sensitive probe of NP at the highest 
mass scale, complimentary to B and D physics 
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• 𝑲 → 𝝅𝝂𝝂 experiments are succesfully striking back, and 𝑲+ → 𝝅+𝝂ഥ𝝂 is 
entering the era of the branching ratio measurement

• Kaons decays can probe NP through: test of lepton universality, search for 
LFV/LNV processes

𝐊𝐒 → μ+μ−



Conclusions
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A.J. Buras KAON2016

• Rare kaon decays are crucial in the quest for the smallest distances



Conclusions
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• but if the NP paradigm at high mass does not work...

A.J. Buras KAON2016

• Rare kaon decays are crucial in the quest for the smallest distances



Conclusions
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• We can look into the dark sector

• Rare kaon decays experiments are also a laboratory to test the production of 
feably interacting particles (HNL, ALP, dark scalars, ...)


