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Physics program with charged kaons successfully pursued at CERN SPS by NA62

• 𝑲+ → 𝝅+𝝂ഥ𝝂

• Recent results on 𝝌𝑷𝑻 studies

• LFUV, LNV, LFV studies

• New result on dark sector studies with kaon decays

Future of physics with kaons at CERN SPS



NA62 at CERN SPS
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LHC

NA62

SPS

𝟏𝟗𝟖𝟔 − 𝟖𝟖 𝟏𝟗𝟗𝟕 − 𝟐𝟎𝟎𝟏 𝟐𝟎𝟎𝟐 𝟐𝟎𝟎𝟑 − 𝟒 𝟐𝟎𝟎𝟕 − 𝟖 𝟐𝟎𝟏𝟔 − 𝟏𝟖 𝟐𝟎𝟐𝟏 −

~ 300 physicists from 31 institutions

𝑲𝑳,𝑺 𝑲𝑳,𝑺 𝑲𝑺 𝑲± 𝑲+ 𝑲+ 𝑲+



The NA62 Experiment

Nominal Intensity 33 × 1011 ppp on T10

Incoming 𝐾+, 75 GeV/c, 1% rms Timing by KTAG (𝜎𝑡~70 ps); measured by GTK; rate at GTK ~600 MHz

Outgoing 𝜋+ Timing by RICH (𝜎𝑡~70 ps); measured by STRAW; rate at Straw ~5 MHz

𝛾/multitrack veto (LAV, LKr, IRC, SAC, HASC) 𝜋0 → 𝛾𝛾 suppression

Particle ID (RICH, LKr, MUV1,2,3) 𝜇+ suppression

10/05/2023

𝐓𝟏𝟎
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[JINST 12(2017)05 P05025]
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The NA62 Physics Program

Hidden Sector 
Physics

Direct searches of new
particles below the EW
scale

𝑲+ → 𝝅+𝑿

𝑲+ → 𝒍+𝑵

𝑲+ → 𝝅+𝒂𝒂, 𝒂 → 𝒆+𝒆−

𝑨′ → 𝒍+𝒍−

𝑵 → 𝝅±𝒍∓

⋯

Flavour Physics

𝑲+ → 𝝅+𝝂ഥ𝝂
Indirect search for NP
at high mass scale

Direct and indirect
search for NP through
LFV/LNV processes

𝑲+ → 𝝅+𝒍+𝒍−

𝑲+ → 𝝅−𝒍+𝒍+
𝑲+ → 𝝅±𝝁∓𝒆+

𝑲+ → 𝝁−𝝂𝒆+𝒆+

𝑲+ → 𝝅−𝝅𝟎𝒆+𝒆+

⋯

Test of low-energy
hadronic theories (e.g.
𝜒𝑃𝑇)

𝑲+ → 𝝅+𝜸𝜸 ⋯𝑲+ → 𝝅𝟎𝒆+𝝂𝜸

Dump 
configuration



NA62 Data Taking Periods

𝐏
𝐫𝐨
𝐭𝐨
𝐧
𝐬
𝐨
𝐧
𝐭𝐚
𝐫𝐠
𝐞
𝐭

10/05/2023* 𝟑𝟑 × 𝟏𝟎𝟏𝟏 protons per spill on target 6

2025 approved

2024 approved

2023 on - going on - going

2022 nominal 400

2021 ~ nominal 140 Beam problems

2018 𝑂(65)% nominal 500

2017 𝑂(55)% nominal 300

2016 𝑂(40)% nominal 80      Commissioning

𝟐𝟎𝟐𝟐

𝐝𝐚𝐭𝐞 𝟐𝟐

𝐏𝐨𝐓 𝐫𝐞𝐜𝐨𝐫𝐝𝐞𝐝

𝐏𝐨𝐓 𝐝𝐞𝐥𝐢𝐯𝐞𝐫𝐞𝐝

𝑳𝒐𝒏𝒈 𝑺𝒉𝒖𝒕𝒅𝒐𝒘𝒏 𝟐

Spills (× 𝟏𝟎𝟑)Beam intensity

“RUN1”

“RUN2”



𝑲+ → 𝝅+𝝂ത𝝂
• FCNC loop processes: sd coupling and highest 

CKM suppression

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

• SM predictions BR 𝐾+ → 𝜋+𝜈 ҧ𝜈 = 8.39 ± 0.30 ∙ 10−11
𝑉𝑐𝑏

0.0407

2.8
𝛾

73.2°

0.74

Parameters from full CKM fit  ℬ 𝐾+ → 𝜋+𝜈 ҧ𝜈 = 8.4 ± 1.0 ∙ 10−11 (uncertainty mainly from CKM parameters)

Appropriate combination of CKM matrix elements  ℬ 𝐾+ → 𝜋+𝜈 ҧ𝜈 = 8.60 ± 0.42 ∙ 10−11 [Buras et al. arXiv:2205.01118v1]

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

• Very high sensitivity to new physics: 

Unique probe in flavour physics to reach a model independent 𝒪 100 TeV mass scale

𝒪 50% BR variations in many different models (Z’, Little Higgs, Randall-Sundrum, non-MVF MSSM, LFUV leptoquark…) 
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𝑲+ → 𝝅+𝝂ത𝝂:  RUN1 analysis

Kinematic selection based on mmiss
2 = PK+ − Pπ+

2

Data – driven background estimate

𝒪 100 ps Timing between sub-detectors

≥ 103 Kinematic background suppression

≥ 108 Muon suppression

≥ 108 π0 (from K+ → π+π0) suppression

Background from K+ decays and accidentals

15 < Pπ+ < 35 45 GeV/c

Normalization from K+ → π+π0

2 Signal regions in mmiss
2 , blind analysis 

MVA techniques for PID and accidental background suppression

Signal loss from random activity measured on data (“Random Veto”) 

Analysis optimized in bins of 𝜋+ momentum

10/05/2023 8



𝑲+ → 𝝅+𝝂ത𝝂: RUN1 result
2018 data

3.4𝜎 evidence for 𝐾+ → 𝜋+𝜈 ҧ𝜈

Channel Background (2018)

𝜋+𝜋0 0.75 ± 0.05

𝜇+𝜈 0.64 ± 0.08

𝜋+𝜋−𝑒+𝜈 0.51 ± 0.10

𝜋+𝜋+𝜋− 0.22 ± 0.10

𝜋+𝛾𝛾 < 0.01

𝜋0𝑙+𝜈 < 0.001

Upstream 3.30−0.75
+1.00

Total (2018) 5.42−0.75
+1.00

𝑵𝒐𝒃𝒔 = 𝟐𝟎

10/05/2023

[JHEP 06(2021) 093]
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𝑲+ → 𝝅+𝝂ത𝝂: RUN1 result

Not-SUSY models

NA62 @ 1𝝈

See also arXiv:2006.01138
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𝑲+ → 𝝅+𝜸𝜸 Precision measurement

Goal:  Measurement of 𝐵𝑅 𝐾+ → 𝜋+𝛾𝛾 and ො𝒄

Analysis:  RUN 1 data

Theory: LD dominated (Chiral Perturbation Theory)     D’Ambrosio, Portoles PLB 386 403 (1996)

10/05/2023 11

depend on external parameters

Signal: ~4 × 103events, ~10% background
Cluster merging: 𝐾+ → 𝜋+𝜋0𝛾, 𝐾+ → 𝜋+𝜋0𝜋0

Multi-track with tracks missing: 𝐾+ → 𝜋+𝜋+𝜋−

Signal selection:   𝜋+ track matching 𝐾+track;   EM calorimeter 𝛾 pair;   𝑧 = Τ𝑃𝐾 − 𝑃𝜋
2 𝑀𝐾

2

𝑧 = Τ𝑚𝛾𝛾
2 𝑀𝐾

2

𝑦 =
𝑃𝐾 𝑃𝛾1 − 𝑃𝛾2

𝑀𝐾
2

Kinematic variables



𝑲+ → 𝝅+𝜸𝜸 Precision measurement
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• ො𝒄 from fit of 𝑧 assuming 𝒪 𝑝6

• Model independent 𝑩𝑹 𝑲+ → 𝝅+𝜸𝜸

Procedure

normalization: 𝐾+ → 𝜋+𝜋0

ln ℒ =
𝑖
𝑘𝑖 ln 𝜆𝑖 ො𝒄 − 𝜆𝑖 ො𝒄 − ln 𝑘𝑖!

bins 
𝑧 > 0.25

observed events

expected S+B: 𝜆𝑖
𝑆 Ƹ𝑐 + 𝜆𝑖

𝐵

External parameters fixed
Rev Mod Phys 84 399 (2012), Science 368 (2020), Nucl. Phys. B648 (2003)

Final result will use D’Ambrosio, Knech, Neshatpour, arXiv:2209.02143



𝑲+ → 𝝅+𝜸𝜸 Precision measurement

𝑁𝑜𝑏𝑠 = 4039

ො𝒄 = 𝟏. 𝟕𝟏𝟑 ± 𝟎. 𝟎𝟕𝟓𝒔𝒕𝒂𝒕 ± 𝟎. 𝟎𝟑𝟕𝒔𝒚𝒔𝒕 𝑶(𝒑
𝟔)

𝑩𝑹 𝑲+ → 𝝅+𝜸𝜸 = 𝟗. 𝟕𝟑 ± 𝟎. 𝟏𝟕𝒔𝒕𝒂𝒕 ± 𝟎. 𝟎𝟖𝒔𝒚𝒔𝒕 × 𝟏𝟎−𝟕

𝑁𝑏𝑘𝑔 = 393 ± 20

10/05/2023 13

Result (Preliminary)



𝑲+ → 𝝅𝟎𝒆+𝝂𝜸 Precision measurement
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Theory: LD dominated (Chiral Perturbation Theory)     

IR and collinear divergence

Goal: Measurement of
phase space 
conditions

with 𝑁± = 𝑁 𝜉 ≷ 0 and 𝐴𝜉 ∈ −10−4, −10−5 [SM and beyond]

Eur. Phys. J. C 50 (2007)



𝑲+ → 𝝅𝟎𝒆+𝝂𝜸 Precision measurement
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Analysis: RUN1 Data 

Signal: 𝑒+ track matching 𝐾+track; 𝑒+ PID; 

2 EM calorimeter 𝛾 from 𝜋0, 1 radiative; 

Veto of additional photons

Conditions on 𝑚𝑚𝑖𝑠𝑠
2 𝐾𝑒3𝛾 = 𝑃𝐾 − 𝑃𝑒 − 𝑃𝜋0 − 𝑃𝛾

2

Normalization: 𝐾+ → 𝜋0𝑒+𝜈

Selected as signal without 𝛾 radiative, different kin. conditions



𝑲+ → 𝝅𝟎𝒆+𝝂𝜸 Precision measurement
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Procedure:

EM calorimeter response correction

Acceptance correction for multiple radiative 𝛾

Results:

With 𝐴𝜉
𝑀𝐶 = 0 within 10−4

Systematics: EM calorimeter response modelling, 
acceptance correction, theoretical model, MC 
statistics

𝐴𝜉 𝑆1 × 103 = −1.2 ± 2.8stat ± 1.9syst

𝐴𝜉 𝑆2 × 103 = −3.4 ± 4.3stat ± 3.0syst

𝐴𝜉 𝑆3 × 103 = −9.1 ± 5.1stat ± 3.5syst

Systematics: MC statistics

[arXiv:2304.12271]



𝑲+ → 𝝅𝟎𝒆+𝝂𝜸 Precision measurement
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𝐍𝐀𝟔𝟐

Result comparison:

𝐴𝜉 𝑆1 × 103 −1.2 ± 2.8 ± 1.9 −0.1 ± 3.9 ± 1.7

𝐴𝜉 𝑆2 × 103 −3.4 ± 4.3 ± 3.0 +7.0 ± 8.1 ± 1.5

𝐴𝜉 𝑆3 × 103 −9.1 ± 5.1 ± 3.5 −4.4 ± 7.9 ± 1.9



𝑲+ → 𝝅+𝒍+𝒍− Precision measurement

FCNC LD dominated*, mediated by 𝐾+ → 𝜋+𝛾∗; kinematic variable 𝑧 = Τ𝑚 𝑙𝑙 2 𝑀𝐾
2

Model independent measurement of 𝐵𝑅 𝐾+ → 𝜋+𝜇+𝜇−

𝐾+ → 𝜋+𝜇+𝜇− form factors measurement 

𝑑Γ

𝑑𝑧
=
𝑑Γ3−𝑏𝑜𝑑𝑦

𝑑𝑧
+
𝑑Γ4−𝑏𝑜𝑑𝑦

𝑑𝑧

Goal

Theory

10/05/2023D’Ambrosio et al. JHEP 02 049 (2019)

*Crivellin et al. PRD 93 074038 (2016)
18

𝑊 𝑧 = 𝐺𝐹𝑀𝐾
2 𝑎+ + 𝑏+𝑧 +𝑊𝜋𝜋(𝑧)with

𝑑Γ3−𝑏𝑜𝑑𝑦

𝑑𝑧
∝ 𝑊 𝑧 2 and

Form factors 

𝐾3𝜋 loop term

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

Asymmetries in angular distribution could point to NP contributions

𝐾+ → 𝜋+𝜇+𝜇− forward – backward asymmetry measurement



𝑲+ → 𝝅+𝒍+𝒍− Precision measurement
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Analysis: RUN1 Data 

Signal: 3 - track vertex topology

𝜋± and 𝜇 PID with calorimeters

Kinematic conditions on 𝑚 𝜋𝜇𝜇

Normalization: 𝐾+ → 𝜋+𝜋+𝜋−

Same 3 – track signal selection, 𝜋 PID, specific kin. conditions

𝐾+ decays ~3.5 × 1012

Signal 27679

Estimated Background 7.8 ± 5.6



𝑲+ → 𝝅+𝒍+𝒍− Precision measurement
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Procedure:

• Model independent 𝑩𝑹 𝑲+ → 𝝅+𝝁+𝝁− : (Equi-populated bins)

• Form factors: Extract 𝑊 𝑧 2 from Τ𝑑Γ 𝑑𝑧, 𝜒2 𝑎+, 𝑏+ minimization



𝑲+ → 𝝅+𝒍+𝒍− Precision measurement

𝒂+ = −𝟎. 𝟓𝟕𝟓 ± 𝟎. 𝟎𝟏𝟑

𝒃+ = −𝟎. 𝟕𝟐𝟐 ± 𝟎. 𝟎𝟒𝟑

𝑩𝑹 𝑲+ → 𝝅+𝝁+𝝁− = 𝟗. 𝟏𝟓 ± 𝟎. 𝟎𝟖 × 𝟏𝟎−𝟖

[JHEP 11(2022) 011]

10/05/2023 21

Results:

Τχ2 ndf = Τ45.1 48



𝑲+ → 𝝅+𝒍+𝒍− Precision measurement
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𝑲+ → 𝝅+𝒍+𝒍− Precision measurement
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• Forward backward asymmetry: 𝜃𝐾𝜇: 𝐾𝜇
−angle in 𝜇𝜇 rest frame

𝐴𝐹𝐵 = 0.0 ± 0.7 × 10−2 @ 68% CL

𝐴𝐹𝐵 < 0.9 × 10−2 @ 90% CL

Result:



LNV – LFV Searches
Theory: decays forbidden by SM; Direct search of NP: Majorana neutrino (LNV), Leptoquark (LFV)

NA62: Several channels studied with RUN1 data

Analysis: key points → tracking resolution and particle identification

10/05/2023 24

BR UL PDG 2019 BR UL NA62 Expected background Observed

𝐾+ → 𝜋−𝜇+𝑒+ 50 × 10−11 𝟒. 𝟐 × 𝟏𝟎−𝟏𝟏 1.07 ± 0.20 0 PRL 127 (2021) 131802

𝐾+ → 𝜋+𝜇−𝑒+ 52 × 10−11 𝟔. 𝟔 × 𝟏𝟎−𝟏𝟏 0.92 ± 0.34 2 PRL 127 (2021) 131802

𝜋0 → 𝜇−𝑒+ 34 × 10−10 𝟑. 𝟐 × 𝟏𝟎−𝟏𝟎 0.23 ± 0.15 0 PRL 127 (2021) 131802

𝐾+ → 𝜋−𝜇+𝜇+ 8.6 × 10−11 𝟒. 𝟐 × 𝟏𝟎−𝟏𝟏 0.91 ± 0.41 1 PLB 797 (2019) 134794

𝐾+ → 𝜋−𝑒+𝑒+ 64 × 10−11 𝟓. 𝟑 × 𝟏𝟎−𝟏𝟏 0.43 ± 0.09 0 PLB 830 (2022) 137172

𝐾+ → 𝜋−𝜋0𝑒+𝑒+ 𝑁/𝐴 𝟖. 𝟓 × 𝟏𝟎−𝟏𝟎 0.044 ± 0.020 0 PLB 830 (2022) 137172

𝐾+ → 𝜇−𝜈𝑒+𝑒+ 𝑁/𝐴 𝟖. 𝟏 × 𝟏𝟎−𝟏𝟏 0.26 ± 0.04 0 PLB 838 (2022) 137679

Result: no signal observed → 90% CL Upper Limit (UL) on Branching Ratios (BR)



𝑲+ → 𝝅+𝒆+𝒆−𝒆+𝒆−
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Theory:  SM allowed 𝐵𝑅 = 7.2 ± 0.7 × 10−11 (outside 𝜋0 pole) arXiv:2207.02234

Dark sector probe: 

𝐾+ → 𝜋+𝑎𝑎 with 𝑎 → 𝑒+𝑒− QCD axion,  e.g. 𝑚𝑎 = 17 MeV  𝐵𝑅 = 1.7 × 10−5

𝐾+ → 𝜋+𝑆 with 𝑆 → 𝐴′𝐴′ dark scalar and 𝐴′ → 𝑒+𝑒− dark photon (𝑚𝑆 > 2𝑚𝐴′)

arXiv:2012.02142

arXiv:2012.02142

Goal:  Search for: 1) SM process (𝐾𝜋4𝑒)   2) QCD di-axion  3) Dark cascade

(New result)



𝑲+ → 𝝅+𝒆+𝒆−𝒆+𝒆−
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Analysis: RUN1 Data 

Signal (𝑲𝝅𝟒𝒆)  

5 - track vertex topology

Kinematic PID of positive tracks

Conditions on 𝑚𝜋4𝑒, 𝑚𝑚𝑖𝑠𝑠
2 (1)

𝑚4𝑒 outside the 𝜋0 mass region 

Normalization: 𝐾+ → 𝜋+𝜋𝐷𝐷
0 (2)

5 - track topology and PID as for 𝐾𝜋4𝑒
Kinematic condition on 𝑚4𝑒

Signal (𝑲+ → 𝝅+𝒂𝒂 “Dark”)

Same selection as 𝐾𝜋4𝑒
Choice of the optimal 𝑒+𝑒− mass pair

Condition on 𝑚𝑒𝑒

(2) 𝜋0 → 𝑒+𝑒−𝑒+𝑒−(1) 𝑚𝑚𝑖𝑠𝑠
2 = 𝑃𝐾 − 𝑃𝜋

2

5 – track like 
𝐾+decays

3 – track 𝐾+decays 
overlapping with a 
𝐾 → 3𝜋 decay

Background

𝐾𝜋4𝑒: 0.18 ± 0.06

𝐷𝑎𝑟𝑘: 0.0004 ± 0.0004

Signal 
region (SR)

(New result)



𝑲+ → 𝝅+𝒆+𝒆−𝒆+𝒆−
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Procedure:

𝑲𝝅𝟒𝒆 SM: Acceptance from MC

Resonant amplitude negligible for 
selected events 

No candidate observed in SR

Result

𝐵𝑅 𝐾+ → 𝜋+𝑒+𝑒−𝑒+𝑒− < 1.4 × 10−8

@90% CL

𝑲+ → 𝝅+𝒂𝒂

Uniform phase-space

Mass scan 5 MeV/𝑐2 step

𝑲+ → 𝝅+𝑺, 𝑺 → 𝑨𝑨

Di-axion 𝒂𝒂 mass scan

𝑚𝐴′ , 𝑚𝑆 distribution 
smoothing (low MC 
statistics) 

UL @90% CL

(New result)



Kaon at CERN: Plans
NA62 RUN2
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• On-going: data taking foreseen at least until 2025 (included), +45-50% increase of intensity vs RUN1

• Hardware upgrades implemented mainly to improve on 𝜋𝜈𝜈

• Single Event Sensitivity to SM 𝐾+ → 𝜋+𝜈 ҧ𝜈 with 2022 data  ≲ 10−11

• Average selected 𝜋𝜈𝜈 yield per spill: ≳ 2.5 × 10−5 / spill

• Mitigation of intensity – related effects

• Analysis optimization in progress to further increase performance

• Trigger upgrade to study new channels (e.g. 𝐾+ → 𝜋+𝑒+𝑒−)

• Continuing LNV/LFV and dark sector searches with 𝐾+

• A new measurement of 𝑉𝑢𝑠

• Data taking periods in dump [see J. Jerhot talk in parallel session]

𝒪 15 % final precision 
expected on BR(𝐾+ → 𝜋+𝜈 ҧ𝜈)

𝒪(%) LFUV test 

× 2 lower UL (10−11 sensitivity)



𝑅𝐴
𝐾𝜇3 =

Γ(𝐾𝜇3)

Γ(𝜋𝜇2)
𝑅𝐴
𝐾𝜇2 =

Γ(𝐾𝜇2)

Γ(𝜋𝜇2)

Strategy:
• Reconstructing decay-in-flight 𝜋+ → 𝜇+𝜈 from 𝐾+ → 𝜋+𝜋0

• Cancellation of several systematic uncertainties (e.g.  𝜇 PID)
• Analysis ongoing on RUN1 data
• Expected statistical uncertainty < 1%
• Target systematic uncertainty O(0.1%)
• External uncertainty from the knowledge of ℬ(𝐾+ → 𝜋+𝜋0)

Potential measurements to address 
the Cabibbo angle anomaly:

Plans for Τ𝑽𝒖𝒔 𝑽𝒖𝒅 Measurements

arXiv:2111.05338



Kaon at CERN: Prospects - HIKE

HIKE                                          [proposal to SPSC under preparation]
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• 𝐾+ and 𝐾𝐿 physics program at CERN SPS after LS3

• Intensity × 4 −× 6 with respect to NA62

• Detectors with 𝒪(20 𝑝𝑠) time resolution

• Similar experimental layouts for charged and neutral phase

• Physics program

• 𝐾+ → 𝜋+𝜈 ҧ𝜈 approaching SM theory expectation

• 𝐾𝐿 → 𝜋0𝑙+𝑙− observation and measurement of the BR

• LFUV tests with precision < %

• LFV – LNV searches with 𝒪 10−12 sensitivity

• Measurement of 𝑉𝑢𝑠 and main kaon decay modes

• Dump physics in synergy with Shadows experiment 

(LoI - arXiv:2211.16586v1)

[arXiv:2206.14748v1]
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𝑲+ → 𝝅+𝝂ഥ𝝂 𝐵𝑅 = 10.6−3.4
+4.0 ± 0.9 × 10−11 (from data of 2016-17-18)

Recent results on 𝝌𝑷𝑻 studies
𝐾+ → 𝜋+𝛾𝛾: 𝒪 % precision 

𝐾+ → 𝜋0𝑒+𝜈𝛾: 𝒪(< %) precision

LFUV, LNV, LFV studies
𝐾+ → 𝜋+𝜇+𝜇−: 𝒪(%) precision

𝒪 10−11 UL @ 90% CL

New result on dark sector 
studies with kaon decays

Axion/scalar searches with 𝐾+ → 𝜋+𝑒+𝑒−𝑒+𝑒−: 𝒪(10−8) UL

Physics program with charged kaons successfully pursued at CERN SPS by NA62 (until LS3)

Future of physics with kaons at CERN SPS 

HIKE project under discussion at CERN 𝐾+, 𝐾𝐿, dark sector searches
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