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Outline

● Overview of NA62

● Precision measurements of rare decays:

○ 𝐾+ → π0𝑒+νγ (𝐾𝑒3𝑔)

○ 𝐾+ → π+μ+μ−(𝐾𝜋𝜇𝜇)

○ 𝐾+ → π+γγ (𝐾𝜋𝛾𝛾)

○ 𝐾+ → π+π−π+γ (𝐾3𝜋𝛾)

● Summary



6/27/2023 Zdenko Hives 36/27/2023 Zdenko Hives 3

NA62 Experiment

Birmingham, Bratislava, Bristol, Bucharest, CERN,
Dubna, GMU-Fairfax, Ferrara, Firenze, Frascati,
Glasgow, Lancaster, Liverpool, Louvain, Mainz,
Moscow, Napoli, Perugia, Pisa, Prague, Protvino,
Roma I, Roma II, San Luis Potosi, Sofia, Torino,
TRIUMF, Vancouver UBC

~200 participants, ~30 institutes from:

NA62 Timeline

Feb. 2007: NA62 Approval

2009 - 2014: Detector R&D and installation

2015: Commissioning

2016 – 2018: Run 1

2021 – 2025: Run 2

Proposal for future: High Intensity Kaon Experiments
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NA62 Experiment

● NA62 is a fixed-target experiment at the North Area of 

CERN SPS

● Primary p+ beam: 400 GeV/c, impinging on 400mm long 

beryllium target

● Secondary beam: 75 GeV/c, composition: π+(70%), 

p+(24%), K+(6%)

● Main goal: measure B(K→π+νν) with 10% precision, 

using "decay-in-flight" technique

● Requires ~1013 kaon decays

● Current theoretical prediction:

BrSM(K→π+νν) = (8.4 ± 1.0) ‧ 10-11

[Buras et al., JHEP11(2015)033]

● Latest experimental results:

BrE949(K→π+νν) = (17.3−10.5 𝑠𝑡𝑎𝑡
+11.5 ) ‧ 10-11

[E949/E787[Phys. Rev D 79, 092004 (2009)]]

BrNA62(K→π+νν) = (10.6−3.4 𝑠𝑡𝑎𝑡
+4.0 ± 0.9𝑠𝑦𝑠𝑡) ‧ 10-11

[NA62[JHEP06(2021)093]]

https://arxiv.org/abs/1503.02693
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.092004
https://arxiv.org/abs/2103.15389
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NA62 Detector System Overview

[JINST 12 (2017) P05025]

https://iopscience.iop.org/article/10.1088/1748-0221/12/05/P05025/pdf
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𝐾+ → π0𝑒+νγ: Introduction

● Long distance decay described by Chiral Perturbation Theory

● Measurement goals:

○ 𝑅𝑗 =
ℬ(𝐾

𝑒3𝛾𝑗)

ℬ(𝐾𝑒3)
=

ℬ 𝐾+ →π0𝑒+ νγ 𝐸𝛾
𝑗

, 𝜃𝑒𝛾
𝑗

)

ℬ (𝐾𝑒3)

○ T-violation effects:

𝜉 =
𝑝𝛾∙(𝑝𝑒×𝑝𝜋)

𝑀𝐾
3 𝐴𝜉 =

𝑁+−𝑁−

𝑁++𝑁−

where 𝜉 is the T-odd observable (in kaon rest frame), 𝐴𝜉 is the 

asymmetry variable with 𝑁+(𝑁−) being the numbers of events with 

positive (negative) 𝜉.

𝐴𝜉 ∈ −10−4 ,−10−5 [SM and beyond]

Direct
Emission

Inner
Bremsstrahlung

Phase space 
conditions

[Eur. Phys. J. C 50 (2007)]

[Eur. Phys. J. C 50 (2007)]

https://arxiv.org/abs/hep-ph/0611366
https://arxiv.org/abs/hep-ph/0611366
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𝐾+ → π0𝑒+νγ: Selection

Normalisation: 𝐾 + → π0𝑒 +ν (Ke3)

● 1 downstream track with e+ PID

● Vertex with K+ upstream track

● 2𝛾 clusters in LKr with 𝑚𝛾𝛾 compatible with 𝜋0

● No additional photons in LAV / SAC

● Cut on 𝑚𝑚𝑖𝑠𝑠
2 𝐾𝑒3 = (𝑃𝐾 − 𝑃𝜋0 − 𝑃𝑒)2

Signal: 𝐾+ → π0𝑒 +ν𝛾 (𝐾𝑒3γ )

● 1 downstream track with e+ PID

● Vertex with K+ upstream track

● 2𝛾 clusters in LKr with 𝑚𝛾𝛾 compatible with 𝜋0 + 1 radiative 𝛾

● No additional photons in LAV / SAC

● Cut on 𝑚𝛾𝛾
2 𝐾𝑒3γ = (𝑃𝐾 − 𝑃𝜋0 − 𝑃𝑒 − 𝑃γ)2 and 𝑚𝑚𝑖𝑠𝑠

2 𝐾𝑒3

[arXiv:2304.12271]

https://arxiv.org/abs/2304.12271
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𝐾+ → π0𝑒+νγ: Analysis

Procedure for Rj:

𝑅𝑗 =
ℬ(𝐾

𝑒3𝛾𝑗)

ℬ(𝐾𝑒3 )
=

𝑁
𝐾𝑒3𝛾𝑗
𝑜𝑏𝑠 −𝑁

𝐾𝑒3𝛾𝑗
𝑏𝑘𝑔

𝑁𝐾𝑒3
𝑜𝑏𝑠 −𝑁𝐾𝑒3

𝑏𝑘𝑔

𝐴𝐾𝑒3

𝐴
𝐾𝑒3𝛾𝑗

𝜀𝐾𝑒3
𝑡𝑟𝑖𝑔

𝜀
𝐾𝑒3𝛾𝑗
𝑡𝑟𝑖𝑔

• Bkg from accidental activity in LKr (data driven estimation), 
from misidentified e+ or undetected 𝛾 (MC driven estimate)

• Acceptances evaluated by MC
• Trigger efficiencies measured with data

Procedure for 𝐴𝜉:

𝐴𝜉 = 𝐴𝜉
𝐷𝑎𝑡𝑎 − 𝐴𝜉

𝑀𝐶

[arXiv:2304.12271]

https://arxiv.org/abs/2304.12271
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𝐾+ → π0𝑒+νγ: Results and Comparison with the World

ChPT O(p6) ISTRA+ OKA NA62

𝑹𝟏 × 𝟏𝟎𝟐 1.804 ± 0.021 1.81 ± 0.03 ± 0.07 1.990 ± 0.017 ± 0.021 1.715 ± 0.005 ± 0.010

𝑹𝟐 × 𝟏𝟎𝟐 0.640 ± 0.008 0.63 ± 0.02 ± 0.03 0.587 ± 0.010 ± 0.015 0.609 ± 0.003 ± 0.006

𝑹𝟑 × 𝟏𝟎𝟐 0.559 ± 0.006 0.47 ± 0.02 ± 0.03 0.532 ± 0.010 ± 0.012 0.533 ± 0.003 ± 0.004

𝑨𝝃 (𝑺𝟏) × 𝟏𝟎𝟑

/ /

–0.1 ± 3.9 ± 1.7 –1.2 ± 2.8 ± 1.9

𝑨𝝃 (𝑺𝟐) × 𝟏𝟎𝟑 7.0 ± 8.1 ± 1.5 –3.4 ± 4.3 ± 3.0 

𝑨𝝃 (𝑺𝟑) × 𝟏𝟎𝟑 –4.4 ± 7.9 ± 1.9 –9.1 ± 5.1 ± 3.5

Decay Rate:
• factor > 2 more precise than previous experiments
• Relative uncertainty < 1%
• 5% smaller than ChPT prediction

T-asymmetry
• Compatible with no asymmetry
• Improved precision from OKA experiment
• Uncertainty still O(102) larger than prediction

[Phys. Atom. Nucl. 70 (2007)]
[JETP Lett. 116 (2022)]

[Eur. Phys. J. C 81.2 (2021)]
[arXiv:2304.12271][Eur. Phys. J. C 50 (2007)]

https://link.springer.com/journal/11450/volumes-and-issues/70-8
https://link.springer.com/journal/11450/volumes-and-issues/70-8
https://arxiv.org/abs/2304.12271
https://arxiv.org/abs/hep-ph/0611366
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𝐾+ → π+μ+μ−: Introduction

● FCNC decay described by the means of Chiral Perturbation 

Theory (ChPT), mediated by one photon exchange 𝐾 + → π+γ∗

● Differential decay width: 

𝑑Γ(𝑧)

𝑑𝑧
~ 𝑊(𝑧) 2, z =

𝑚(𝜇+𝜇−)2

𝑚𝐾
2

● Parametrization of Form Factor at O(p6):

𝑊 𝑧 = 𝐺𝐹𝑀𝐾
2 𝑎+ + 𝑏+𝑧 + 𝑊𝜋𝜋 𝑧

a+, b+: Form Factor parameters,

𝑊𝜋𝜋 𝑧 : K3π pion loop term

● Measurements:

○ FF parameters: a+, b+

○ Model independent branching fraction ℬ 𝐾𝜋𝜇𝜇

○ Forward-backward asymmetry

[Nucl. Phys. B291 (1987) 692–719] , [Phys. Part. Nucl. Lett. 5 (2008) 76–84]

[JHEP 08 (1998) 004]

https://doi.org/10.1016/0550-3213(87)90491-3
https://inspirehep.net/literature/731640
https://iopscience.iop.org/article/10.1088/1126-6708/1998/08/004
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𝐾+ → π+μ+μ−: Selection

Normalisation Signal
Normalisation: 𝐾+ → π+π+π−(K3π)
• High BR ~ 5.6%
• Kinematically similar
• Cancellation of systematic errors 

Signal Selection:
• 3-track vertex
• Event in time with KTAG
• π+ PID: no signal in MUV3
• μ± PID: signal in MUV3
• Kinematic cuts to suppress K3π events

• 𝑚πμμ − 𝑚𝐾 < 8 𝑀𝑒𝑉/𝑐2

Data Sample:
• Effective kaon decays NK≈ 3.48×1012

• Events selected: 27679
• Background expected: ~8
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𝐾+ → π+μ+μ−: Branching Fraction and Form Factors

Model-independent ℬ 𝐾𝜋𝜇𝜇 measurement:

● Reconstruct 𝑑Γ(𝑧)/𝑑𝑧 from measured z spectrum (data divided into 

50 equipopulated bins)

𝑑Γ 𝑧

𝑑𝑧
=

𝑁𝜋𝜇𝜇,𝑖

𝐴𝜋𝜇𝜇,𝑖

1

Δ𝑧𝑖

1

𝑁𝐾

ħ

𝜏𝐾

where Δ𝑧𝑖 - bin width, 𝑁𝜋𝜇𝜇,𝑖 - number of signal events, 𝐴𝜋𝜇𝜇,𝑖 - signal 

acceptance, 𝑁𝐾 - effective number of kaon decays, ħ – reduced Planck’s 

constant, 𝜏𝐾 - mean K± lifetime
● Integrate over z to get: 

ℬ 𝐾𝜋𝜇𝜇 = (9.18 ± 0.08) × 10−8

Form factor measurement:

● Extract 𝑊(𝑧) 2 from 𝑑Γ(𝑧)/𝑑𝑧
● Find optimal 𝑎+ , 𝑏+ by minimizing 𝜒2(𝑎+,𝑏+)

● Results - preferred negative (𝜒2/𝑛𝑑𝑓 = 45.1/48, p-value = 0.59):
○ 𝑎+ = −0.575± 0.013

○ 𝑏+ = −0.722 ± 0.043
○ Correlation: 𝜌 𝑎+,𝑏+ = −0.972 [JHEP 11 (2022) 011]

[JHEP 11 (2022) 011]

https://link.springer.com/article/10.1007/JHEP11(2022)011
https://link.springer.com/article/10.1007/JHEP11(2022)011
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𝐾+ → π+μ+μ−: Comparison with the World

● Much improved precision
● Sample size ~9x larger than NA48/2
● No evidence for LFU
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𝐾+ → π+μ+μ−: Forward-Backward Asymmetry

Definition:

● 𝜃𝐾µ is angle between the 𝐾+ and 𝜇−

3-momenta in the 𝜇+𝜇− rest frame

● Forward-backward asymmetry:

𝐴𝐹𝐵 =
𝒩 cos𝜃𝐾µ > 0 − 𝒩 cos𝜃𝐾µ < 0

𝒩 cos𝜃𝐾µ > 0 + 𝒩 cos𝜃𝐾µ < 0

Results:

● 𝐴𝐹𝐵 = 0.0 ± 0.7𝑠𝑡𝑎𝑡 ± 0.2𝑠𝑦𝑠𝑡 ± 0.2𝑒𝑥𝑡 × 10−2 @ 68% CL

● 𝐴𝐹𝐵 < 0.9 × 10−2 @ 90% CL

[JHEP 11 (2022) 011]

https://link.springer.com/article/10.1007/JHEP11(2022)011
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𝐾+ → π+γγ: Introduction

● Radiative non-leptonic decay described by chiral perturbation theory (leading order at 𝒪 𝑝4 with 

contributions from 𝒪 𝑝6 )

● Main kinematic variable:

𝑧 =
(𝑞1+𝑞2)2

𝑚𝐾
2 =

𝑚𝛾𝛾
2

𝑚𝐾
2 , 𝑦 =

𝑝(𝑞1 −𝑞2)

𝑚𝐾
2 ,

where p is 𝐾+ 4-momentum, 𝑞1,2 are photons 4-momenta, 𝑚𝐾 is mass of 𝐾+ and 𝑚𝛾𝛾 is di-photon invariant 

mass

● Decay width:

𝜕Γ

𝜕𝑦𝜕𝑧
Ƹ𝑐, 𝑦, 𝑧 =

𝑚𝐾

29𝜋3
[𝑧2 𝐴 Ƹ𝑐, 𝑧, 𝑦2 + 𝐵 𝑧 2 + 𝐶 𝑧 2 + (𝑦2 −

1

4
𝜆(1, 𝑟𝜋

2 , 𝑧))2 𝐵(𝑧) 2]

● Measurements:

○ Measure Ƹ𝑐

○ Extrapolate model dependent branching franction

non-zero 𝒪 𝑝6 contributions

[Phys. Lett. B 386 (1996) 403]

https://www.sciencedirect.com/science/article/pii/0370269396009707
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𝐾+ → π+γγ: Signal Selection

Data sample:

● Full NA62 Run1 dataset

● Normalization channel: 𝐾+ → 𝜋+𝜋0

Signal selection:

● 1 good track in STRAW

● 2 good clusters in LKr

● 𝐾+ - 𝜋+ matching tracks (vertex reconstructed)

● Kinematic cuts for daughter particles (total E, 

total 𝑝𝑇, 𝑚𝜋𝛾𝛾)

Additional sample cut:

● Redefinition of z as

𝑧 =
(𝑃𝐾 − 𝑃𝜋)2

𝑚𝐾
2

● Signal region: 𝑧 > 0.25
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𝐾+ → π+γγ: Signal and Background

Signal events (𝑧 > 0.25):
● 4039 events found

→ ~10x more than NA48/2 and NA62-2007

Background:
● Cluster merging in LKr:

○ 𝐾+ → π+π0γ , π0 → γγ
○ 𝐾+ → π+π0π0, π0 → γγ

● Missing tracks in STRAW:
○ 𝐾+ → π+π+π−

● Background contamination: 393 ± 20 events

Fitting procedure:
● MC reweighted for different values of Ƹ𝑐
● Scan of Ƹ𝑐 to find maximum log-likelihood

𝑙𝑛ℒ = ෍

𝑖

𝑘𝑖𝑙𝑛𝜆𝑖 Ƹ𝑐 − 𝜆𝑖 Ƹ𝑐 − ln 𝑘𝑖! ,

𝜆𝑖 Ƹ𝑐 = 𝜆𝑖
𝑆 Ƹ𝑐 + 𝜆𝑖

𝐵
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𝐾+ → π+γγ: Results and comparison with World

ℬ𝑟 𝐾+ → π+γγ = (9.73 ± 0.17𝑠𝑡𝑎𝑡. ± 0.08𝑠𝑦𝑠𝑡.) × 10−7 Ƹ𝑐6 = 1.713 ± 0.075𝑠𝑡𝑎𝑡. ± 0.037𝑠𝑦𝑠𝑡.
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𝐾+ → π+π−π+γ: Introduction

● Theoretical: G. D’Ambrosio, G. Ecker, G.Isidori, H. Neufeld (1997)

○ K+→π+π-π+γ described by chiral perturbation theory to order 𝒪 𝑝4

○ Integrated for Eγ > 5 MeV 𝓑𝒓 𝑲+ → 𝝅+𝝅−𝝅+𝜸 𝒕𝒉𝒆𝒐𝒓. = (1.26 ± 0.01) · 10−4

● Experimental: 

○ M. M. Shapkin et al. (OKA collaboration), 2018

■ Collected ~450 events with E(γ) > 30 MeV

■ Measured Br(K+→π+π-π+γ) = (0.71 ± 0.05)×10−5

○ NA62 has capabilities to increase the number of observed decays by multiple orders of magnitude and 

validate the predictions on whole range of photon energy spectrum

[doi: 10.1007/s002880050554]

[MeV]

[arXiv:1808.09176]

https://link.springer.com/article/10.1007/s002880050554
https://arxiv.org/abs/1808.09176
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Summary
● Analysis of 𝐾+ → π0𝑒+νγ finished and published in [arXiv:2304.12271]

○ Sample size is ~130k events in R1, ~54k in R2 and ~39k in R3

○ Rj for individual regions: 𝑅1 = (1.715 ± 0.005𝑠𝑡𝑎𝑡 ± 0.010𝑠𝑦𝑠𝑡) × 102

𝑅2 = (0.609 ±0.003𝑠𝑡𝑎𝑡 ± 0.006𝑠𝑦𝑠𝑡) × 102

𝑅3 = (0.533 ±0.003𝑠𝑡𝑎𝑡 ± 0.004𝑠𝑦𝑠𝑡) × 102

○ T-asymmetry: 𝐴𝜉 𝑆1 = (−1.2 ± 2.8𝑠𝑡𝑎𝑡 ± 1.9𝑠𝑦𝑠𝑡) × 103

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

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

● Analysis of 𝐾+ → π+μ+μ− finished and published in [JHEP 11 (2022) 011]
○ Sample size is 27679 events collected in 2017 and 2018 with negligible background
○ Model independent branching fraction: ℬ 𝐾𝜋𝜇𝜇 = 9.18 ± 0.08 × 10−8

○ Form Factors extracted: 𝑎+ = −0.575± 0.013 , 𝑏+ = −0.722± 0.043
○ Forward-Backward asymmetry: 𝐴𝐹𝐵 = 0.0 ± 0.7𝑠𝑡𝑎𝑡 ± 0.2𝑠𝑦𝑠𝑡 ± 0.2𝑒𝑥𝑡 × 10−2 @ 68% CL 

𝐴𝐹𝐵 < 0.9 × 10−2 @ 90% CL

● Analysis of 𝐾+ → π+γγ (preliminary results)
○ Sample size is 4039 events collected in Run1 with ~10% background contamination
○ Branching fraction: ℬ𝑟 𝐾+ → π+ γγ = (9.73 ± 0.17𝑠𝑡𝑎𝑡. ± 0.08𝑠𝑦𝑠𝑡.) × 10−7

○ Form Factor parameter: Ƹ𝑐6 = 1.713± 0.075𝑠𝑡𝑎𝑡. ± 0.037𝑠𝑦𝑠𝑡.

● Analysis of 𝐾+ → π+π−π+γ is in progress. Currently the background processes are being evaluated.

https://arxiv.org/abs/2304.12271
https://link.springer.com/article/10.1007/JHEP11(2022)011
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