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Cabibbo and the Kaons (and the Hyperons!)

I cannot do justice to Nicola Cabibbo’s many contributions, so I
will present just a few well known examples:

▶ The last Cabibbo decay:
Ξ0 → Σ+e−ν̄e and the full verification of the Cabibbo theory
with hyperon decays

▶ CP-Violation:
From a puzzling experimental observation to the success of
the flavour mixing interpretation

▶ Strong Interactions at Low Energy:
Determination of the ππ scattering length from a ”cusp” in
the K± → π±π0π0 data

▶ Rare Kaon Decays:
From qualitative to quantitative tests of the Cabibbo,
Kobayashi, Maskawa (CKM) matrix with kaons
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The Last Cabibbo Decay: Ξ0 → Σ+e−ν̄e

NA48/1

▶ Modern Appraisal: N. Cabibbo, E. Swallow, R.Winston,
Annu. Rev. Nucl. Part. Sci. 2003. 53:39–75

▶ Intense high energy neutral beams are by-products of the ε′/ε
experiments

▶ Ξ0 → Σ+e−ν̄: same form factors of n → pe−ν̄, the Σ+ can
originate only from Ξ0 decays and it is self-analysing
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Cabibbo Theory and Hyperon Leptonic Decays
Cabibbo Theory [PRL10(1963)] vs. Experiment

(∆S = ∆Q = +1)

Decay BR(Cabibbo) ×104 BR(PDG) ×104

Λ → pe−ν̄ 7.5 8.34± 0.14
Σ− → ne−ν̄ 19 10.2± 0.34
Ξ− → Λe−ν̄ 3.5 5.63± 0.31
Ξ− → Σ0e−ν̄ 0.7 0.87± 0.17
Ξ0 → Σ+e−ν̄ 2.6 2.52± 0.08

It took time to complete the experimental verification, for instance:

▶ 1983 M. Bourquin et al.: Ξ− → Σ0e−ν̄

▶ 1988 FNAL-E715: negative sign of g1/f1 in Σ− → ne−ν̄

▶ KTeV (1999), NA48/1 (2007) Ξ0 → Σ+e−ν̄

▶ KTeV (2005), NA48/1 (2013) Ξ0 → Σ+µ−ν̄
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CP-Violation in Kaon Decays
CP Conservation splits the neutral kaons in a short-lived state al-
lowed to decay into π+π− and a long-lived one forbidden to do so

π+π− (CP=+1) K1 = 1/
√
2(K0 + K̄0) (CP=+1)

K2 = 1/
√
2(K0 − K̄0) (CP=–1)

The discovery that the long-lived neutral kaon decays also into two
pions came as a big surprise

▶ The sum of the momenta must line up
with the beam direction

▶ The mass must match the K 0 one
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ICHEP1966, Weak Interactions, Nicola Cabibbo,
Rapporteur

”Figure 2-1 comments on the general good situation of the field. ”
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Mixing (ε) and Decay (ε′) CP-Violation

Phenomenology: T.T. Wu and C.N. Yang, (1964)

ε′ = i/
√
2Im(A2/A0) exp[i(δ2 − δ0)]

η± = ε+ ε′ η00 = ε− 2ε′

η± =
A(KL → π+π−)

A(KS → π+π−)
η00 =

A(KL → π0π0)

A(KS → π0π0)

R =

∣∣∣∣η00η±

∣∣∣∣2 Γ(KL → π0π0)

Γ(KS → π0π0)
/
Γ(KL → π+π−)

Γ(KS → π+π−)
≃ 1− 6 Re ε′/ε
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Status Early 1990’s

▶ Big puzzles, Kaons quite popular

▶ Five Φ and one K factories proposed
→ One realised in Frascati

Augusto Ceccucci/CERN Cabibbo 60: Kaon Physics Roma, December 4, 2023 8 / 36



Cabibbo and KLOE at DAΦNE

Paolo Franzini, Cabibbo Memorial Symposium, 2010
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DAΦNE: tagged neutral kaon pairs

Example:

|η000| =
√

τL
τS

BR(KS→3π0)
BR(KL→3π0)

≤ 0.0088 at 90 % CL

Phys. Lett.B 723 (2013) 54-60 KLOE-2 Collab.
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Entanglement of K 0K̄ 0 pairs

ϕ → KSKL → (π±e∓ν)(3π0)

Direct tests of T, CP, CPT symmetries in transitions of neutral K mesons

with the KLOE experiment, Phys.Lett.B 845 (2023) 138164
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Measuring ε′/ε: NA48@CERN
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ε′/ε

The measurement of a non-zero ε′/ε:

ε′/ε(PDG average) = (1.68± 0.20)× 10−3

ruled out super-weak models and gave strong support to the hypoth-
esis that CP-Violation is naturally included into the Kobayashi and
Maskawa extension to six quarks of Cabibbo flavour mixing (CKM).
Decisive confirmation was provided by the discovery of CP-violation
in the B system

NA31 (CERN)
E731 (FNAL)
NA48 (CERN)
KTeV (FNAL)
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ε′/ε Theory

A non-zero value of ε′/ε established direct CP-Violation. Theoretical
”predictions” ranged from 10−4 to a few 10−3.

The importance to arrive to a precise theoretical calculation stems
from the high sensitivity of ε′/ε to physics beyond the SM
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UTfit and ε′/ε

Solid lattice QCD determinations allow one to include ε′/ε in the fit
to the Unitarity Triangle
A lot of progress since the pioneering ”Weak Interactions on the
Lattice” paper by Cabibbo, Martinelli and Petronzio of 1984 [NPB
244 (1984) 381-399]
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Strong Interactions at Low Energy: ππ Scattering Length

▶ At low energy the strong coupling becomes large and a
perturbative approach is no longer possible

▶ Chiral Perturbation Theory predicts precisely the S-wave ππ
scattering lengths in the isospin 0 and 2, denoted a00 and s20

▶ Cabibbo and Maksymowicz (1965) worked out the
phenomenology to determines the scattering lengths from the
K± → π+π−e±ν (Ke4) decays

▶ Scattering lengths can also be extracted from the lifetime of
pionium atoms. Searching for pionium in K decays.....Italo
Mannelli observed a strange feature in the π0π0 invariant
mass of K± → π±π0π0 decays

▶ Nicola Cabibbo was at CERN as guest professor where he
joined NA48/2: he saw the data, found the origin of the
puzzle (ππ re-scattering) and a new way to measure a00 − a20
from the K± → π±π0π0 decays
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Cusp in the π0π0 mass distribution of K± → π±π0π0

decays

Searching for direct CP-violation in charged kaon decays,
NA48/2 accumulated approx. 100 millions K± → π±π0π0 decays

Italo Mannelli, Cabibbo Memorial Symposium, 2010
cf. NA48/2 Collaboration, PLB 633 (2006)
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Interplay Between Theory and Experiment

See N. Cabibbo and G. Isidori JHEP 05 (2005) 021 for the complete
theory and NA48/2 Collab. EPJC 64 (2009) 589 for the final data
analysis
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NA48/2: ππ Scattering Length

From K+ → π+π0π0 and K+ → π+π−e+ν decays

Eur. Phys. J. C. (2010) 70
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Rare Kaon Decays
Earliest rare kaon decay results

Decay UL (90% CL) Year Ref.

K+ → π+e+e− 2.45× 10−6 1964 U. Camerini et al.
K+ → π+µ+µ− 3× 10−6 1965 U. Camerini et al.
KL → µ+µ− 1.6× 10−6 1967 M. Bott-Bodenhausen et al.
K+ → π+νν̄ 1× 10−4 1969 U. Camerini et al.

▶ Absence of Flavour Changing Neutral Currents (FCNC): → c-quark
(Glashow, Iliopoulos, Maiani)

▶ Sensitivity to genuine higher order electro-weak contributions precisely
predictable
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Motivation to study K → πνν̄
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Motivation to study K → πνν̄

This article formed the physics
motivation of the NA62 proposal

Augusto Ceccucci/CERN Cabibbo 60: Kaon Physics Roma, December 4, 2023 22 / 36



CKM Triangle

Important test of SM: use precise CKM inputs from B decays to
predict BR of rare K decays and compare with experiments
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Beyond SM
Buras et al., JHEP11 (2015) 166

Most extensions of SM predict contributions to the branching ra-
tio, e.g.: MFV; Simplified Z , Z ′; LFU violation; Custodial Randall-
Sundrum; MSSM; Littlest Higgs with T-parity; Leptoquarks,...
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NA62@CERN: K+ → π+νν̄ with Decays-in-flight
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NA62 Beam and Layout

SPS 400 GeV/c

JINST 12 P05025 (2017)
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NA62 Gigatracker: State-of-the-art 4D Tracking

Augusto Ceccucci/CERN Cabibbo 60: Kaon Physics Roma, December 4, 2023 27 / 36



▶ Straw tubes (9.8 mm diameter)

▶ 36 µm thick mylar

▶ Ultrasonic welding

▶ Operated inside vacuum tank
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NA62: Large Angle Vetos (LAV)

Lead Glass from CERN-LEP Experiment OPAL
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NA62 2016-2018 Data JHEP 06 (2021) 093 arXiv:2103.15389 [hep-ex]

17(2018)+2(2017)+1(2016) = 20 Candidates Observed

SES = (0.839± 0.053syst)× 10−11,NExp
back = 7.03+1.05

−0.82

B(K+ → π+νν̄) = (10.6+4.0
−3.4 (stat)± 0.9 (syst))× 10−11

BSM(K+ → π+νν̄) = (8.60±0.42)×10−11 [Buras, Venturini, 2021]
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Historical

▶ A. V. Artamonov et al. [BNL-E949] Phys. Rev. D 79 (2009), 092004
Adler S, et al. [E949 and E787] Phys. Rev. D 77:052003 (2008)

▶ NA62 2016 data
E. Cortina Gil et al. [NA62], Phys. Lett. B 791, 156-166 (2019) doi:10.1016/j.physletb.2019.01.067
[arXiv:1811.08508 [hep-ex]

▶ NA62 2017 data
E. Cortina Gil et al. [NA62], JHEP 11:042 (2020) [arXiv:2007.08218 [hep-ex]

▶ NA62 2018 data
E. Cortina Gil et al. [NA62], JHEP 06 (2021) 093 arXiv:2103.15389 [hep-ex]

NA62 data taking resumed in 2021. It will continue until the end of 2025

aiming for a 15% BR measurement (if SM)
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KOTO J-PARC: 2021 Result

Presented by KOJI SHIOMI on September 6, 2023: 0 candidates
BR(K 0

L → π0νν̄) < 2 10−9 90% CL
BSM(K 0

L → π0νν̄) = (2.94± 0.15)× 10−11[Buras, Venturini, 2021]
KOTO expects to reach a sensitivity < 10−10 over the next 3-4 years
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Prospects for Future Kaon Experiments

▶ At CERN the North Area will be upgraded to be able to
accept much larger protons intensities available from the SPS

▶ The proposed successor of NA62 is HIKE:
CERN-SPSC-2023-031; SPSC-P-368. - 2023

▶ HIKE is meant to measure both charged and neutral kaons
decays

▶ A decision is expected soon, possibly before the end of 2023

▶ A workshop summary - Kaons@ CERN 2023, provides an
up-to-date overview of kaon physics and its world-wide
prospects arXiv:2311.02923v1 [hep-ph]
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HIKE Physics Prospects in Detail

HIKE

NA62 (time resolution improved x4)

NA62
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Many More Compelling Kaon Physics Topics...

▶ Lepton Universality

▶ Lepton Flavor Violation

▶ Lepton Number Violation

▶ Search for Heavy Neutral Leptons

▶ Search for invisible decays

▶ Search for invisible bosons or heavy neutral leptons

▶ Hadron structure / precision measurements

▶ Cabibbo angle: Vus and Unitarity → Cirigliano
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Concluding Remarks

▶ The exquisite interplay of theory and experiment makes kaon
physics quite special

▶ Kaon experiments have been perfect vehicles to push the detector
technology (e.g. bent channelling crystal, liquid krypton
calorimeter, tracking in extreme conditions,...). The future
challenges are such that this trend will continue

▶ Kaon experiments are exceptional training grounds for the next
generations

▶ It is remarkable that new competitive explorations can be launched
relying on existing accelerators (e.g. CERN SPS, J-PARC MR)

▶ I had the privilege to witness the insight of Cabibbo directly when
he joined CERN as guest professor in 2004. The elegance and
simplicity of his reasoning, coupled to the capability to focus to the
strictly essential form an important part of his unique legacy

Augusto Ceccucci/CERN Cabibbo 60: Kaon Physics Roma, December 4, 2023 36 / 36


	Introduction

