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•QCD 

•Radiative decays 

•Exotics 

•Time 

•CPT 

•Precision K physics 

•Ultra-rare zone 

 
Coffee not included 

 

• Introducing Kaons 

•CP and T violation 

•Tagged Kaons 

•Direct CP violation, ε’ 

•K mixing and CPV 

•Interferometry 

•The CKM matrix 

•Charged Kaons CPV 



M.S. Sozzi Flavour Physics: The Kaon sector 

 

• K discovered: first “non-earthly” matter (1944) 

• Two neutral K mesons: birth of flavour physics (1955) 

• Tau-theta puzzle: parity violation (1956) 

• CP violation (1964) 

• KL→μ+μ– rate: prediction of charm quark (1970) 

• Hypothesis of 3 quark generations (1974) 

• Proof of time-reversal violation (1980s) 

• Smallest BR ever measured (1997) 

• Direct CP violation (1999): confirmation of CKM picture 

Kaons: CV 
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Introducing Kaons 
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Kaons enter the scene (1) 
Discovered in cosmic rays 

L. Leprince-Ringuet, M. L’Heritier (1944): 
Existence probable d’une particule de masse 990 m0 dans le 
rayonnement cosmique.  

Cloud chamber with B = 2500 G on French Alps. 
Single image with positive particle ≈ 500 MeV/c  
producing a secondary ≈ 1 MeV/c. 
Assuming elastic scattering on e–, from 
scattering angle its mass is 50661 MeV/c2  
(K+ mass = 493.68 MeV/c2). 
Incompatible with a pion, hardly with a proton. 

A particle exists with me < m < mp 
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Kaons enter the scene (2) 

G.D. Rochester, C.C. Butler (1947): 
Evidence for the existence of new unstable elementary particles.  

“V particles” 

First evidence of 
“strange” matter, 

not present on 
Earth, unstable. 

K0  π+π-  K+  μ+ν 

Cloud chamber on cosmic rays, with a single  absorber plate. 
No electrons or positrons, only penetrating particles. 

Neutral particle 
mass 393 to 818 MeV/c2 

Charged particle 
mass 500 MeV/c2 to mp 

And many confirmations… 
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• Physical laws symmetric under C  [later CP] 

• Two kinds of neutral particles; behaviour under C: 

1. θ0  θ0 (self C-coniugate, e.g. γ,π0) 

2. θ 0  θ0 (distinguished by conserved q. numbers; e.g. n) 

• K0 mesons belong to (2) with strong interactions only 
(strangeness conservation) but weak interactions do not 
conserve strangeness: 
K0  K0 transitions are possible, with common decay modes 

M. Gell-Mann, A. Pais,  
Phys. Rev. 97 (1955) 1387 Weirdness… 

M. Gell-Mann 
(1929-) 

A. Pais 
(1918-2000) 
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A state (K0, K0) produced with defined strangeness has 
such strangeness changing in time : 
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Δm=m1-m2 

Strangeness (flavour) oscillations 

Can be observed because:  
Δm ~ Γ 
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Ignoring strangeness (lepton charge): exponential 
decay 

Strangeness oscillations detected 
exploiting flavour-specific decays 
only allowed for K0 or K0 (flavour 
tagging). 

Semi-leptonic decays: 
K0  π –e+νe   but not  K0  π –e+νe  
because of the “ΔS = ΔQ rule” 
(quarks). 

Positrons 

Electrons 

Only K0 at beginning 

Equal mixture of K0 
and K0 at end 

Non-exponential decay of 
strangeness eigenstates  

(not H eigenstates):  
strangeness is not conserved 
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[KS=K1, KL=K2] 

K0 (or K0)  K1 ± K2  K2  K0 reduced in matter  K1 + K2 

 Regeneration 

“… the only instance where a forward coherently scattered 
beam can be distinguished from the original beam”. 
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M(K0) = 497.7 MeV/c2 

I(JP) = ½(0–) 

Compare to π0 = (uu+dd)/2 = π0  

K0 ≠ K0  

Quark picture  
K0 = (ds)  S = +1    
K0 = (ds)  S = –1 
         or: 

Two neutral K mesons 

Example:   n  ΛK0 and K0 n  Λ do occur (strong interactions)  
                 but if K0 n  Λ would occur 
                 then nn  nΛK0  ΛΛ would occur (not observed) 

K mesons are the minimal flavour laboratory 

Not quite the most 
straightforward 

structure 
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“The search for ordering principles at this moment may indeed ultimately have to 
be likened to a chemist’s attempt to build up the periodic system if he were given 
only a dozen odd elements”.  
(A. Pais, 1952) 

“It is by no means certain that, if the complex ensemble of phenomena concerning 
the neutral K mesons were known without the benefit of the Gell-Mann – Pais 
theory, we could, even today, correctly interpret the behavior of these particles. 
That their theory, published in 1955, actually preceded most of the experimental 
evidence known at present, is one of the most astonishing and gratifying successes 
in the history of the elementary particles”. 
(R.H. Good et al., 1961) 

“Especially interesting is the fact that we have taken the principle of superposition 
to its ultimately logical conclusion”. 
“… one of the greatest achievements of theoretical physics”. 
(R. Feynman) 

A bold, profound and fruitful conceptual step 
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Physical states 
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Arbitrary choice of phase 

In the meantime: C violated, physical states need not be C 
eigenstates. Use CP instead: 

Since:  
 0,0 LJJ

CPCP

Quite different Q-values: 215 MeV vs. 78 MeV. τ(ππ) « τ(πππ)  

we write: 

CP conserved ([CP,H]=0): physical states = CP eigenstates 

K1K2 = 0 

   (for the time being…) 
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Time evolution 
Dual descriptions: 

K0 and K0: strangeness eigenstates (associate production): 

 

   π–p  ΛK0   K+n  pK0           [Strong interactions] 
 

K1 and K2: mass and lifetime eigenstates: 

 

      [Weak interactions] 
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Kaons: the minimal flavour laboratory 
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CP (and T) violation 
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(45 ± 9)/22700 

“The events from the He gas 
appear identical with those from 
the coherent regeneration in 
tungsten in both mass and 
angular spread”. 

6 months of data analysis:  
reject all alternative explanations 
- coherent regeneration in He 
- 3-body decays πμν or πeν  
- ππ decays with missing photon 
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Evidence of  
CP SYMMETRY 

VIOLATION 

Nobel 1980 

There exists a pair (KS,KL) of non-degenerate states (Δm≠0),  
one of which can decay into final states with opposite CP parities 

New York Times, August 6th 1964: 
“High energy physics experiment 
finds time reversal may affect 
physics laws”. 

“But then in 1964 these same 
particles, in effect, dropped the 
other shoe”. 
(V. Fitch, 1980) 
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The “gang of four”: 30 years later 

310)4.00.2(
)(

)( 







chargedKBR

KBR

L

L 

“It was a very good year, 1964.” 
(A. Pais) 

“… a purely experimental 
discovery, a discovery for which 
there were no precursive 
indications, either theoretical or 
experimental.” 
(V. Fitch) 

J. Cronin 
(1931-) 

V. Fitch 
(1923-) 
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Once more 

Non-exponential decay of 
into a CP eigenstate:  

CP violation 
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The new paradigm 

K0 

K0 

K0 

K0 

Present in Nature Absent in Nature 

CP 

Physical states (definite mass and lifetime, exponential decay)  
are not CP eigenstates: KS,KL ≠ K1,K2 

KL is a superposition of strangeness eigenstates 
with a tiny (0.002) preponderance of K0. 
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Our world A specular world 

A specular anti-world 

Nature 
violates CP 
symmetry 
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Physical states 
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Physical states are “almost” CP eigenstates 

If εS,εL ≠ 0 CP symmetry is violated (physical states are not 
CP eigenstates) 

 Im2Re2 iKK SL 
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Three descriptions 

K0, K0: Strangeness eigenstates, produced by strong 
interactions, relevant for propagation in matter.  
Particle/anti-particle pair (same mass by CPT), decaying 
in common final states (not orthogonal), undefined 
lifetime (non-exponential decay). 
K1, K2: CP eigenstates, almost same as physical states, 
not particle/anti-particle pair, different masses and final 
states (almost) different, orthogonal. 

KS, KL: Physical states, not particle/anti-particle pair, 
different masses and final states (almost) different, 
almost orthogonal. 

“… there is scarcely a physical system 
which contains so many of the elements 
of modern physics”. 
(V. Fitch, 1980) 
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If ε ≠ 0 T symmetry   
is violated:  

M12 ≠ M21    Γ12 ≠ Γ21  
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Diagonalization of the effective Hamiltonian: 

N.B. define: Δm  mL-mS > 0 and ΔΓ  ΓS-ΓL > 0 

If ε ≠ 0 or δ ≠ 0 CP symmetry is violated 
(physical states not CP eigenstates) 

If δ ≠ 0 CPT symmetry 
is violated:  

M11 ≠ M22    Γ11 ≠ Γ22  
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K: measurements 

K± (τ≈ 12 ns, cτ ≈ 3.7 m) can be tracked, and can be identified 
by dE/dx or Čerenkov detectors 
K+ can be stopped in a degrader (dE/dx) before decaying 
K− usually interacts strongly before decaying 
KS (τ ≈ 90 ps, cτ ≈ 2.7 cm) is reconstructed by its decay 
products (100% ππ, tracking or calorimetry + γγ invariant 
mass constraints) 
KL (τ ≈ 52 ns, cτ ≈ 16 m) can be reconstructed by its decay 
products (πππ, tracking or calorimetry + constraints, or πℓν, 
lepton ID and transverse momentum), or by its strong 
interaction with the detector. 
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K: decays 

Relatively few major 
branching ratios, several in 
the 10% range (compare to B): 
a “simple” system 
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Searching for CP violation 

For kaons 

Transitions among CP eigenstates with opposite 
eigenvalues 

K2ππ 

Search for physical states not being CP 
eigenstates (non-exponential decay of CP 
eigenstates) 

KL  ππ 
  and 
KS  πππ 

Differences in the partial decay widths or decay 
properties of particles and antiparticles 

ΔΓ(K3π) 
Δg(K3π) 

Test of time-reversibility (plus CPT) P(K0K0) ≠ 
P(K0K0) 

Measure of non-zero CP-odd quantities PT(Kμ3) 
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Hadronic production:  
strangeness eigenstates 

By exploiting specific reactions strangeness tagging at 
production is possible: 
pp  K+K0π−   and pp  K−K0π+    (0.4% of σtot(pp) at rest)  
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Known strangeness at production time 

Measure strangeness (πeν) or CP (ππ) at decay time 
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T violation 
(Kabir test) 

CPT violation 
CP violation parameters 
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LEAR @ CERN 
26 GeV p on Ir target 
Collect 3.6 GeV/c p  
Stochastically cooled in AC 
Storage in AA 
Inject 5·109 p into PS 
Decelerated to 609 MeV/c 
Inject into LEAR 
Stochastically cool to 10−3 
Electron cool down to 200 MeV/c 

    106 p/s in 1 h spills 



M.S. Sozzi Flavour Physics: The Kaon sector 

CPLEAR @CERN 
High pressure gas H2 target 

Proportional and drift 
chambers: 
σx ≈ 300 μm σp/p ≈ 5-10% 

EM calorimeter: 18-layers of 
limited-streamer tubes 
σx ≈ 5 mm σE/E ≈ 15%/√E(GeV) 

0.44 T warm solenoid 

Lifetime resolution: 
5-10 fs (with tracks) 
70 fs (π0π0) 

Run 1990-1996 

5×109 events collected 

Interaction at rest: 4π detector 
Kaon ID: Čerenkov, dE/dx,  
time-of-flight 
Tracking: r ~ 20 λS ~ 60 cm 
Minimize material (regeneration) 
“High” rate (1 MHz): fast trigger 



M.S. Sozzi Flavour Physics: The Kaon sector 

CPLEAR: strangeness tagging 

Associate K0 production (strangeness conservation): 

pp  K−π+K0  pp  K+π−K0   (BR ≈ 2 · 10–3) 

Charged K meson charge = strangeness of neutral K meson 

Strangeness at decay time (ΔS=ΔQ):  

K0  e+π−ν  K0  e−π+ν  
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π+π − π0π0 

π+π −π0 

π0π0π0 

CPLEAR 
Asymmetries 

Non flavour-specific final states 

Rate difference Acceptance 
cancellation 

Measure η 
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Direct CP violation 
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Kinds of CP violation 

CP violation in ΔS=2 interactions is called 

INDIRECT CP VIOLATION 
CP violation in ΔS=1 interactions is called 

DIRECT CP VIOLATION 

CP violation due to the CP impurity (ε) of physical states is 

CP VIOLATION IN MIXING 

It is of the indirect type 

KL  K2+ ε K1 

                        ππ 
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CP violation in the physical decay process is called 

CP VIOLATION IN THE DECAY 

It is of the direct type 

KL  K2+ ε K1 

              ππ 

Transition from a CP eigenstate 
to another one with opposite eigenvalue:  

K2 (CP=–1)  ππ (CP=+1) 

It represents an intrinsic 
property of weak interactions 

Not present in the superweak model 
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The superweak hypothesis 
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L. Wolfenstein (1964): 
Hypothetical new interaction 
inducing K0K0 transitions (ΔS=2) 
at first-order, with a coupling  
~ 10–7 GF would explain the effect 
while being practically 
undetectable elsewhere. 
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L. Wolfenstein 
(1923-) 
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Constraints on transition amplitudes 

CPT 

T 

CP 

Bars indicate CP-
conjugate states 

a(i  f) = a*(i  f) 

a(i  f) = a*(i  f) 

a(i  f) = a*(i  f) 

a(i  f) = a(i  f) 
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A complex amplitude is not enough 

Two interfering amplitudes are required  
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Need interfering 
amplitudes with different 
weak (φ) and strong (δ) 
phases 

Large asymmetry if 
comparable amplitudes 

CP violation in decays 

−Φ 

+Φ 

+Φ+δ 

−Φ+δ 



M.S. Sozzi Flavour Physics: The Kaon sector 

Semi-leptonic decays (Kℓ3)  

BR(KLπeυ) ≈ 0.39 
BR(KLπμυ) ≈ 0.28 

N+: e+, N–: e– 

x = A(ΔS=-ΔQ)/ 
A(ΔS= ΔQ) 

“ΔS= ΔQ rule” only allows 
K0  π–ℓ+ν  and  K0  π+ℓ–ν 

E.g. Σ–  ne–ν  but not  Σ+  ne+ν  

K0 and K0 cannot both contribute. 

Not CP eigenstates. 
Only one decay amplitude 

Allow flavour tagging 
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Charge asymmetry 
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δe = (3.33 ± 0.14) · 10–3 

δμ = (3.04 ± 0.25) · 10–3 

Contribution from 
strangeness oscillations 
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If CP holds, with initial K0:  

Absolute matter/anti-matter difference 
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CP violation only from 
mixing (indirect): 

SL KK
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More generally, starting from K0 or K0: 

If x=0 (ΔS = ΔQ holds): 
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Incoherent mixture of K0 and K0:  
oscillating term multiplied by  
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Example: CP violation in KL  π0π0 decay 

Different weak phases:  
CP violation 

Different strong phases:  
interference 

ISOSPIN 
BASIS 

PHYSICAL 
(CHARGE) 

BASIS 
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The double ratio method 
Comparing the CP-violating KL decay widths.  
Avoid isospin factors, normalize to the CP-conserving KS decay widths: 
measure and |η00|2 and |η+−|2:  

 

 

Need to measure accurately four decay widths: 
Γ(KS π+π −), Γ(KS π0π0), Γ(KL π+π −), Γ(KL π0π0). 
 

(1) Statistics: BR(KL ππ) ~ 1÷2·10-3  
requires intense KL beam 

(2) Systematics: exploit cancellations 

If concurrent π+π− and π0π0: the K fluxes (KS ≠ KL) do cancel 

If concurrent KS and KL: detector inefficiencies (π+π− ≠ π0π0) do cancel 
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p 

Target 

Multi-stage 
Collimation Charged particle 

sweeping 

Dump 

Neutral 
beam 

Collimator 

Production 
angle 

Proton 
energy 

Beam 
acceptance 

Collimator 
background 

KL beam 

High energy p (~ 10-500 GeV), largest yield for pK ~ 0.3 pp,  
long decay beam line (up to ~ 100 m), long decay volumes (up to 
~ 100 m): long skinny experimental setups 
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KS by regeneration 
Coherent regeneration (transmission): same 
momentum and angle as incident beam 

Diffractive regeneration:  
interaction on nuclei, small angle 

Inelastic regeneration:  
interaction on nucleons, any angle 
(scattered particles can be detected) 

KTeV regenerator: 
84 10x10x2 cm2 scintillator modules 
(fully active), 170 cm long 
|Ar| ~ 0.03 
Diffractive/coherent: 0.09 
Inelastic/coherent: 100 before veto 

KL KL + Ar KS 
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Simultaneous measurement of |η00|2 and |η+-|
2 in a double ratio  

(same interval of p and z):  

 

 

 

 

independent (at first order) from absolute detection efficiencies. 

Measurement of direct CP violation 
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A 

B 

C 

D 

•A+D in vacuum and then B+C with regenerator (BNL) 

•A+B with two beams and converter, and then C+D (FNAL E731) 

•A+D in vacuum and then B+C with close target (CERN NA31) 

•A+B+C+D with two beams and regenerator (FNAL KTeV) 

•A+B+C+D with two beams and close target (CERN NA48) 
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Direct CPV: 1996 A.D. 

FNAL E731 

CERN NA31 
Re(ε’/ε) = (7.4±6.0) · 10-4 

Not disproving superweak 

Re(ε’/ε) = (23.0±6.5) · 10-4 
Inconsistent with superweak 
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KTeV @ Fermilab  
Two parallel KL beams (70 GeV/c), regenerator for KS (alternating) 
EM calorimeter with pure CsI crystals 
K tagging by event position 
MonteCarlo correction for acceptance difference 
   Maximize statistics 
   Data-taking 1997-1999 
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NA48 @ CERN 

Two targets at different distances (KL/KS) 
Converging beams (100 GeV/c) 
Quasi-homogeneous liquid Krypton EM calorimeter 
Kaon tagging by time of flight method 
Event weighting minimizes acceptance correction 
Data-taking 1997-2001 
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’/ results 

[Final 2003] 

[Final 2008] 

Direct CP violation 
evidence > 9 … 
after 36 years! 

Re(’/) = (16.4 ± 1.9) · 10–4 

(Including ΔI=3/2 correction) 

[PDG-rescaled error] 

14% consistency 
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ε’/ε – meaning 

First test of CKM paradigm for CP violation 

CPV as a property of weak interactions 
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05.019.0))892(( *0  KBACP 

(BR=1.5∙10–5)    O(103) events 

(BR=2.0·10–3) 
O(107) events 
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ε’/ε - theory 

Date of exp. measurement 

Extremely hard to keep the non-perturbative part of the 
computation under control: accidental cancellation of two 
terms. Lattice QCD challenge. 
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ΔgC = –3.5∙10–5 

ε’/ε 

ΔgC = –1∙10–5 

ε’/ε: quantitative ? 

Not there yet but 
not giving up… 

(June 10, 2009) 

Expect 20% result 

on ε’/ε in ~3 years. 

Worst theoretical  
hadronic nightmare,  
large cancellations 
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ε’/ε: quantitative ? 
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Kaons come in different kinds… 
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The “well-known” CPV road 
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ε: indirect CPV in K mixing 
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ε: a powerful constraint 
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KTeV, KLOE, NA48: ε 
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KTeV: direct measurement of 
BR(KL+–)/BR(KLe)  
84K events in 1997 
KLOE: direct measurement of  
BR(KL+–)/BR(KLμ) 
45K events from subsample of  
2001-2002 data 
NA48: direct measurement of 
BR(KL+–)/BR(KLe)  
47K events from 2-day run in 1999 

 “The BR revolution”  
- Proper treatment of radiative corrections 
- Several correlations 
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Precision measurements from semi-leptonic KL charge asymmetries 
at KTeV and NA48 using some 100M of decays per experiment:  

(assuming CPT) 

KTeV, NA48: ε 



M.S. Sozzi Flavour Physics: The Kaon sector 

K0  π+π–π0 

Not a CP eigenstate (but CP –1 dominant) 
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CPLEAR (1998): 

Re(η+-0) = (-2 ± 8)·10–3 

Im(η+-0) = (-2 ± 9)·10–3 
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 confronts the SM 

 measured to 0.5% 
With lattice QCD  
K Now also contributing  
to quantitative test of SM  

 ≠ 0 constrains (poorly) the apex of the Unitarity Triangle 
due to the theoretical difficulty in handling the  

hadronic uncertainties 
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ε confronts theoreticians 
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Lattice QCD 
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© O. Cata’ 

The bag factor 
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So, what about εK ? 
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3π states are (predominantly) CP-odd 
CP(π0π0π0) = –1          
CP(π+π–π0) = ±1   (I=0,2: CP=+1, L>0;  I=1,3: CP=–1, L=0) 

 

 

Assuming CPT and ΔI<5/2 for transitions: 

 

 

Estimate (indirect CPV): ΓS(3π) ≈ ΓL(3π)|η|2, or  
BR(KS  3π0) ≈ BR(KL  3π0) |ε|2 (τS/τL) ≈ 1.9·10−9 

CPV in hadronic KS decays 
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“Mixing” “Decay” 
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Look for KS-KL interference  
NA48/1 @ CERN (2005)  
with 5+100 million K decays 

KS → 3π at hadron machines 

Assuming CPT:   
BR(KS30) < 2.310−7 (90% CL)  

Re(000) = 0.002  0.019 
Im(000) = 0.003  0.021 
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K factories 
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K: production (colliders) 

• K+K– or K0K0 pairs can be produced at pp or e+e− colliders, 
enhanced at resonances.  
At high (>> threshold) energies relative production cross 
sections are small. 

• For e+e- the production is EM.  
In particular a “strangeonium” (ss) state, above open 
strangeness threshold, such as Φ(1020 MeV) has  
BR(Φ  KK) ≈ 83%:  
A “kaon factory” or “Φ factory” (analogous to B-factories). 
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Kaon factories 

e+e−  Φ  KK at resonance             σ = 3.1 μb 

JPC(Φ) = 1−−  C(KK) = –1 coherent state 
    (ΦKKγ, opposite C, negligible) 

Bose statistics  Even with strangeness oscillations,  
the two K have to be always distinct (until one decays),  
i.e. KSKL or K0K0 (and K+K−), but never KSKS, K

0K0,… 

 pppp ,,,,
2

1
SLSL KKKKi 

• Tagging: observation of KS(KL) signals presence of KL(KS):  
unique “KS beam” (almost monochromatic, kinematical constraints):  
absolute BR measurements, rare KS decay searches 

• QM correlation: allows interference measurements 

[Lipkin (1968)] 

EPR correlation: 
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Resonant production (K-factory) 

σ(e+ e–  Φ) = 3.1 μb        σ(e+ e–) = 0.17 μb  

BR  βK γβcτ (cm) Pmax (MeV/c) 

K+K– 0.49 0.249 95.4 127 

KSKL 0.34 0.216 343.8 110 

ρπ 0.13 182 

π+π–π0 0.02 462 

ηγ 0.013 362 

Other ≈ 0.1 
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DAΦNE (Frascati) 
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DAΦNE (Frascati) 

• e+e− collider @ s = m(Φ) = 1019.4 MeV 

• 2 interaction regions (KLOE – DEAR/FINUDA), 96m circumference 

• Separate e+ e− rings to minimize beam-beam interactions 

• Crossing angle: 12.5 mrad (p(Φ)  12.5 MeV/c) 
• Up to 120 bunches, spacing: 2.7 ns, E = 0.3-1.5 GeV (RMS ~ 10–3) 

 

Design luminosity: 5·1032 cm−2 s−1 
   (1.5·1032 reached) 

Integrated luminosity: 
~ 2.7 fb-1 (2002-05) 
(~ 8 · 109 Φ decays) 



M.S. Sozzi Flavour Physics: The Kaon sector 

Be beam pipe 
Spherical, small (10 cm ), thin (0.5 mm) 
Instrumented permanent magnet quadrupoles 
Drift chamber 
Light (MS), large (tracking)  
Electromagnetic calorimeter  
Inside coil. hermeticity, high resolution in E  
and time 
Superconducting coil  
(B = 0.52 T)   

KLOE experiment 
K+K–: 1.5 106 /pb–1 
p* = 127 MeV/c 
λ = 95 cm 

KLKS: 106 /pb–1 

p* = 110 MeV/c 
λS = 6 mm   KS decays near interaction point 
λL = 3.4 m    Need large detector (r ~ 0.3 λL) 
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KLOE detector 

Lead/scintillating fibres (1 mm ), 15 X0 

4880 PMTs 
98% solid angle coverage 
σE/E = 5.7% /E(GeV) 
Excellent time resolution (vertexing):  
σt = 54 ps /E(GeV)  50 ps 
σx(vertex)γγ ~ 1.5 cm 

Large (4 m   3.75 m, C frame) 
Very light (gas: 90% He + 10% C4H10) 
12582 stereo–stereo sense wires 
σp/p = 0.4 % 
σx(hit) = 150 mm (xy), 2 mm (z) 
σx(vertex) ~ 1 mm 
σ(mππ) ~ 1 MeV/c2 

Drift chamber EM calorimeter 



M.S. Sozzi Flavour Physics: The Kaon sector 

Interferometry 

t1 t2 
f1 f2 

KS,KL KS,KL 
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• f1 = f2  ΓL, ΓS, Δm 

• ππ, ππ  Re(ε’/ε), Im(ε’/ε) ≈ 3(1- 2) 

• πℓν, πℓν  T,CPT 

• ππ, πℓν  CPT 

Correlated decays to 
same or different final 
states: 
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f1= π+π– 

f2= π0π0 

Measure of  
Im(ε’/ε) = (+– – 00)/3 by 
interferometry  
(region τ < 10 τS) 

Several tests of CP and CPT 

Interferometry 
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Search for tagged KS30 decays 
 

No CPV in sight yet 

KS → 3π at φ factories 

BR(KS30) < 2.610−8 (90% CL)  

1.7 fb–1 of the statistics 
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KLOE: δS(e) 

BR(KSe) = (7.028  0.092)  10–4 

First measurement of KS semi-leptonic decays (KSμ also seen): 

3

syststat 10)9.26.95.1(
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2001-2002 data (410 pb–1):  
13K events 

(Indirect) CP-violating 
charge asymmetry: 

π–e+ν π+e–ν 
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CPT test by comparison to δL(e) (still far from being significant)  
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decay 

CPTV and 
ΔS≠ΔQ 
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© A. De Santis 

Towards KLOE-2 
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© A. De Santis 

Towards KLOE-2 
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Exploring the CKM matrix 
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Cabibbo angle from Kl3 

Measure: radiation-inclusive BRs and lifetimes, form-factors shapes to 
compute phase-space integrals IKl 

Compute: vector form-factor scale at zero momentum transfer f+(0), 
universal short-distance EW correction SW, channel-dependent isospin-
breaking ΔSU(2) and long-distance EM ΔEM corrections 

Extract: modulus |Vus|  
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105-107 events  samples  
~0.1% background 
(for K+, KL) 
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The small print… 
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Kl3 form factors 
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Cabibbo angle (almost…) 
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The lattice contribution: f+(0) 
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The lattice errors: f+(0) 
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Cabibbo angle from Kl2 & πl2 

Measure: radiation-inclusive ratio of BRs 

Compute: ratio of K, π decay constants, channel-dependent long-
distance EM δEM corrections 

Extract: ratio |Vus|/|Vud|  © W. Marciano 2004 
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The lattice contribution: fK/fπ 
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The lattice errors: fK/fπ 
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Theory vs. experiment 
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What about charged Kaons? 
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Hadronic production: charged K 
K± beams readily obtained as secondary beams 
Magnetic selection based on charge and momentum:  

unseparated positive beam contains: p,π+,K+,μ+,e+,… (π/K ~ 0.1) 
K can be tagged by velocity measurement, e.g. TOF or Čerenkov 
Beams can be separated to enrich K component with: 

Electrostatic separators ≈ 1 GeV/c 
RF separators (Panofsky) ≈ 10-60 GeV/c 
to obtain e.g. K/π ~ 3 to 10 

Beam intensity measurable: absolute normalization (difficult at high 
intensity) 

p 

Target 

Collimator Charge-momentum 
selection 

Focusing  
quadrupoles 

Dump Tagging ? 
Separation ? 

Charged 
beam 
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RF-separation 
(Panofsky) 

Requires RF cavities 
with intense fields (SC) 
Allows to greatly 
enhance K with respect 
to π and p, at the 
expense of beam 
intensity. 
Practically limited to 
momenta below few 
tens of GeV. © L. Bellantoni 
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K± beams 

RF-separated charged K beam 
at U-70 PS in Protvino. 
1013 ppp (70 GeV) 
8·106 particles/pulse (>50% K) 
15 GeV/c K+ or K- alternated. 
Used for OKA experiment at 
Protvino.  

Unseparated charged K beam at CERN SPS 
Up to 3·1012 ppp (400 GeV) 
5.5·107 particles/pulse in beam (6% K) 
60 GeV/c narrow band (±5%) 
K+ and K- simultaneous, superimposed. 
 

Used in 2003-2004 by NA48/2 experiment. 
1011 K decays per year collected. 
 

Using CERN-Karlsruhe SC cavities 
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CP violation in Kπ3 decays (why?) 

2π (ε’/ε) 

3π (Ag) 

K± → μ± ν     

 

K± → π± π0    

K± → 3π 

 

 

•CPV for charged particles is direct 

• Most common decay modes which can 
exhibit CPV: 
 

 

 

 
Large statistics, easy selection,  
small backgrounds 

Hadronic uncertainties, small FSI phases 
→ Small asymmetries in SM 

No intrinsic ΔI=1/2 
suppression  

(as it happens in ε’/ε) 
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Kπ3 decays 

BR(K±±+) = 5.57%       BR(K±±00) = 1.73%. 

π1 

π2 

π3 

K 

K±±+   g = −0.2154 ± 0.0035 

K±±00   g = 0.652 ± 0.031 

                |h|, |k| << |g| 

Kinematics: 
 

si = (PK−Pi)
2   i=1,2,3 (3=odd ) 

s0 = (s1+s2+s3)/3 

 

u = (s3−s0)/m
2 = 2mK (mK/3−E*odd)/m

2 
 

v = (s2−s1)/m
2 = 2mK(E*1−E*2)/m

2 

Matrix element: 

 

|M(u,v)|2 ~ 1 + gu + hu2 + kv2 

“charged” “neutral” 
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CP violation in Kπ3 (how) 

Ag = (g+−g−)/(g++g−) ≠ 0 ? 
Measured 
CP−violating  
quantity: 

K− 
K+ 

≠ 

No absolute K flux 
measurement: compare 
only Dalitz plot shapes 
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K±  π+π-π±,π0π0π± 

Alternate proposal (Protvino) OKA (not done): 
alternate separated beams: K± 15 GeV/c  

NA48/2 @ CERN exploit maximally all 
cancellations (robustness) 

• K+ and K− beams: simultaneous, 
overlapping in space, with narrow 
momentum spectra 

• Slope asymmetries on ratios of normalized 
u distributions 

• Equalization of averaged acceptances for K+ 
and K– with frequent inversions of 
magnetic field polarities 



M.S. Sozzi Flavour Physics: The Kaon sector 

NA48/2 beams 
PK spectra,  

603 GeV/c 

54               60              66 

1cm 

50 100 

10 cm 

200 250 m 

He  tank 

+ spectrometer 

• Momentum 
   selection 

• Focusing 
•  sweeping 

• Cleaning 
• Beam  
spectrometer (0.7%) 

~11012 

ppp 

K+ 

K− 

Beams coincide within ~1mm 
all along 114m decay volume, 

always in vacuum 

focusing beams 

BM 

z 

magnet 

vacuum  

tank 
not to scale 

K+ 

K 

2 ÷ 3 M K/spill (π/K ~ 12) 
 π decay products stay in pipe 

0º prod. 
angle 

1011 K decays per year collected 
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Data-taking 2003-04: 3.1x109 + 9.1x107 selected events (K+/K− ≈ 1.8) 
Negligible backgrounds, complementary analyses (detectors) of two modes. 
Ecploit multiple cancellations of instrumental effects with magnetic field 
inversions and simultaneous beams. 

“Odd” pion 
in beam pipe 

“Even” pion 
in beam pipe 

 

in beam pipe 

|
V

|
 

U 

NA48/2: K± → 3π 

9.1∙107 K±  π±π0π0 3.1∙109 K±  π±π+π– 



M.S. Sozzi Flavour Physics: The Kaon sector 

NA48/2: CPV in Kπ3 

(3.1·109 decays) (9.1·107 decays) 

Statistical errors dominate. Improvement x10. No CPV. 

Final results (2003+2004) 

Ag(C) 
 = (-1.5  1.5stat  0.9trig  1.1syst)10–4 

               = (-1.5  2.1) 10–4  

Ag(N)  
=(1.8  1.7stat  0.5syst)10–4 

= (1.8  1.8) 10–4  
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K± asymmetries and SM 

10-6 

NA48/2 

10-5 

10-4 

10-3 

10-2 

SM 

SUSY 
Nuova 
fisica 

HyperCP prelim. (2000) (“charged”) 

TNF (2004) (“neutral”) 

Ford et al. (1970) (“charged”) 

Smith et al. (1975) (“neutral”) 

|A
g
| 

• Ag ~ 10−5 compatible with SM 

• Ag > 1·10−4 SUSY / New Physics 

THEORY: 

SM contribution: several 
computations 
Large hadronic uncertainties  
(~1 order of magnitude) 
Possible enhancements 
beyond SM 

C N 

E. Gámiz et al (2003) 
Estiate in SM (NLO ChPT): 
Ag(C) = (–1.41.2?)10–5 
Ag(N) = (1.10.7?)10–5 

NP window “closed” 
part of SUSY parameter space excluded 
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K± asymmetries and SM 
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CP/CPT violation in ∆ 

Need twin beams 
Need absolute flux 
normalization:  
very hard experimentally 
Anyway generally 
suppressed asymmetries 
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CP violation in Dalitz plot 

Need twin beams 
∆g not necessarily the 
best quantity (what is 
“g”?) 
Measured interference in 
ππγ opens up new 
possibility: Δ(∂σ/∂Eγ) 
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Learning about QCD 
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QCD from K: old way 

ChPT prediction: 

a0=0.2200.005 

2009 

2010 

2003 

1977 

Form factor analysis of  
K±→π+π–e±υ (Ke4) decays 

NA48/2 largest world statistics: 1.13·106 events 

Combined 
NA48/2  
results: 
Striking test  
of QCD 
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QCD from K: new way 
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0.074 0.076 0.078 0.080 0.082 0.072 

M2(00), (GeV/c2)2 

No rescattering 

amplitude 

Cusp point 

Leading effect 

Subleading 

effect 

π+π–→π0π0 rescattering sensitive to S-
wave pion scattering lengths 
(Budini, Fonda 1961 – Cabibbo 2004,  
Improvements: Isidori et al., Colangelo et al., 
Bissinger et al. 

With rad. corr. 

No rad. corr. 

ChPT constraint 

(statistical error only) 

NA48/2 huge statistics 
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QCD from K: the other way 

DIRAC experiment 
@ CERN 
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© L. Nemenov 
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ππ scattering lengths 
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Radiative decays 
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The trouble is… QED 
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KTeV (2006): 112K events 
(40% of total) 
DE/(IB+DE) = 0.689 ± 0.021 
for Eγ > 20 MeV 

NA48/2: 220K events (20% of total) 
DE = (3.35 ± 0.43)%  INT = (2.67± 1.09)% 
for 0 < T*π < 80 MeV 

K  ππ 

Direct emission (DE) Inner bremsstrahlung (IB) KL  π+π− 

Separation by photon spectrum 

K±  π+π0 

INT could give (direct) CPV O(10-4) 
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CPV in K±→±0 

o Asymmetry can manifest itself in rates AN and Dalitz plot AW 

o If ≠0 then +≠ the number of events K+→0 ≠ K-→0 

o Theoretical range 2·10-6 to 1·10-5with 50<E
*<170 MeV. 

o SUSY contributions can push the asymmetry to 10-4 in 

specific region of the Dalitz plot 

o Present experimental knowledge: (0.9±3.3)%   PDG08 

o NA48/2 limit < 1.4x10-3 90% CL based on 1.08 Million events 

 

INT 
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KL,S  ee and CPV 

AΦ = (13.8 ± 2.2) % 

(KTeV + NA48) 

Rare decay (BR ≈ 3·10–7) first seen by KTeV 
Internal γ conversion allows helicity analysis:  
asymmetry in angle φ between ππ and ee planes,  
in agreement with theory (indirect CPV) 

CPV inner bremsstrahlung CPC direct emission 

CPV direct emission Charge radius 

Also KL→e+e–e+e– (KTeV, NA48)  
and related CPV parameters 

All consistent with indirect (ε) CPV 
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K  3πγ 

Dominated by IB at O(p4) for unsuppressed decays  (prediction 

only limited by knowledge of 3π), unlikely to extract direct 

weak part (low-energy constants) 
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Exotics 
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Sterile neutrinos 
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“Dark light” 
Very well suited to K low-energy 
sarches in radiative decays 
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What about time? 
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Kabir Test: T violation in mixing 
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Direct comparison  of T-related transitions: 

CPLEAR (1998): 

Sprod from flavour tag, Sdec from semileptonic decay.  
Assuming CPT symmetry in decay: 
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States are also CP-conjugate 
Compatible with CPV in mixing 

AT = (6.6 ± 1.3)·10–3 

P.K. Kabir 
(1933-2004) 
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Compare B → B– to B– → B  
and other 3 combinations 
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Bα,β = B, B, B+, B– Flavour-tagging and CP-tagging 
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And similar for cosine 

Other effects are small: 
- B lifetime difference 
- Direct CPV 
- CPV in K  

T violation  
in interference 

B+: decay to J/ψKL (CP = +1)  
B–: decay to J/ψKS (CP = –1) 

‹B+|B–›=0  if single phase 
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T violation 
significance: 14 σ 

BABAR (2012) 
500M BB pairs 

B→B– 

B+→B 

B→B+ 

B–→B 

Flavour  
before  

CP 

CP 
before  
flavour 

co
si
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rm

 

sine term 
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Direct time reversal test with K ? 
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T-odd signatures 
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KEK E246 

)%90(105

0011.00023.00017.0

3 CLP

P

T

T





Transverse μ+ polarization in K+→π0μ+υ decay 
CPV not suppressed by ΔI=1/2 (can be 20x ε’/ε ≈ 10–4) 
Tiny SM contribution (≈ 10–7), small FSI (≈ 10–5): 
good window for New Physics search 
Relative phase of scalar coupling FF 

40 years of experimental history 

KEK E246 experiment (final 2006): 

No sign of TRV 
Statistically limited 
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PT sensitive to new physics 
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Fiber target  
read with SiPM 

APD readout for 
CsI(Tl) calorimeter 

Planar GEMs for 
improved tracking 

TOF measurement 
for e/μ 

(aerogel Cerenkov) 

Lead glass Cerenkov 

TREK improvements 
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TREK experiment @ J-PARC 

Goal: 
4

T 10)σ(P 

45 people, 20 institutions  
(Japan, Russia, USA, Canada, Vietnam, Thailand) 

Factor 20 over E246: 
0.8 GeV/c separated K+ branch line (K/π ≈ 2)  
Higher beam intensity (2 MHz K+), 1 year (300 kW beam) 
Active polarimeter (lower systematics, higher acceptance) 
New tracking (w. thinner target and He bags: higher background 
rejection) 

in 1 year 
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Where few dare: CPT 
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CPT test with K 
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Phases in K → ππ decays 
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And the winner is… 
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Ultimate CPT ? 
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CP/T proposal (1997) 

KS/KL interference experiment 
No regenerator: pure tertiary K0 
beam from (separated) K+ 

Project-X intensity 

(1) 

(2) Bell-Steinberger (+ancillary) 
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© A. De Santis 

Lorentz, why not ? 
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© A. De Santis 

Lorentz @ DAФNE 
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© A. De Santis 

Lorentz test @ KLOE 
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Precision (B)SM physics 
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Leptonic decays 



M.S. Sozzi Flavour Physics: The Kaon sector 

Leptonic decays SM 
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Leptonic decays BSM 
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RK = BR(Ke2)/BR(Kμ2): NA62 @ CERN 
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RK = BR(Ke2)/BR(Kμ2) now 
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TREK (E36 @ J-PARC) 
Stopped K beam 

Expectations: 
±0.20% (stat)  
±0.15% (syst) = 
±0.25%  

RK = BR(Ke2)/BR(Kμ2) some more? 
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The ultra-rare world 
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The win-win scenario 
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Why ultra-rare K decays? 

We now know that  
the flavour structure of “TeV scale” BSM physics is not too weird 

FCNC (Flavour-Changing Neutral Current) decays 

Loop-induced: extreme hard-GIM SM suppression 

Room for NP up to 10x SM 

Highly sensitive to NP and discriminating 

K is simple system, few decay channels 

The easy (SM) stuff has been done 

“When the going gets tough, 
the tough get going” 
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The goal: K  ℓℓ 
“Clean” physics 
dominates 

“Dirty” physics gets 
eliminated 

QUANTITATIVE 

QUALITATIVE 
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Semileptonic: single 
hadronic operator 
NP matrix element from 
Ke3 (by isospin) 

“Clean” physics 
dominates 

“Dirty” physics gets 
eliminated 

QUANTITATIVE 

QUALITATIVE 

The goal: K  ℓℓ 
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Very short distance 
physics dominates (GIM): 
perturbative, under 
control at NNLO 

t 

c t 
c 

“Clean” physics 
dominates 

“Dirty” physics gets 
eliminated 

QUANTITATIVE 

QUALITATIVE 

The goal: K  ℓℓ 
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Sensitive to heavy NP 
particles in the loop 

“Clean” physics 
dominates 

“Dirty” physics gets 
eliminated 

QUANTITATIVE 

QUALITATIVE 

The goal: K  ℓℓ 
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For ℓ = ν no photon long-
distance contribution 

“Clean” physics 
dominates 

“Dirty” physics gets 
eliminated 

QUANTITATIVE 

QUALITATIVE 

The goal: K  ℓℓ 
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For the neutral K it is CP-
violating and only top 
contributes 

t 

c t 
c 

The goal: K  ℓℓ 

“Clean” physics 
dominates 

“Dirty” physics gets 
eliminated 

QUANTITATIVE 

QUALITATIVE 
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ε, ε’ 

Unitarity triangle from K 

Ancillary 
measurements 

V*usVud+ V*csVcd+ V*tsVtd = λu + λc + λt = 0 

Ke3 K+  +  KL  0  

Height: Im(λt ) 
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K  ℓℓ decays 

KL  0e+e 10-11 (CPVdir 3·10-12) 
< 2.8 ·10-10  

(FNAL KTeV) 
CPC+CPV  
3 ev. (2.05 bkg) 

KL  0μ+μ 10-11 (CPVdir 1·10-12) 
< 3.8 ·10-10  

(FNAL KTeV) 
CPC+CPV 
2 ev. (0.87 bkg) 

K+  + 8·10-11 (at 7%) 
1.47+1.30

–0.89 · 10-10 
(BNL E787+E949) 

Dedicated expt. 
3 evt. (bkg. 0.45) 

KL  0 2.8·10-11 (at 2%) 
< 6.7 ·10-8  

(KEK E391a) 
CPV dir 
“Nothing to nothing” 

Switch to quantitative test of the SM 
Flavour sector, probing extremely high 
energy scales: precision frontier 
complementary to LHC energy frontier 
Some (tiny!) BRs can be computed to  
very high (few percent) precision 
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KL 0ℓ+ℓ–  

(a) Short-distance part 

(b) Indirect CP-violating from KS→π0ℓ+ℓ– (meas. NA48/1) 

(c) CP conserving long-distance: from KL→π0γγ (meas. KTeV, NA48) 
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KL 0ℓ+ℓ–  
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Rare K decays: the full picture 

© C. Smith 
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K  nn decays 

Governed by single effective operator 
both in SM and beyond it: 

 (sd)V(nn)V-A 
 

The hadronic matrix element is precisely 
measured by K+ →π0e+n (with small and 
well known corrections) 
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The (new) “holy grail” 
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The best measurement of |Vtd|? 
Rather a highly-sensitive search for NP 
Comparison of the two can discriminate by itself the 
flavour structure of NP 

Charged mode only 
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K  nn decays 
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K→πυυ BR predictions 
“Theory error” 

1.7% 

“Theory error” 
2.2% 

KL→π0υυ 

K+→π+υυ 

1010)07.085.0( SMBR

1010)04.026.0( SMBR

The experimental challenges 
stimulated a flurry of theoretical 
improvements 

Comparable, 
unprecedented,  
tiny theoretical errors  
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K  nn decays: SM prediction 
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Example:  
pure V-A structure in εK: only two branches allowed 

K  nn decays: SM prediction 
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MSSM 
Chargino loops 
Wide area open 

Randall-Sundrum w. custodial 
symmetry (RSc), Littlest Higgs w. 
T-parity (LHT), 4th generation 
(SM4) 

K  nn decays: BSM 
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K→πυυ remains clean also beyond SM:  
single effective υυ operator, calculable Wilson coefficient,  
no long-distance effects 
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Zeroing in – 10 event experiments 

© L. Littenberg 
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Zeroing in – 100 event experiments 

© L. Littenberg 
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Zeroing in – 1000 event experiments 

© L. Littenberg 
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NA62 

The long march 



M.S. Sozzi Flavour Physics: The Kaon sector 

E391a final 

KOTO 

KOTO 

The new KL→π0υυ enterprise 

“The best it can be said is that 
so far nobody demonstrated 
conclusively that the 
measurement is impossible”. 
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How to detect a not kinematically closed decay,  
with poor signature, in a 1010 background? 

Not quite your average “needle and haystack” problem 
maybe 105 haystacks… 
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Sherlock Holmes  
The Sign of the Four (1890)  

“…when you have 
eliminated the 
impossible,  
whatever remains, 
however improbable, 
must be the truth” 
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K+  + @ BNL 

BR(K+  +) = 1.56+1.75
0.82 10-10 

BNL E787: stopped low-energy K, many 
redundant measurements 
Detect the sequence e 
Momentum region between  and   
peaks 

Final result: 3 events (bkg 0.15) 
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E949 @ BNL 

Proved K+  could be done in the “traditional” way 
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KL  0 

Only CP-violating term 
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KL  0 

KEK E391-a (2004+): pilot project 
(does not reach SM) 
2 GeV/c pencil beam, PT cut against 
00. 

BNL KOPIO (2006+): TOF with micro-
buched 800 MeV/c beam 
Pre-radiator for photon tracking  
High-efficiency veto system 
Goal: 50 eventi. 
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KEK E391a experiment 

First dedicated pilot experiment to search for KL→π0υυ at the KEK-PS 
Improve over KTeV (Dalitz) limit: BR < 5.9·10-7 

•High intensity: 2·1012 ppp 12 GeV/c (50% DC)  
•“Pencil” beam as transverse constraint: ~ 2 GeV/c K\ at 4° and 11m  
• Photon veto hermeticity down to 1-2 MeV: Pb/scint in high vacuum 
• Good EM calorimetry: ~500 pure CsI 7x7 cm2, with central hole 

Three runs (2004-2005): 12 month total 
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E391a (KEK) 

Pilot project for J-PARC experiment 
“Pencil” beam: ‹p› ≈ 3 GeV/c, n/K ≈ 60 
Photon vetoes at 1 MeV level 
Hadronic background MC 
pT and decay vertex cuts 
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E391a limits 

)%90(101.2)( 70 CLKBR L

 

Run I partial analysis (10% of data): 

)%90(107.6)( 80 CLKBR L

 

Run II: Solved problems with material 
on beam and DAQ inefficiency, reduced 
n flux 

Control bkg: 1.9±0.2, obs. 3,  
                         0.39±0.08, obs. 2 
Background: exp. 0.44±0.11, obs. 0 

Acceptance 0.67%  

Single-event sensitivity: 2.89·10–8 
Still below Grossman-Nir bound  )%90(

107.4)( 500

CL

KBR L

 
Also:  
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KEK E391a final results 

2γ mass with 5mm Al plate run 4γ mass in vacuum run 

Detailed understanding of backgrounds 
Bkg estimate: 0.87±0.41 
3 flux normalizations 
~1% total acceptance  
SES (1.11±0.02±0.10)·10-8 

BR(KL→π0υυ)<2.6· 10-8 (90% CL) 
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The story so far 
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J-PARC 

K1.1 

3 Kaon lines (two separated K+, one K0) 

30 GeV/c, 100 kW reached, upgrade to 1 MW 
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J-PARC  KL beam 

KL → π+π–π0 detected 
1-2 GeV/c 

Yield: 2.3 x proposal 

0.2 ÷ 4 GeV/c KL 
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KOTO experiment 

66 people, 16 institutions (Japan, Korea, USA, Russia, Taiwan) 

Step 1: SES = 2.7 SM events (3 Snowmass years) with 2.2 background 

Step 2 upgrade: 100 SM events  
(dedicated, smaller targeting angle beam line, larger detector) 

Higher beam intensity, acceptance  
Lower DC, yield (angle): 
Statistics: 3000 x E391a 

Halo n/K: 240x E391a: new beam line 

Improved background control:  
new EM calorimeter (> granularity, 
longer), new backside charged veto, 
new beam-hole γ veto (25x Pb/aerogel) 
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KOTO experiment 
K0 at TOkai 
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Engineering run Jan 2013, Short physics run 7-14 May 2013 
Long physics run starting NOW: 30 days @ 15 kW (=1013 ppp) 

KOTO now 
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KOTO Phase 2 
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KOTO roadmap 
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Kaons @ CERN SPS 
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CERN NA62 

Measurement of K+→π+υυ with new decay in-flight technique 
Intense unseparated (6% K+) 75 GeV/c hadron beam: 5·1012 ppp  
High-energy: high yield, large decay volume, more powerful vetoing 
Track incoming K+ in 800MHz beam, particle ID, photon vetoing 

5·1012 K+ decays/year 
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NA62 @ CERN 

2 signal regions:  
I (92% kinematically constrained bkg.) 
II (8% not-constrained bkg.) 
 
Expect ≈ 80 SM events  
with S/N≈10 in 2 years (2014+) 
 

I II 

NA62 
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NA62 @ CERN 
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US: strong interest 
and many casualties 
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ORKA@FNAL 

• 10x exposure of E949 
• 10x better acceptance  
• Scientific approval December 2011 
• 400-event experiment 
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ORKA@FNAL 
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ORKA sensitivity 
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LFV with Kaons 
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LFV potential @ CERN NA62 
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FNAL Project-X 

Ultimate proton driver for the next decade 
50-120 GeV for υ, K, μ, n(EDM) 

Slow extraction limited from circular machines (10s of kW):  
Continuous-Wave LINAC (p or H–), 3 MW at 3 GeV, 3·1015 p/s 
30x AGS K yield (1/10 K/p, 300x flux) 

(megatron, intensitron,…) 
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Kaons at Project-X 

KL→π0υυ experiment: the best of both worlds 
- Intrinsic high-precision timing:  
TOF approach (KOPIO)  
beam microbunching 50ps/40ns) 
- Round and small beam  
(acceptance and bkg rejection) 

~200 KL→π0υυ evts/year (S/B ~  5-10) 

 

Ultimate CPT test at Planck scale: 
interference from pure K0 beam 

~500 K+→π+υυ events/year (S/B ~ 4) 

Flux potential for ultimate ultra-rare K 
decay measurements 
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K experiments 

Ev
en

ts
 

Events 

LL Evts 
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KOPIO-like experiment for Project-X2 

1000-event class 
Really requires 3 GeV  
Stage 2 of Project-X  
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KOPIO technique 
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Rare K decays: now and future 
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And KL ? 

• BR ~ 7x10–9 

• Beautiful signature 

 

 

 

 

 

 

• 1% background 

 

© D. jaffe 

BUT: 
the above process introduces an 
absorptive part that is many times 
larger than the short-distance 
contribution plus a dispersive part 
that can interfere with it. 
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LHCb 
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KS → μ+μ– 
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Kaons?  

K experiments complementary to proton experiments (LHC) 
after all Higgs (or his lookalike) is the source of flavour effects… 

Measured BRs and sensitivities in the 10–12 BR range 

New Physics might already be there: εK? ε’/ε ?  
Only Lattice knows… (at least LQCD can be done…) 

From discovery tool to quantitative probe (CKM) field… 

… working even beyond the SM: ultra-rare K decays are the holy grail 

Effects seen with 10s of kW, need 100s of kW now 

 

 
(and improved |Vcb|, |Vub| would help) 

A flourishing of challenging computations  
and ultra-challenging experimental enterprises 

Kaons! 
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Conclusions ? 

After 64 years of honorable service to physics,  
kaons, as the minimal flavour laboratory,  

are active as ever in offering new ways 
to explore the mysteries of the flavour sector,  

and to answer “Who ordered that?” 
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