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Kaon physics, the “wrong” flavor? 

Kaon decays have played a key role in the 
shaping of SM from the discovery of until today: 
the introduction of strangeness, the  parity 
violation, the quark mixing, the discovery of CP 
violation, the suppression of FCNC and the GIM 
mechanism,...  

Kaon decays involve an intricate interplay 
between weak, electromagnetic and strong 
interactions. A major theoretical challenge has to 
do with the intrinsically non-perturbative nature 
of the strong interactions in kaon physics. 

Even in the “B physics age”, Kaon physics continues to be a good playground to 
investigate flavor dynamics in constraining physics beyond the SM.  
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Kaon physics 

 My outline: 
 - CP violation and beyond. 
 - RK=K+e2/K+µ2: KLOE, NA62, T-REK 
 - K→πνν: NA62, ORKA, K0TO,…  
 - From WG1 at CKM 2012, mainly Vus. 

 - A theoretical comprehensive survey of K decays 
allowed in the SM with BF of at least 10-11: 
V.Cirigliano et al. arXiv:1107.6001v3 [hep-ph]. 

 - A complementary experimental survey: 
A. Sergi at PIC2012, arXiv:1303.0629v1 [hep-ex] 

 … and don’t miss next KAON Conference held in 
Ann Arbor, Michigan (USA) from April 29-May 1 
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CP violation 

In the SM, all described by the 
CKM mechanism. 
 - ε measured since 60s 
 - ε’/ε have to wait the end of 90s. 

CPV: indirect (or in the mixing, 
ε) or direct (or in the decay, ε’)  

CPV legacy from KTeV and NA48 exp: first confirmation of CKM 
picture, ε’/ε measurement (12% accuracy), εK, CPT,…  



5 B. Sciascia - Kaon phyiscs --- Beauty 2013 - 11 April, Bologna, Italy  

CP violation 
Reasonably precise data, but not impressive impact on UT. SM: (1.9±0.2)×10−3 

Waiting for Lattice breakthrough (from arxiv:1206.5142[hep-lat] RBC and UKQCD): 
“We anticipate that a complete calculation of CP violation in K ππ decay within the 
SM will be achieved before the fiftieth anniversary of its original discovery.” 
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KLOE experiment at DaΦne 

  - KSKL (K+K-) pairs emitted ∼back to 
back, p∼110 MeV (∼127 MeV) 
  - Identification of KS,L (K+,-) decay 
(interaction) tags presence of KL,S (K-,+) 
  - Almost pure KS,L and K± beams of 
known momentum. 

e+e- collider, cm energy: √s ~ mφ=1019.4 MeV 
Cross section for φ production at peak: σφ ~ 3.1 µb  

- KLOE data taking completed (2001/5): 
  2.5 fb-1 integrated at √s=M(φ). 

Now, novel collision scheme: (at 
least) L ~ ×3. Resume of data taking 
foreseen for next June 2013  



7 B. Sciascia - Kaon phyiscs --- Beauty 2013 - 11 April, Bologna, Italy  

KS→π0π0π0 at KLOE 
3π0  is pure CP=-1 state; observation of 
KS→3π0  is an unambiguous sign of CPV in 
mixing and/or in decay 

SM: BF(KS→π0π0π0) = 1.9 × 10−9. 

Existing BF(KS→π0π0π0) measurements: 
 - SND (direct search) 1999: < 1.4 × 10−5  
 - NA48 (from interference) 2004: < 7.4 × 10−7  
 - KLOE (direct search) 2005: < 1.2 × 10−7  

KL interactions in the calorimeter to tag KS decay 
and 6 prompt photons required 
Analysis based on photon counting and kinematic fit 
in the 2π0 and 3π0 hypothesis 
Dominant background : KS→2π0 + 2 fake clusters. 

Normalized to N2π0 



•  DATA 
•  MC background 

•  DATA 
•  MC background 
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KS→π0π0π0 at KLOE 

BF(KS→π0π0π0) < 2.6 × 10−8 @90% CL; 
 |η000|<0.0088 @  90%CL 
 arXiv: 1301.7623 [hep-ex] 

First SM observation feasibility at KLOE-2: 
new inner tracker, forward calorimeters for 
better coverage near IP 

Signal box 

Rmin > 65 cm 
(signal region): 
Nobs = 0 
Bexp  = 0 
Sexp = 0.12 

Change wrt the 2005 analysis: 
 - 2004-2005 data sample: ×4 
 - improved clustering algorithm. 
 - hardening KS tagging algorithm. 
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 J-PARC 
Japan Proton Accelerator Research Complex: a series of  
proton accelerators and the experimental facilities that 
make use of the high-intensity proton beams. 

30 GeV/c, 100 kW reached, upgrade to 1 MW 
Hadron-Hall: 3 Kaon lines (two separated K+, one K0) 
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 J-PARC, March 2011 earthquake damages 
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J-PARC, TREK (E06): T violation 
Time 
Reversal 
Experiment with  
Kaons 

 - Original proposal by J.J.Sakuray: in K+µ3 
decay measure the transverse muon polarization: 
null at 1st order in SM; higher order loop 
effects at <10-6.  
 - TREK aims at 10-4 sensitivity 
 - Non-zero PT: T-violation; also an excellent NP 
probe with many models allowing for sizable PT. 

 - detector: upgrade of earlier experiment E246 
used at the KEK: PT=-0.0017(23)STAT(17)SYST. 
 - data taking ~2016 
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RK = Γ(K±
e2)/Γ(K±

µ2) as New Physics probe 
•  SM prediction with 0.04% precision, benefits of cancellation of hadronic 
uncertainties (no fK): RK=2.477(1)×10-5  [Cirigliano Rosell arXiv:0707:4464]. 

•  Helicity suppression can boost NP [Masiero-Paradisi-Petronzio PRD74(2006)011701]. 

•  Experimental accuracy on RK (before KLOE and NA62 results) at 5% level. 
•  Measurements of RK can be very interesting, if error at 1% level or better. 

uL 

sR 
H+ 

eR 

ντ	

LFV from loop generates  
an effective eH+ντ coupling	


LFV can give O(1%) deviation from SM (ΔR
31∼5×10-4, tanβ ∼40, mH ∼ 500 GeV )    
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RK from KLOE (2009) 

 4 m  

M2
lep(MeV2) 

NNout Data 
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RK from KLOE (2009) 



NA62 experiment at CERN	
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SPS LHC 

NA62 

N 

Jura mountains 

Geneva airport 

France 

Switzerland 

2007-2008 RK measurement  

2012 K+ →π+νν  Technical run 

2014 K+ →π+νν  Physics run 

Kaon Physics @ CERN SPS: 

1995-2001:   NA48       ε’/ε 	

2002 :            NA48/1   KS →l+l- 

2003 -2004:   NA48/2    CPV K± 

From 2007:  NA62 

 NA62 

2007-2011 R&D for K+ →π+νν  
2011-2014 Construction and  
                  installation of the  
                  new detectors   
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RK : Ke2 and Kµ2 selection 

K± beams: PK = 75 (2) GeV 
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RK final result (full 2007 data set)  

RK=2.488(7)STAT(7)SYST×10-5; 
full data set: Phys.Lett. B719 (2013) 326-336 
[Includes previous PLB result, 40% 2007 data set] 
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RK world average 
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RK near future: J-PARC E36 (TREK) 
Using a subset of TREK detector and stopped 
kaons from K1.1BR line, E36 plans to measure 
RK; aims at 2×10-3 (stat) and 2×10-3 (syst) 
accuracy. 

From “Progress Report of P36, July 2012”: 
quite aggressive schedule to run E36 in a 
narrow restricted time window before the 
start of the COMET beam line installation:  
  - final assembly in 2014  
  - run on fall 2014-spring 2015   

“TREK collaboration remains interested in 
executing E06 if the accelerator beam 

power will be growing faster.” 
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K→πνν in the SM 

Unique sensitivity to flavor 
couplings of BSM physics about to 
be produced at LHC 
     --- or ---  
Sensitivity to extremely high NP 
scales in the unfortunate case that... 
(10% measurement of K→πυυ BR 
can probe 1000 TeV NP scale) 

K: theoretical cleanliness unmatched, 
simple system, few decay channels 

Extreme hard-GIM SM-suppressed FCNC 
decays: room for NP up to 10× SM. 
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K→πνν and the UT 
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K→πνν and the UT 
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K→πνν and the UT 
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K→πνν and the UT 
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K→πνν and New Physics 

5% measurement 
(arrbitrary position) 
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K→πνν: the long quest 

E391a final 

“The best it can be said is that so far 
nobody demonstrated conclusively 

that the measurement is impossible”. 

Two players in the near future: 
NA62 and (probably) ORKA 
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K+→πνν: signal and background 
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K+→πνν: background rejection 
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The experimental setup at the SPS 

800 MHz from beam; 
10 MHz from decays 

Rate 
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Installation and startup 



ORKA: the golden kaon experiment	
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ORKA: sites considered	
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•  KTeV/Sea-Quest Hall:  
Existing beam transport but not Rad 
hard; small hall, no magnet and no 
cryo, existing and possible future 
Drell-Yan program. 

•  CDF(B0) collision hall: 
Existing tunnels and hall, Rad hard 
transport; adequate hall,  magnet and 
cryo, A0->B0 beam-line required.  



“the detector”	
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The entire ORKA detector (P966 
FNAL proposal) will fit within 
the CDF tracking volume; 
also, a “tiny section” of NA62.  

E787/949 



ORKA: status and timeline	
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J.Ritchie at 
CKM2012 



ORKA: sensitivity	
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Data taking in 2017 and first results in 2020 
Reduce the experimental error to the size of the theory uncertainty. 



KLπ0νν: ”Nothing in, nothing out”	
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The K0TO at J-PARC experiment (E14) aims to 
capture 100 events at SM branching ratio for a 
5% measurement, using the 30 GeV beamline 



K0TO strategy	
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 High acceptance detector plus a small hole to allow the “pencil” KL beam to pass. 
 Cover the decay region with hermetic and very low inefficiency photon veto counters. 
 Detectors in high vacuum to minimize dead materials. 

 Selection: require events to have only 2 photons with π0 invariant mass and large pT(π0) 
(corresponding to the momentum carried by the neutrinos). 
Project back from the photon hit positions towards the beam line  
to determine the KL position in the decay region. 
 Eliminate, eliminate, and eliminate backgrounds and unwanted events. 

All methods were developed for E391a, and will be extended. 



K0TO	
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K0TO: physics run!	
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From the K0TO web-page: the only kaon experiment which 
is taking data ~NOW! Approaching the G-N limit? 
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From CKM 2012: nothing new? 
Unitarity from first row: 
(most precise test of CKM unitarity) 

CKM 2010: 
 Δ=-0.0001(6) 

CKM 2012: 
Δ=+0.0001(6) 
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Calepino* for the 1st row (*) Calepino = an old and tiring reading volume 

Superallowed Fermi transitions 

Mirror decays 

Neutron lifetime 

Fermi constant 

Semileptonic 
decays 

Leptonic 
decays 

τ hadrons 
decays 
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Vus: a bit of history 
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Experiment, theory, and evaluation 
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Modern Vus inputs 

Input data of the 2010 FlaviaNET final report 
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Update: KS lifetime 
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New NA48/2 FF: solve tension in data set 
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New NA48/2 FF: solve tension in data set 
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Vus from K semileptonic decays: CKM 2010 
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2012: new τS (KLOE, KTeV) and FF (NA48) 
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Accuracy of SU(2)-breaking correction 
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Isospin corrections from lattice 
 - At present one of the dominant (theoretical) source of error in K+l3  
 - Soon needed also for Kl2/πl2: the error on fK/fπ ~ 0.5%, comparable 
with the SU(2) correction value. 
 - More accurate calculation needed: non-perturbative method, LQCD 
 - new collaboration (RM123) set up on purpose; new general method 
(calculate O(md-mu) effects O((md-mu)2) negligible, to be applied to many 
observables) first results obtained look very promising. 
 - reasonably consistent with χPT calculations 
 - calculation for f+(0) is on going (more involved, many diagrams)  

-0.0039(3)(2): LQCD 

-0.0032(3): LQCD, εγ=0 

-0.0022(6): χPT 

51 
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K semileptonic decays: lattice 

simulation around physical mud eliminate the error due chiral extrapolation 
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K semileptonic decays: lattice 

Dominant systematic errors removed: 
 - q2-interpolation (twisted boundary condition) 
 - chiral extrapolation at the physical point 

QCD-part in most simulation statistical limited (“good 
point”: can be improved!) 
A lot of work [ETM, JLQCD, MILC, and RBC.UKQCD] 
improves previous results: hopefully soon published! 

FLAG-2 review is coming.  
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Leptonic decays 

±0
.5

%
	



0+→0+	

Kl3	

Kl2  / πl2	

(4)|Vud|(4)|Vus|	
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Unitarity test 
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New Physics implications of ΔCKM 
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Summary and conclusions 

Results from the upcoming K→πνν NA62 
and K0TO experiments (hoping ORKA will 
join too) will probe deeply the flavor 
structure of the SM. 

After 67 years of honorable service to 
physics, kaons are active as ever in 
offering new ways to explore the 
mysteries of the flavor sector, and to 
answer “Who ordered that?”. 

As in any review talk, plots, ideas, slides, numbers, information,… stolen here and there. 
Special thanks to: V. Cirigliano, S. Giovannella, M. Hasinoff, T.K. Komatsubara, M. Moulson, 

J. Ritchie, G. Ruggiero, M. Sozzi, R. Tshirhart, and WG1 CKM2012 speakers. 

All measurements are currently in agreement with the SM.  
Kaons:  results complementary to LHC.  
             “ecological” experiments: deep re-use of previous detectors 
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Additional information 



“The Flashpoint Kaon Under Siege was added to Star Wars: The Old Republic with  
Patch 1.1 and it’s one of the hardest in the game. It’s intended for players who 
are at least a level 50. It takes place on a Spaceshuttle where an infection broke out, 
which turned everyone into a creature that resembles a zombie.” 

Read more at  http://www.swtorstrategies.com/2013/01/flashpoint-guides-kaon-under-siege.html#hOGHugoejv7GG1bC.99  
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Ke2(γ): signal definition 

SM prediction is defined to be inclusive 
of IB (ignoring DE contributions). 

IB 

IB+DE 

From theory (ChPT) expect DE ∼ IB 
for Ke2, but experimental knowledge is 
poor: δDE/DE∼15% 

IB DE 

•  Define as “signal” events with Eγ<10 MeV. 
•  Evaluating IB spectrum (O(α)+resummation of leading logs) 
obtain a 0.0625(5) correction for the IB tail.  
•  Under 10 MeV, the DE contribution is expected to be negligible. 
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Ke2γ (not only RK background) 
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NA62 layout for RK 

K± beams: 
PK = 75 ± 2 GeV/c  

Main Detectors (NA48): 
Magnetic Spectrometer:            

 σ(P)/P = 0.48% ⊕ 0.009 P(GeV/c)% 
Hodoscope: Fast trigger for charged particles 

and timing for the event (σ(t) = 200 ps)  
Liquid Kripton e.m. calorimeter (LKr):  

σ(E)/E = 3.2%/√E ⊕ 9%/E ⊕ 0.42% (GeV) 
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K→πνν in the SM 
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K+→πνν: sensitivity 

NA62 will measure  K+→πνν to 10% 



65 B. Sciascia - Kaon phyiscs --- Beauty 2013 - 11 April, Bologna, Italy  

Vus: CKM unitarity, gauge universality 
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Kl3 form-factor parameterization 
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Dispersive parameterization for Kl3 FF 
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Dispersive parameterization for Kl3 FF 
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Dispersive parameterization for Kl3 FF 



70 B. Sciascia - Kaon phyiscs --- Beauty 2013 - 11 April, Bologna, Italy  

Implications from BSM physics 
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EFT test 
BSM operators modify (V-A)(V-A) coupling 

BSM operators 
induce different 
interactions 

BSM operators also modify Fermi constant from µ decays: Gµ = GF
(0)(1-εL

(µ)) 



BSM operators also affects precision EW measurements	


many other cases are also discussed (w/o U(3)5; 2HDM, …) 
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What we learn from ΔCKM 


