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FCNC and CPV

εK and ε′￼

K → πX?

 vs unitarity (CAA)|Vus |

Corre
lati

on

K → πνν̄

K → πℓν̄
K− → μν̄

tree-level CPC

New idea in 2017 
[D’Ambrosio, TK, PRL, 1707.06999]

kaon unitarity triangle
[Dery, 2504.12386]

Sensitive to CPV 
when  
interference considered!

K0
L − K0

S

https://arxiv.org/abs/1707.06999
https://arxiv.org/abs/2504.12386
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Introduction to  K0
L / S → μ+μ−

K0

μ+

μ-Hadronic matrix element

K0

μ+

μ-

Leading

P-wave (L=1, S=1)

KL

KS

almost CP-odd

almost CP-even

 S-wave (L=0, S=0)

=   CP-odd

=   CP-even

J = 0 CP violation

(spin singlet)

(spin triplet)

CP violation

0

0

▮ Double-photon exchange is the leading contribution in  

▮ Both CP-conserving and CP-violating contributions exist

K0 → μ+μ−
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▮ When the same final states exist in both  and  decays, the interference 

provides nonzero contributions:  

▮ Such an interference has been observed/utilized in many processes:  e.g.,   

 and 

K0
L K0

S

K0 → ππ, K0 → 3π K0 → π0e+e−

6

K0 (t=0)primary 
 vertex (PV)

τL

τS

2τS

O(1m) : LHCb detector size (for boosted)

cf. CPLEAR experiment@CERN)
K̄0

K0
measured the interference between KL and KS[CPLEAR collaboration ’95]

{KS ,KL} ! ⇡+⇡�
pp̄ !

K0K�⇡+

K̄0K+⇡�

Interference between  and K0
L K0

S
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Direct CP violation in K0
L / S → μ+μ−

▮ Important idea: interference corresponds to genuine direct CP violation 
[D’Ambrosio, TK, 1707.06999; Dery, Ghosh, Grossman, Schacht, 2104.06427]

weak phase = 0; 
strong phase = photon loop: 
 KL → γγ |γγ → μμ

KL

Interference

/ Im [V ⇤
tsVtd]KS

weak phase = arg [Vts Vtd];  
strong phase = 0

1. Numerically enhanced by the anomaly-driven (■) ,  K0
L → γγ

2. Theoretically clean due to the optical theorem in  amplitudeK0
L

Two advantages:

*

■■

<latexit sha1_base64="2o3efhHMz25iMn3ULMRciFSOxpo=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyxC3dREpLosCOLOCvYBTQiT6aQdOpmEmYlQQ9FPceNCEbf+hzv/xknbhVYPXDiccy9z5gQJo1LZ9pdRWFhcWl4prpbW1jc2t8ztnZaMU4FJE8csFp0AScIoJ01FFSOdRBAUBYy0g+FF7rfviJA05rdqlBAvQn1OQ4qR0pJv7rkRUgOMWHY9rjjHoe8m9Mg3y3bVnsD6S5wZKcMMDd/8dHsxTiPCFWZIyq5jJ8rLkFAUMzIuuakkCcJD1CddTTmKiPSySfqxdaiVnhXGQg9X1kT9eZGhSMpRFOjNPKuc93LxP6+bqvDcyyhPUkU4nj4UpsxSsZVXYfWoIFixkSYIC6qzWniABMJKF1bSJTjzX/5LWidVp1at3ZyW65eP0zqKsA8HUAEHzqAOV9CAJmC4hyd4gVfjwXg23oz36WrBmFW4C79gfHwDsx2VKg==</latexit>

O(1/fω)

Both weak and strong phase differences exist 

https://arxiv.org/abs/1707.06999
https://arxiv.org/abs/2104.06427
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Four-fold ambiguity

▮ There are four-fold ambiguity of the strong phase in light of the experimental 

determination 

▮ This provides two SM predictions in K0
L → μ+μ−

<latexit sha1_base64="5FXzN+WScgCtVGoO1CV2mu9i5Y8="></latexit>

B
(
K0

L → µ+µ→)
SM

=

{
7.44+0.41

→0.34 ↑ 10→9 for ÃCP > 0

6.83+0.24
→0.17 ↑ 10→9 for ÃCP < 0

<latexit sha1_base64="xJP6xkyG4mbH2aMRtOeEs0BZ8Yg="></latexit>

cos2 ω0 =
ε2
emm2

µ

2ϑµm2
K

log2
(
1→ ϑµ

1 + ϑµ

)
↑

B
(
K0

L ↓ ϖϖ
)

B (K0
L ↓ µ+µ→)

Optical theorem 

[Dery, Ghosh, Grossman, TK, Schacht, 2211.03804]

[Hoferichter, Hoid, de Elvira, 2310.17689]

<latexit sha1_base64="gKMInW23WnhoqMV4PjjnRbVK3Ag=">AAAB/XicdZBJSwMxHMUzdat1q8vNS7AI9TIk3Q8eCoJ4rGAXaMuQSTNtaGYhyRRqKfpRvHhQxKvfw5vfxnQRVPRB4PHeP+SfnxsJrjRCH1ZiZXVtfSO5mdra3tndS+8fNFQYS8rqNBShbLlEMcEDVtdcC9aKJCO+K1jTHV7M+uaIScXD4EaPI9b1ST/gHqdEm8hJH2U7NFSwMyIyGnAHwXOIzpx0BtkIl0qVPER2DuVxBRtTLBTLeQyxjebKgKVqTvq90wtp7LNAU0GUamMU6e6ESM2pYNNUJ1YsInRI+qxtbEB8prqT+fZTeGqSHvRCaU6g4Tz9fmNCfKXGvmsmfaIH6nc3C//q2rH2Kt0JD6JYs4AuHvJiAXUIZyhgj0tGtRgbQ6jkZldIB0QSqg2wlIHw9VP4v2nkbFyyS9eFTPXyfoEjCY7BCcgCDMqgCq5ADdQBBbfgATyBZ+vOerRerNfFaMJaIjwEP2S9fQKVZ5R1</latexit>

(cosω0 < 0)
<latexit sha1_base64="n2Mvi0B7OB6tseEkrrRkMd4SCAY=">AAAB/XicdZDLSgMxGIUz9Vbrbbzs3ASLUDdDptp2upGCIC4r2At0SsmkaRuauZBkCnUo+ihuXCji1vdw59uYXgQVPRA4nPOH/Pm8iDOpEPowUkvLK6tr6fXMxubW9o65u1eXYSwIrZGQh6LpYUk5C2hNMcVpMxIU+x6nDW94Me0bIyokC4MbNY5o28f9gPUYwUpHHfMg55JQQneERTRgHQTPITrpmFlklQqFsmNDZNmo7DiONvl8AZ0WoW2hmbJgoWrHfHe7IYl9GijCsZQtG0WqnWChGOF0knFjSSNMhrhPW9oG2Keyncy2n8BjnXRhLxT6BArO0u83EuxLOfY9PeljNZC/u2n4V9eKVc9pJyyIYkUDMn+oF3OoQjhFAbtMUKL4WBtMBNO7QjLAAhOlgWU0hK+fwv9NPW/ZRat4fZatXN7PcaTBITgCOWCDEqiAK1AFNUDALXgAT+DZuDMejRfjdT6aMhYI98EPGW+fulOUjg==</latexit>

(cosω0 > 0)

<latexit sha1_base64="RgxSIyRXiBUtP0DFZzgcQ8ChqFw="></latexit>

ω0 → 12→,168→, 192→,348→

SM prediction of 
the CP asymmetry

[D'Ambrosio, Dery, Grossman, TK, Marchevski,  
Martinez Santos, Schacht, 2507.13445]

https://arxiv.org/abs/2211.03804
https://arxiv.org/abs/2310.17689
https://arxiv.org/abs/2507.13445
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New physics for  including interferenceK0
S → μ+μ−

MSSM with large tan β

Leptoquark MSSM with large ALR

[Chobanova, D’Ambrosio, TK, Martinez, 
Santos, Fernandez, Yamamoto ’18]

[Endo, Goto, TK, Mishima, 
Ueda, Yamamoto ’18]

. 2⇥ 10�11
<latexit sha1_base64="Fy6yi0cMgqt30iCZH3hiM6dGWrQ=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBjWUyHdq6K7pxWcE+oK0lk6ZtaCYzJBmhDAU3/oobF4q49Sfc+Tdm2goqeuDC4Zx7ufceP+JMacf5sDJLyyura9n13Mbm1vaOvbvXUGEsCa2TkIey5WNFORO0rpnmtBVJigOf06Y/vkj95i2VioXiWk8i2g3wULABI1gbqWcfdDhVSrEAurCjWUAVRM5NcorQtGfnncJZpeR6JegUHKeMXJQSt+wVPYiMkiIPFqj17PdOPyRxQIUmHCvVRk6kuwmWmhFOp7lOrGiEyRgPadtQgc22bjL7YQqPjdKHg1CaEhrO1O8TCQ6UmgS+6QywHqnfXir+5bVjPah0EyaiWFNB5osGMYc6hGkgsM8kJZpPDMFEMnMrJCMsMdEmtpwJ4etT+D9puAVULLhXXr56vogjCw7BETgBCJRBFVyCGqgDAu7AA3gCz9a99Wi9WK/z1oy1mNkHP2C9fQJKGpan</latexit>

. 3⇥ 10�11
<latexit sha1_base64="p8tJdQEqHnaMQ3af0R/j0cL9AS4=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBjWUyHdq6K7pxWcE+oK0lk6ZtaCYzJBmhDAU3/oobF4q49Sfc+Tdm2goqeuDC4Zx7ufceP+JMacf5sDJLyyura9n13Mbm1vaOvbvXUGEsCa2TkIey5WNFORO0rpnmtBVJigOf06Y/vkj95i2VioXiWk8i2g3wULABI1gbqWcfdDhVSrEAFmFHs4AqiJyb5BShac/OO4WzSsn1StApOE4ZuSglbtkrehAZJUUeLFDr2e+dfkjigApNOFaqjZxIdxMsNSOcTnOdWNEIkzEe0rahAptt3WT2wxQeG6UPB6E0JTScqd8nEhwoNQl80xlgPVK/vVT8y2vHelDpJkxEsaaCzBcNYg51CNNAYJ9JSjSfGIKJZOZWSEZYYqJNbDkTwten8H/ScAuoWHCvvHz1fBFHFhyCI3ACECiDKrgENVAHBNyBB/AEnq1769F6sV7nrRlrMbMPfsB6+wRLrpao</latexit>

Even D=0

D=1

Only large |D|

D=0

R2, or U1,L 

(the others are  
excluded by  

)K+ → π+νν̄

Upper bound Upper bound

D=0.5D=0

current

can be O(10�10)
<latexit sha1_base64="ddE2mC3F6uz6h0+kbQt/a7Bg4i4="></latexit>

[Bobeth, Buras ’18]
B(KS ! µ+µ�)|MSSM ⇠ O(1)⇥ 10�11



/18Teppei Kitahara (CPP), Moriond EW 2026, La Thuile, Italy, March 17, 2026
New directions in Kaon Physics

10

Kaon unitarity triangle

▮ New idea: large uncertainty from can be dropped, when one considers 

the unitarity triangle in not , but in  plane

|Vcb |

(ρ̄, η̄) (A2(1 − ̂ρ), A2 ̂η)
with

<latexit sha1_base64="4NQU4ejS23+Rah2rBDgzLQOY0rA="></latexit>

A2ω4(1→ ε̂+ iϑ̂) ↑ → VtdV →
ts

VcdV →
cs

[Buras, Venturini, 2109.11032; 
Lunghi, Soni, 2408.11190; 

Dery, 2504.12386

[Dery, 2504.12386]

current best-fit point

[Dery, KAON2025]

near future 
 2040≈

https://arxiv.org/abs/2109.11032
https://arxiv.org/abs/2408.11190
https://arxiv.org/abs/2504.12386
https://arxiv.org/abs/2504.12386


Beautiful in theory side 
— but can LHCb really do it?

 and  yields are almost the same in the LHC (momentum-

dependent asymmetry is about a few-percent)

K0 K0

Additional flavor tag is needed 
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▮ We simulates the following events within an LHCb-like setup:

12

Flavor tagging method

accompanying K+

 decay  KS

 decay  KL

PV
 

Interference
KK − KS

▮ Forward  productions 

▮ Two opposite sign muon 

generated from the 

interference region 

▮ Single accompanying 

charged kaon to distinguish 

 or 

ss̄

K0(t = 0) K0(t = 0)

pp → K0 (K̄0) K−(+) X

(kaon-oscillation)

 pair production ss̄

[D’Ambrosio, TK, 1707.06999]

https://arxiv.org/abs/1707.06999
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Comparison with  taggingB0
s

▮ Similar tagging can be possible 

for  decays: same-side-kaon 

(SSK) tag  

▮ Our fast simulation result:

B0
s

pp → B0
s (B0

s ) K+(−)X

pp → B0
s (B0

s ) K+(−)X

pp → K0 (K̄0) K−(+) X

[LHCb, LHCb-CONF-2012-033]

Tagging power:

tagging efficiency of K0

<latexit sha1_base64="dIWBthzSQT56oDoy6zg4aeKlN+I="></latexit>

TP = ωTD
2

Dilution factor 
<latexit sha1_base64="/Slp+9QmFgCCx+/OAZk+giC4cRk=">AAACGXicbVDNS8MwHE3n15xfVY9egmPgYYx2yPQ49OJxwr6gLSPN0i0sbUOSDkfpv+HFf8WLB0U86sn/xqzbQTcfBB7vvV/yy/M5o1JZ1rdR2Njc2t4p7pb29g8Oj8zjk66ME4FJB8csFn0fScJoRDqKKkb6XBAU+oz0/Mnt3O9NiZA0jtpqxokXolFEA4qR0tLAtFI3v8QRI99LrapVtTN3igThkjIdaEMXcS7iB9ioQ7eSwYFZtmpWDrhO7CUpgyVaA/PTHcY4CUmkMENSOrbFlZcioShmJCu5iSQc4QkaEUfTCIVEemm+VAYrWhnCIBb6RArm6u+JFIVSzkJfJ0OkxnLVm4v/eU6igmsvpRFPFInw4qEgYVDFcF4THFJBsGIzTRAWVO8K8RgJhJUus6RLsFe/vE669ZrdqDXuL8vNm2UdRXAGzsEFsMEVaII70AIdgMEjeAav4M14Ml6Md+NjES0Yy5lT8AfG1w/dK5+O</latexit>

ωT → 62%
<latexit sha1_base64="ZDktjD9WeAuW9wDAZjCKEybTZdU="></latexit>

D → 60%

<latexit sha1_base64="XxZNauJRYeo4fb8PORLY31DpH8E=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8FScFVmilSXBUFcVrCt0BlKJk3b0EwSkoxYhoK/wo0LRdz6Z9z5b0wfC209EPg454bcnFhxZqzvf3u5tfWNza38dmFnd2//oHh41DIy1YQ2ieRS38fYUM4EbVpmOb1XmuIk5rQdj66mefuBasOkuLNjRaMEDwTrM4Kts8IQK6XlI6pWw3K3WPIr/kxoFYIFlGChRrf4FfYkSRMqLOHYmE7gKxtlWFtGOJ0UwtRQhckID2jHocAJNVE223mCys7pob7U7giLZu7vGxlOjBknsZtMsB2a5Wxq/pd1Utu/jDImVGqpIPOH+ilHVqJpAajHNCWWjx1gopnbFZEh1phYV1PBlRAsf3kVWtVKUKvUbs9L9euneR15OIFTOIMALqAON9CAJhBQ8Ayv8Oal3ov37n3MR3PeosJj+CPv8wcTUZF8</latexit>

→ 22%

<latexit sha1_base64="ONRShc1fg1IAxvSjnfkYOg/s2ik=">AAAB/3icbZDLSgMxGIUzXmu9jQpu3ARLoW7KjEp1WRTEZYXeoDMOmTRtQzPJkGTEMhb0Vdy4UMStr+HOtzG9LLT1QODjnD/kzwljRpV2nG9rYXFpeWU1s5Zd39jc2rZ3dutKJBKTGhZMyGaIFGGUk5qmmpFmLAmKQkYaYf9ylDfuiFRU8KoexMSPUJfTDsVIGyuw96tBpXARqFvnCHoojqW4hydePrBzTtEZC86DO4UcmKoS2F9eW+AkIlxjhpRquU6s/RRJTTEjw6yXKBIj3Edd0jLIUUSUn473H8K8cdqwI6Q5XMOx+/tGiiKlBlFoJiOke2o2G5n/Za1Ed879lPI40YTjyUOdhEEt4KgM2KaSYM0GBhCW1OwKcQ9JhLWpLGtKcGe/PA/146JbKpZuTnPlq8dJHRlwAA5BAbjgDJTBNaiAGsDgATyDV/BmPVkv1rv1MRldsKYV7oE/sj5/AJDAlPY=</latexit>

TP (B
0
s ) → 3%cf. much better than the  tagging power, thanks to the lower  multiplicityB0

s K+

 multiplicityK+

https://cds.cern.ch/record/1484021
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Background reduction

▮ Background is currently dominated by  

▮ This Bkg. can be separated by an impact parameter cut of  from the PV

K0
S → π+( → μ+ν) π−( → μ−ν̄)

K0
muon from pion decays in flight

Bkg. Signal

Out of the 
kaon invariant 
mass cut

reconstructed invisible  lineK0

for 300 fb-1▮ The IP cut will improve the signal sensitivity by a factor of ≈ 9
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Decay-time analysis

▮ We simulate the decay-time 
distribution for the LHCb 
Upgrade II setup 

▮ It is clearly shown that the 
CP violation between 

 and 
 can be 

measured for small decay 
time region

K0 → μ+μ−

K0 → μ+μ−

<latexit sha1_base64="k0gOlchtrNPBQaMdKgRWWmflYns=">AAACC3icbZBLSwMxFIXv+Kz1NerSTWgRXEiZEamupCCIywr2AZ1hyKRpG5rJDEmmUIaCSzf+FTcuFHHrH3DnvzF9LGrrgcDhOzck94QJZ0o7zo+1srq2vrGZ28pv7+zu7dsHh3UVp5LQGol5LJshVpQzQWuaaU6biaQ4CjlthP2bcd4YUKlYLB70MKF+hLuCdRjB2qDALngkVsgbYJn0WOBcO2fIU0zMk8AuOiVnIrRs3JkpwkzVwP722jFJIyo04Viplusk2s+w1IxwOsp7qaIJJn3cpS1jBY6o8rPJLiN0YkgbdWJpjtBoQudvZDhSahiFZjLCuqcWszH8L2ulunPlZ0wkqaaCTB/qpBzpGI2LQW0mKdF8aAwmkpm/ItLDEhNt6subEtzFlZdN/bzklkvl+4ti5fZxWkcOjqEAp+DCJVTgDqpQAwJP8AJv8G49W6/Wh/U5HV2xZhUewR9ZX7/07Jon</latexit>

cosω0 > 0, sinω0 > 0

Accompanying  tag
K −

Accompanying  tag
K +

[D'Ambrosio, Dery, Grossman, TK, Marchevski,  
Martinez Santos, Schacht, 2507.13445]

https://arxiv.org/abs/2507.13445
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Sensitivity to the sign of A(K0
L → γγ)

▮ A simultaneous fit to the  
and  decay-time 
distributions can probe the 
unknown sign of  

▮ LHCb Upgrade II can 
distinguish discrete ambiguity 
in the SM prediction of

K0

K0 → μ+μ−

A(K0
L → γγ)

Run 5/6 sensitivity

Assuming the SM

<latexit sha1_base64="HiTzWGGAQJOom/jEXKsaguWPoW8=">AAACC3icbVBLSwMxGMzWV62vVY9eQotQEcuuSPVYFETQQwX7gO52yabZNjT7IMkKZSl49OJf8eJBEa/+AW/+G7PbHrR1IGGY+UK+GTdiVEjD+NZyC4tLyyv51cLa+sbmlr690xRhzDFp4JCFvO0iQRgNSENSyUg74gT5LiMtd3iR+q17wgUNgzs5iojto35APYqRVJKjFy0fyQFGLDkfl6+dm64BLRlCy4+7h9l9dODoJaNiZIDzxJySEpii7uhfVi/EsU8CiRkSomMakbQTxCXFjIwLVixIhPAQ9UlH0QD5RNhJlmUM95XSg17I1QkkzNTfLxLkCzHyXTWZbi5mvVT8z+vE0juzExpEsSQBnnzkxQyqtGkxsEc5wZKNFEGYU7UrxAPEEZaqvoIqwZyNPE+axxWzWqnenpRqlw+TOvJgDxRBGZjgFNTAFaiDBsDgETyDV/CmPWkv2rv2MRnNadMKd8EfaJ8/wCiaAg==</latexit>

B(K0
L → µ+µ→)

reduce theoretical uncertainty

[D'Ambrosio, Dery, Grossman, TK, Marchevski,  
Martinez Santos, Schacht, 2507.13445]

https://arxiv.org/abs/2507.13445


/18Teppei Kitahara (CPP), Moriond EW 2026, La Thuile, Italy, March 17, 2026
New directions in Kaon Physics

17

Sensitivity to the CP-violating parameter

▮ In Upgrade II, a factor 3 
improvement is expected using  
events by downstream track 

▮ LHCb Upgrade I and II can 
measure with 150% 
and 35% accuracy, respectively 

▮ Further improvements for 
flavor tagging are possible via

A2λ5 | η̄ |

Run 5/6 sensitivity

Run 3 sensitivity

deep-learning method [Prouve, et al, 2404.14145]

<latexit sha1_base64="tcR9l0StuB+/juXWS/Z9VUqAXL0=">AAACG3icbZDLSgMxGIUzXmu9jbp0EyyCKJSZItVlQRDBTQV7gc60ZNJMG5qZhCSjlKHgY7jxVdy4UMSV4MK3MdN2oa0HAofv/CH5TyAYVdpxvq2FxaXlldXcWn59Y3Nr297ZrSueSExqmDMumwFShNGY1DTVjDSFJCgKGGkEg4ssb9wRqSiPb/VQED9CvZiGFCNtUMcuCSigJ2mvr5GU/B5et9PjkxFszkAHeoK20yzp2AWn6IwF5407NQUwVbVjf3pdjpOIxBozpFTLdYT2UyQ1xYyM8l6iiEB4gHqkZWyMIqL8dLzbCB4a0oUhl+bEGo7p7xspipQaRoGZjJDuq9ksg/9lrUSH535KY5FoEuPJQ2HCoOYwKwp2qSRYs6ExCEtq/gpxH0mEtakzb0pwZ1eeN/VS0S0Xyzenhcrlw6SOHNgHB+AIuOAMVMAVqIIawOARPINX8GY9WS/Wu/UxGV2wphXugT+yvn4A9dOgjQ==</latexit>

pp → K→+X → K0ω+X
<latexit sha1_base64="XAdlVhFBrt/Cafvy5x/GCIE/c3g=">AAACFHicbVDNS8MwHE39nPOr6tFLcAgTcbQi0+NAEEEPE9wHrN1I03QLS9uQpMooA/8FL/4rXjwo4tWDN/8b020H3XwQeLz3yy95z+OMSmVZ38bc/MLi0nJuJb+6tr6xaW5t12WcCExqOGaxaHpIEkYjUlNUMdLkgqDQY6Th9c8zv3FHhKRxdKsGnLgh6kY0oBgpLXXMQw45dATt9hQSIr6HV20LOtd6gY9g0VFxZnPaPjqAzY5ZsErWCHCW2BNSABNUO+aX48c4CUmkMENStmyLKzdFQlHMyDDvJJJwhPuoS1qaRigk0k1HoYZwXys+DGKhT6TgSP19I0WhlIPQ05MhUj057WXif14rUcGZm9KIJ4pEePxQkDCos2YNQZ8KghUbaIKwoPqvEPeQQFjpHvO6BHs68iypH5fscql8c1KoXDyM68iBXbAHisAGp6ACLkEV1AAGj+AZvII348l4Md6Nj/HonDGpcAf8gfH5A3cPnPs=</latexit>

pp → K0!(→ pω→)X
[D’Ambrosio, TK, 

 1707.06999]

[D'Ambrosio, Dery, Grossman, TK, Marchevski,  
Martinez Santos, Schacht, 2507.13445]

https://arxiv.org/abs/2404.14145
https://arxiv.org/abs/1707.06999
https://arxiv.org/abs/2507.13445
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Conclusions

▮ New direction 　             :   interference in  provides a powerful 

probe of CP-violating short-distance physics 

▮ Excellent flavor tagging via  is essential, and simulation shows 

that it is much better than the SSK tag in  decays 

▮ LHCb Upgrade II will offer a unique opportunity to directly measure the CP-violating 

parameter  with 35% uncertainty via   

▮ Run 5 (after the Upgrade II) starts from 2036; complementary to KOTO II ( ) ?

K0
L − K0

S K0 → μ+μ−

pp → K0 (K̄0) K−(+) X

B0
s

A2λ5 | η̄ | K0 → μ+μ−

K0
L → π0νν̄

Thank you!



Backup slides

(c) KMI/Nagoya-U
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K0 =

Leading contribution in  comes from the following diagram:K0 → γγ

⇡0, ⌘8
<latexit sha1_base64="Py4N8o4Lmf4u/VBm5Iu+/X0W8Ko=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4kCFtx3a6K7jRXQX7gM5YMmmmDc08TDKFMtTfcONCEbd+jDv/xvQhqOiBC4dz7uXee7yYM6kQ+jAyK6tr6xvZzdzW9s7uXn7/oCWjRBDaJBGPRMfDknIW0qZiitNOLCgOPE7b3uhi5rfHVEgWhTdqElM3wIOQ+YxgpSXXidktOrt3qMI9u5cvIBNZVqViQWRaCKGSrUmtZper57BoojkKYIlGL//u9COSBDRUhGMpu0UUKzfFQjHC6TTnJJLGmIzwgHY1DXFApZvOj57CE630oR8JXaGCc/X7RIoDKSeBpzsDrIbytzcT//K6ifJtN2VhnCgaksUiP+FQRXCWAOwzQYniE00wEUzfCskQC0yUzimnQ/j6FP5PWiWzWDZL11ahfrWMIwuOwDE4BUVQBXVwCRqgCQi4Aw/gCTwbY+PReDFeF60ZYzlzCH7AePsEdqOR8A==</latexit>

�
<latexit sha1_base64="EwYtOezB1sjaZIlY73uizj+G0BE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLt2Meu4EZ3FewD2qFk0kwbm0yGJCOU0n9w40IRt/6PO//G9CGo6IELh3Pu5d57woQzbRD6cDJr6xubW9nt3M7u3v5B/vCopWWqCG0SyaXqhFhTzmLaNMxw2kkUxSLktB2OL+d++54qzWR8ayYJDQQexixiBBsrtXpDLATu5wvIRb5fLvsQuT5CqFi1pFarlioX0HPRAgWwQqOff+8NJEkFjQ3hWOuuhxITTLEyjHA6y/VSTRNMxnhIu5bGWFAdTBfXzuCZVQYwkspWbOBC/T4xxULriQhtp8BmpH97c/Evr5uaqBpMWZykhsZkuShKOTQSzl+HA6YoMXxiCSaK2VshGWGFibEB5WwIX5/C/0mr6Holt3jjF+rXqziy4AScgnPggQqogyvQAE1AwB14AE/g2ZHOo/PivC5bM85q5hj8gPP2CfwFj28=</latexit>

�
<latexit sha1_base64="EwYtOezB1sjaZIlY73uizj+G0BE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLt2Meu4EZ3FewD2qFk0kwbm0yGJCOU0n9w40IRt/6PO//G9CGo6IELh3Pu5d57woQzbRD6cDJr6xubW9nt3M7u3v5B/vCopWWqCG0SyaXqhFhTzmLaNMxw2kkUxSLktB2OL+d++54qzWR8ayYJDQQexixiBBsrtXpDLATu5wvIRb5fLvsQuT5CqFi1pFarlioX0HPRAgWwQqOff+8NJEkFjQ3hWOuuhxITTLEyjHA6y/VSTRNMxnhIu5bGWFAdTBfXzuCZVQYwkspWbOBC/T4xxULriQhtp8BmpH97c/Evr5uaqBpMWZykhsZkuShKOTQSzl+HA6YoMXxiCSaK2VshGWGFibEB5WwIX5/C/0mr6Holt3jjF+rXqziy4AScgnPggQqogyvQAE1AwB14AE/g2ZHOo/PivC5bM85q5hj8gPP2CfwFj28=</latexit>ΔS=1 term (e.g., W exchange) chiral anomaly (Wess-Zumino-Witten vertex)

Amp . ∝
1

m2
K − m2

π
+

1
3

1
m2

K − m2
η8

=
4m2

K − 3m2
η8

− m2
π

3(m2
K − m2

π)(m2
K − m2

η8
)

The amplitude @O(p4) [e.g., D'Ambrosio, Ecker, Isidori, Neufeld '94]

Gell-Mann—Okubo formula (SU(3)F with massive strange) [Gell-Mann ’61; Okubo ‘62]

4m2
K = 3m2

η8
+ m2

π

= 0

�
<latexit sha1_base64="EwYtOezB1sjaZIlY73uizj+G0BE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLt2Meu4EZ3FewD2qFk0kwbm0yGJCOU0n9w40IRt/6PO//G9CGo6IELh3Pu5d57woQzbRD6cDJr6xubW9nt3M7u3v5B/vCopWWqCG0SyaXqhFhTzmLaNMxw2kkUxSLktB2OL+d++54qzWR8ayYJDQQexixiBBsrtXpDLATu5wvIRb5fLvsQuT5CqFi1pFarlioX0HPRAgWwQqOff+8NJEkFjQ3hWOuuhxITTLEyjHA6y/VSTRNMxnhIu5bGWFAdTBfXzuCZVQYwkspWbOBC/T4xxULriQhtp8BmpH97c/Evr5uaqBpMWZykhsZkuShKOTQSzl+HA6YoMXxiCSaK2VshGWGFibEB5WwIX5/C/0mr6Holt3jjF+rXqziy4AScgnPggQqogyvQAE1AwB14AE/g2ZHOo/PivC5bM85q5hj8gPP2CfwFj28=</latexit>

Leading pieces 
are canceled out

�
<latexit sha1_base64="EwYtOezB1sjaZIlY73uizj+G0BE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLt2Meu4EZ3FewD2qFk0kwbm0yGJCOU0n9w40IRt/6PO//G9CGo6IELh3Pu5d57woQzbRD6cDJr6xubW9nt3M7u3v5B/vCopWWqCG0SyaXqhFhTzmLaNMxw2kkUxSLktB2OL+d++54qzWR8ayYJDQQexixiBBsrtXpDLATu5wvIRb5fLvsQuT5CqFi1pFarlioX0HPRAgWwQqOff+8NJEkFjQ3hWOuuhxITTLEyjHA6y/VSTRNMxnhIu5bGWFAdTBfXzuCZVQYwkspWbOBC/T4xxULriQhtp8BmpH97c/Evr5uaqBpMWZykhsZkuShKOTQSzl+HA6YoMXxiCSaK2VshGWGFibEB5WwIX5/C/0mr6Holt3jjF+rXqziy4AScgnPggQqogyvQAE1AwB14AE/g2ZHOo/PivC5bM85q5hj8gPP2CfwFj28=</latexit>

Interesting cancellation in K0 → γγ
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sign ambiguity of 
A(KL → γγ)

← P-wave is significantly suppressed in the SM

/ Re [V ⇤
tsVtd]

Long distance CPC

Short distance CPC

KL → μ+μ- = |S-wave|2  

KL
⇡0, ⌘, ⌘0

<latexit sha1_base64="U8+yJVccVWietFLHyrj3P4SpfWU=">AAAB+XicdVDLSgMxFM34rPU16tJNsIguZEjbsY9dwY3uKtgHdMaSSTNtaOZBkimUoX/ixoUibv0Td/6N6bSCih64l8M595Kb48WcSYXQh7Gyura+sZnbym/v7O7tmweHbRklgtAWiXgkuh6WlLOQthRTnHZjQXHgcdrxxldzvzOhQrIovFPTmLoBHobMZwQrLfVN04nZPbpwqMJZO+ubBWQh265UbIgsGyFUqmlSr9fK1UtYtFCGAlii2TffnUFEkoCGinAsZa+IYuWmWChGOJ3lnUTSGJMxHtKepiEOqHTT7PIZPNXKAPqR0BUqmKnfN1IcSDkNPD0ZYDWSv725+JfXS5Rfc1MWxomiIVk85CccqgjOY4ADJihRfKoJJoLpWyEZYYGJ0mHldQhfP4X/k3bJKpat0q1daNws48iBY3ACzkERVEEDXIMmaAECJuABPIFnIzUejRfjdTG6Yix3jsAPGG+frHWTEw==</latexit>

π0 and η contributions are cancelled out @O(p4) by the Gell-Mann—Okubo formula. The 

higher order corrections are unknown. 

Absolute value of the amplitude can be extracted from BR(KL → γγ)exp

[D’Ambrosio, Ecker, Isidori, Neufeld ’94; 

Gomez Dumm, Pich ’98;                      

Knecht, Peris, Perrottet, Rafael ’99]

 Interference 

= Re [�t]
<latexit sha1_base64="cfEgH+eh9JK7XKKMnvlOAoAFUK8=">AAACA3icdVDLSgNBEJz1bXxFvellMAgeJOwmWUwOgqAHjyomBrJLmJ10dMjsg5leMSwBL/6KFw+KePUnvPk3TmIEFS0YKKq66OkKEik02va7NTE5NT0zOzefW1hcWl7Jr641dJwqDnUey1g1A6ZBigjqKFBCM1HAwkDCRdA7HPoX16C0iKNz7Cfgh+wyEl3BGRqpnd/Ypx7CDaowO4OBt9vypAl3WBv9dr5gF52y61TL1C66bsUt2YZU3Eq5VqNO0R6hQMY4aeffvE7M0xAi5JJp3XLsBP2MKRRcwiDnpRoSxnvsElqGRiwE7WejGwZ02ygd2o2VeRHSkfo9kbFQ634YmMmQ4ZX+7Q3Fv7xWit2qn4koSREi/rmom0qKMR0WQjtCAUfZN4RxJcxfKb9iinE0teVMCV+X0v9Jo2SKKpZOK4WDo3Edc2STbJEd4pA9ckCOyQmpE05uyT15JE/WnfVgPVsvn6MT1jizTn7Aev0AIHaX3Q==</latexit>

Details of K0
L → μ+μ−
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KS → μ+μ- = |P-wave|2 + |S-wave|2  ← No interference when μ polarizations are not measured

KS

Short distance CPV

Long distance CPC charged pion loop = leading 

/ Im [V ⇤
tsVtd]

[Ecker, Pich ’91;

BR(KS → γγ)exp  determines A(KS → γγ), which includes 17% (FSI) enhancement from pion loop 

Since two photons are off-shell states, the 17% enhancement is debatable and large 

uncertainty appears (reducible via KS → γμμ, KS → μμμμ and KS → μμee by LHCb, KLOE-2)

=

Colangelo, Stucki, Tunstall ‘16]

= Im [�t]
<latexit sha1_base64="nJN8CEpPuYEtJWusQ3Qd9ddv+ec=">AAACA3icdVDLSsNAFJ34rPVVdaebwSK4kJK0DepCKOhCdxWsCkkIk+lUh84kYeZGLKHgxl9x40IRt/6EO//G6UNQ0QMDh3Pu4c49USq4Btv+sCYmp6ZnZgtzxfmFxaXl0srquU4yRVmLJiJRlxHRTPCYtYCDYJepYkRGgl1E3cOBf3HDlOZJfAa9lAWSXMW8wykBI4Wl9QPsA7sFJfMT2fd3PF+YcJuEEISlsl1xaq6zV8N2xXXrbtU2pO7Wa/v72KnYQ5TRGM2w9O63E5pJFgMVRGvPsVMIcqKAU8H6RT/TLCW0S66YZ2hMJNNBPryhj7eM0sadRJkXAx6q3xM5kVr3ZGQmJYFr/dsbiH95XgadvSDncZoBi+loUScTGBI8KAS3uWIURM8QQhU3f8X0mihCwdRWNCV8XYr/J+dVU1SlelovN47GdRTQBtpE28hBu6iBjlETtRBFd+gBPaFn6956tF6s19HohDXOrKEfsN4+AR7bl9w=</latexit>

Details of K0
S → μ+μ−


