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FCNC: short-distance, loop-level, CP-violating, GIM suppressed process.
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KOTO(2015 data) @ J-PARC  
BR < 3e-9

KOTO(2019 data)  
+  

KOTO Gen.2 202(?) 
KLEVER @ CERN

KOTO(2016/18) unblinding 
4 events 

< 1 expected backgrounds

Measured @ E787/E949  
(40 - 60%)

NA62(all) 
towards 10%

NA62(2016/17 data) 
< 1.85e-10 @ 90 C.L.

KL
<latexit sha1_base64="y8jZsk2vQdGiBsx7HAcH5UMh6G0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVbwVNIqftyKXgQ9VDBtoQ1ls920SzebsLsRSuhv8OJBEa/+IG/+GzdpELU+GHi8N8PMPC/iTGnb/rQWFpeWV1YLa8X1jc2t7dLObkuFsSTUISEPZcfDinImqKOZ5rQTSYoDj9O2N75K/fYDlYqF4l5PIuoGeCiYzwjWRnIqN/3bSr9Utqt2BjRPajkpQ45mv/TRG4QkDqjQhGOlujU70m6CpWaE02mxFysaYTLGQ9o1VOCAKjfJjp2iQ6MMkB9KU0KjTP05keBAqUngmc4A65H666Xif1431v65mzARxZoKMlvkxxzpEKWfowGTlGg+MQQTycytiIywxESbfIpZCBcpTr9fnieterV2XD25q5cbl3kcBdiHAziCGpxBA66hCQ4QYPAIz/BiCevJerXeZq0LVj6zB79gvX8BwQCOIA==</latexit>

K+
<latexit sha1_base64="16rTw6QuqmgZX331LDXcA9mfrII=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BFtBEEpSxY9b0YvgpYJpC20sm+2mXbrZhN2NUEJ/gxcPinj1B3nz37hJg6j1wcDjvRlm5nkRo1JZ1qdRWFhcWl4prpbW1jc2t8rbOy0ZxgITB4csFB0PScIoJ46iipFOJAgKPEba3vgq9dsPREga8js1iYgboCGnPsVIacmp3twfVfvlilWzMpjzxM5JBXI0++WP3iDEcUC4wgxJ2bWtSLkJEopiRqalXixJhPAYDUlXU44CIt0kO3ZqHmhlYPqh0MWVmak/JxIUSDkJPN0ZIDWSf71U/M/rxso/dxPKo1gRjmeL/JiZKjTTz80BFQQrNtEEYUH1rSYeIYGw0vmUshAuUpx+vzxPWvWafVw7ua1XGpd5HEXYg304BBvOoAHX0AQHMFB4hGd4MbjxZLwab7PWgpHP7MIvGO9fjVWN/g==</latexit>

futurecurrentpast

A. J. Burjas et al, , JHEP11, 033 (2015)

BR
�
K+ ! ⇡+⌫⌫

�
= (0.84± 0.10)⇥ 10�10,

BR
�
KL ! ⇡0⌫⌫

�
= (0.34± 0.06)⇥ 10�10.

<latexit sha1_base64="u5uXl3q5CtM5JGZwcCuP77zlkgo="></latexit>

BR
�
KL ! ⇡0⌫⌫

�
< 4.4⇥ BR

�
K+ ! ⇡+⌫⌫

�
.

<latexit sha1_base64="uJTwkgRPrqDJ2HiBxqoJliI5afY="></latexit>

Grossman-Nir bound 
(isospin & lifetime)



3*except to reconstruct position of incidence of gammas on ECAL surface.

KOTO 

• hermetic C and 𝛾 vetoes 
• large rec PT 
• decay region rec Zvtx 
• pencil beam → assumes (x,y)=(0,0)

No 3-momentum is directly measured*



4*except to reconstruct position of incidence of gammas on ECAL surface.

No 3-momentum is directly measured*

BR
�
KL ! ⇡0⌫⌫

�
=

�
2.1+4.1

�1.7

�
⇥ 10�9 at KOTO.

<latexit sha1_base64="x+JybKdD0q3BGEEi6Yh40ifmLAo="></latexit>

1 event attributed to overlapped pulse bkg, 
3 events still under study, awaiting publication

T. Kitahara et al, PRL 124, 071801 (2020)

S. Shinohara for KOTO coll. @ KAON2019

If confirmed → 60x larger BR than in the SM

KOTO 

• hermetic C and 𝛾 vetoes 
• large rec PT 
• decay region rec Zvtx 
• pencil beam → assumes (x,y)=(0,0)

(unofficial BR)
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BR
�
KL ! ⇡0⌫⌫

�
=

�
2.1+4.1

�1.7

�
⇥ 10�9 at KOTO.

<latexit sha1_base64="x+JybKdD0q3BGEEi6Yh40ifmLAo="></latexit>

1 event attributed to overlapped pulse bkg, 
3 events still under study, awaiting publication

T. Kitahara et al, PRL 124, 071801 (2020)

S. Shinohara for KOTO coll. @ KAON2019

If confirmed → 60x larger BR than in the SM

KOTO 

• hermetic C and 𝛾 vetoes 
• large rec PT 
• decay region rec Zvtx 
• pencil beam → assumes (x,y)=(0,0)

(unofficial BR)

If true, grossly violates GN bound 

Several alternative discussed so far: 

• new particles produced at the target 

• invisible X production 

KL ! ⇡0X
<latexit sha1_base64="qq3uUda1TsHmzgBsaGwYucJc50Q=">AAAB9HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFN4IuKtgHNLFMppN26GQmzkwKJfQ73LhQxK0f486/cZIGUeuBC4dz7uXee/yIUaVt+9MqLCwuLa8UV0tr6xubW+XtnZYSscSkiQUTsuMjRRjlpKmpZqQTSYJCn5G2P7pM/faYSEUFv9OTiHghGnAaUIy0kbzr3o2rhRvRext2euWKXbUzwHni5KQCcjR65Q+3L3AcEq4xQ0p1HTvSXoKkppiRacmNFYkQHqEB6RrKUUiUl2RHT+GBUfowENIU1zBTf04kKFRqEvqmM0R6qP56qfif1411cOYllEexJhzPFgUxg1rANAHYp5JgzSaGICypuRXiIZIIa5NTKQvhPMXJ98vzpHVUdY6rtdtapX6Rx1EEe2AfHAIHnII6uAIN0AQYPIBH8AxerLH1ZL1ab7PWgpXP7IJfsN6/ANrrkaQ=</latexit>

See Jia Liu’s & Samuel Homiller’s slides from today!
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1) YSM may be ∅ for neutral mesons (2-body) vs YSM charged for charged mesons (3-body). 

• If X1 and X2  stable, very weak bounds (BR < O(10-4) for KL). 

• If X2  unstable, still challenging, but may produce                       … 

• Note the fB/mB suppression in 2-body B decays. Instead                         may  
be relevant as                              .                 

SM singlets (dark states)

We want to revisit pair production of dark sector particles in K and B meson decays.

K,B ! X1 + X2 + YSM
<latexit sha1_base64="K4y5MrKZOKMmI2bIJYgxX23MEHE="></latexit>

⇡0, `+`�, ��,
<latexit sha1_base64="CNYEwoCuMW9+GUb4U01H8aBMu3s=">AAACLHicbVDLSgMxFM3UV62vqks3wSoI1jLV4mNXdOOygn1AZ1oymUwbmswMSaZYhv6AHyNu9TvciLh17x+YTgex6oFcTs595OY4IaNSmearkZmbX1hcyi7nVlbX1jfym1sNGUQCkzoOWCBaDpKEUZ/UFVWMtEJBEHcYaTqDq0m+OSRC0sC/VaOQ2Bz1fOpRjJSWuvk9K6QdswitokUY6xwm8Ujfe4hzNI3Fbr5glswE8C8pp6QAUtS6+U/LDXDEia8wQ1K2y2ao7BgJRTEj45wVSRIiPEA90tbUR5xIO05+M4b7WnGhFwh9fAUT9WdHjLiUI+7oSo5UX/7OTcT/cu1Ieed2TP0wUsTH04e8iEEVwIk10KWCYMVGmiAsqN4V4j4SCCtt4Mwkd0hDmW59N1078ehigtNvR/6SxnGpfFKq3FQK1cvUrSzYAbvgAJTBGaiCa1ADdYDBPXgET+DZeDBejDfjfVqaMdKebTAD4+ML0EWoDg==</latexit>

KL ! ⇡0⌫⌫
<latexit sha1_base64="cX7EBWFyghInB7INmbu0uy2HKp4=">AAACJHicbVDLSgMxFM3UV62vqktdBIvgqky1+NgV3Qi6qGAf0BmHTJq2oZlkSDLFMnTjx4hb/Q534sKN/+AfmGkHsdYDFw7nPnJy/JBRpW37w8rMzS8sLmWXcyura+sb+c2tuhKRxKSGBROy6SNFGOWkpqlmpBlKggKfkYbfv0j6jQGRigp+q4chcQPU5bRDMdJG8vK7V961o4UT0jvbEWYyORQ7PBqZ8vIFu2iPAWdJKSUFkKLq5b+ctsBRQLjGDCnVKtmhdmMkNcWMjHJOpEiIcB91SctQjgKi3Hj8ixHcN0obdoQ0xTUcq783YhQoNQx8Mxkg3VN/e4n4X68V6c6pG1MeRppwPHmoEzGoBUwigW0qCdZsaAjCkhqvEPeQRFib4KYutQc0VKnr+4ntcUZnCY5/Epkl9cNi6ahYvikXKudpWlmwA/bAASiBE1ABl6AKagCDB/AEnsGL9Wi9Wm/W+2Q0Y6U722AK1uc38Yym2Q==</latexit>

Can pair production w/ X2 → pi0-like signatures enhance the rate for

B ! KX1X2
<latexit sha1_base64="fbQzBKZIavWIFZ0YeltgIVy+1AQ=">AAACGHicbVDLSsNAFJ34rPUVdelmsBVclaSKj12pG8FNBfuANoTJZNIOnUzCzKRYSn9E3Op3uBO37vwM/8BJGsRaD1w4nPuYM8eLGZXKsj6NpeWV1bX1wkZxc2t7Z9fc22/JKBGYNHHEItHxkCSMctJUVDHSiQVBocdI2xtep/32iAhJI36vxjFxQtTnNKAYKS25plmu91QEb2HHtXVVy65ZsipWBrhI7JyUQI6Ga371/AgnIeEKMyRl17Zi5UyQUBQzMi32EklihIeoT7qachQS6Uwy51N4rBUfBpHQxRXM1N8bExRKOQ49PRkiNZB/e6n4X6+bqODSmVAeJ4pwPHsoSBjUf01jgD4VBCs21gRhQbVXiAdIIKx0WHOX/BGNZe76YWY7y+gqxflPIoukVa3Yp5Wzu2qpVs/TKoBDcAROgA0uQA3cgAZoAgxG4Ak8gxfj0Xg13oz32eiSke8cgDkYH99yU592</latexit>

|V ⇤
tbVts| � |V ⇤

tsVtd|
<latexit sha1_base64="PJotY7JO25in52G+3xHtcSKHAzs=">AAACLXicbVDLSsNAFJ34rPUVdekm2BbERUmq+NgV3bisYB/QxjCZTNOhkwczk2JJ8gV+jLjV73AhiFvX/oF5IdZ6YJjDOffeuXNMnxIuVPVNWlhcWl5ZLa2V1zc2t7blnd0O9wKGcBt51GM9E3JMiYvbggiKez7D0DEp7prjq9TvTjDjxHNvxdTHugNtlwwJgiKRDLlWjTpGKMz47ii9eRwNbDvKaS5ZcVQ15IpaVzMo80QrSAUUaBny18DyUOBgVyAKOe9rqi/0EDJBEMVxeRBw7EM0hjbuJ9SFDuZ6mH0nVmqJYilDjyXHFUqm/u4IocP51DGTSgeKEf/rpeJ/Xj8Qw3M9JK4fCOyi/KFhQBXhKWk2ikUYRoJOEwIRI8muChpBBpFIEpyZZE2Iz4ut7/O1s4wuUpz+JDJPOo26dlw/uWlUmpdFWiWwDw7AIdDAGWiCa9ACbYDAA3gCz+BFepRepXfpIy9dkIqePTAD6fMbXdCqpQ==</latexit>

?

K,B ! X1 + X2 + YSM
<latexit sha1_base64="K4y5MrKZOKMmI2bIJYgxX23MEHE="></latexit>
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Dominant HNL BR:                      w/BR (KL ! ⌫⌧⌫4) ⇡ |U↵4|2 4.6⇥ 10�9, c⌧0⌫4
⇡ 20 cm

|U⌧4|2
. (1)

<latexit sha1_base64="32mTOauDKXBI5RZJFw8PbsGi6DM="></latexit>

⌫4 ! ⌫⌧⇡0
<latexit sha1_base64="fjGJH5DO5lfkHtF7Qfg+FukXINI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDLaCq5LU4mNXdOOygn1AE8NkOmmHTiZhZiKUUnDjr7hxoYhbf8Kdf+MkDaLWAwOHc+7lzjl+zKhUlvVpFBYWl5ZXiqultfWNzS1ze6cto0Rg0sIRi0TXR5IwyklLUcVINxYEhT4jHX90mfqdOyIkjfiNGsfEDdGA04BipLTkmXsVhydeHToqgilzFEqgE9Nbq+KZZatqZYDzxM5JGeRoeuaH049wEhKuMENS9mwrVu4ECUUxI9OSk0gSIzxCA9LTlKOQSHeSZZjCQ630YRAJ/biCmfpzY4JCKcehrydDpIbyr5eK/3m9RAVn7oTyOFGE49mhIGFQB04LgX0qCFZsrAnCguq/QjxEAmGlaytlJZynOPmOPE/atap9XK1f18qNi7yOItgHB+AI2OAUNMAVaIIWwOAePIJn8GI8GE/Gq/E2Gy0Y+c4u+AXj/QsQW5al</latexit>

Once the constraints on the mixing are included: 

BR ~ few x 10 -11 (not too far from SM!) and tens of meters lifetimes.

A neutrino sanity check:

KL
<latexit sha1_base64="qBuXAge/n3cpO+BavNNppmKNpUk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbgRdVLQPaEOZTCft0MkkzEyEEvoJblwo4tYvcuffOEmDqPXAhcM593LvPV7EmdK2/WkVFhaXlleKq6W19Y3NrfL2TkuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vgy9dsPVCoWins9iagb4KFgPiNYG+nuun/TL1fsqp0BzRMnJxXI0eiXP3qDkMQBFZpwrFTXsSPtJlhqRjidlnqxohEmYzykXUMFDqhyk+zUKTowygD5oTQlNMrUnxMJDpSaBJ7pDLAeqb9eKv7ndWPtn7kJE1GsqSCzRX7MkQ5R+jcaMEmJ5hNDMJHM3IrICEtMtEmnlIVwnuLk++V50jqqOsfV2m2tUr/I4yjCHuzDIThwCnW4ggY0gcAQHuEZXixuPVmv1tustWDlM7vwC9b7FwkojcY=</latexit>

⇡0
<latexit sha1_base64="r6WRV3ogzg/z9C17zFJKQGRjtwk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0+HErevFYwbSFNpbNdtMu3WzC7kYoob/BiwdFvPqDvPlv3KRB1Ppg4PHeDDPz/JgzpW370yotLa+srpXXKxubW9s71d29tooSSahLIh7Jro8V5UxQVzPNaTeWFIc+px1/cp35nQcqFYvEnZ7G1AvxSLCAEayN5PZjdm8PqjW7budAi8QpSA0KtAbVj/4wIklIhSYcK9Vz7Fh7KZaaEU5nlX6iaIzJBI9oz1CBQ6q8ND92ho6MMkRBJE0JjXL150SKQ6WmoW86Q6zH6q+Xif95vUQHF17KRJxoKsh8UZBwpCOUfY6GTFKi+dQQTCQztyIyxhITbfKp5CFcZjj7fnmRtE/qzmm9cduoNa+KOMpwAIdwDA6cQxNuoAUuEGDwCM/wYgnryXq13uatJauY2YdfsN6/AIy4jqc=</latexit>

⌫4
<latexit sha1_base64="IQssycC00OIHH3rgEPiyJctsDqc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VL0VvXisYNpCG8pmu2mXbjZhdyOU0N/gxYMiXv1B3vw3btIgan0w8Hhvhpl5fsyZ0rb9aZVWVtfWN8qbla3tnd296v5BR0WJJNQlEY9kz8eKciaoq5nmtBdLikOf064/vcn87gOVikXiXs9i6oV4LFjACNZGcgciGTaG1Zpdt3OgZeIUpAYF2sPqx2AUkSSkQhOOleo7dqy9FEvNCKfzyiBRNMZkise0b6jAIVVemh87RydGGaEgkqaERrn6cyLFoVKz0DedIdYT9dfLxP+8fqKDSy9lIk40FWSxKEg40hHKPkcjJinRfGYIJpKZWxGZYImJNvlU8hCuMjS/X14mnbO6c15v3DVqresijjIcwTGcggMX0IJbaIMLBBg8wjO8WMJ6sl6tt0VrySpmDuEXrPcvo4eOtg==</latexit>

⌫⌧
<latexit sha1_base64="wsRQXc1d8/ioDt4uNCaswmVoVXk=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsA9oQplMJ+3QySTOTIQS+hNuXCji1t9x5984SYOo9cCFwzn3cu89fsyZ0rb9aZWWlldW18rrlY3Nre2d6u5eR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Drzuw9UKhaJOz2NqRfikWABI1gbqeeKZOBqnAyqNbtu50CLxClIDQq0BtUPdxiRJKRCE46V6jt2rL0US80Ip7OKmygaYzLBI9o3VOCQKi/N752hI6MMURBJU0KjXP05keJQqWnom84Q67H662Xif14/0cGFlzIRJ5oKMl8UJBzpCGXPoyGTlGg+NQQTycytiIyxxESbiCp5CJcZzr5fXiSdk7pzWm/cNmrNqyKOMhzAIRyDA+fQhBtoQRsIcHiEZ3ix7q0n69V6m7eWrGJmH37Bev8CSn2QRg==</latexit>

⌫⌧
<latexit sha1_base64="wsRQXc1d8/ioDt4uNCaswmVoVXk=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsA9oQplMJ+3QySTOTIQS+hNuXCji1t9x5984SYOo9cCFwzn3cu89fsyZ0rb9aZWWlldW18rrlY3Nre2d6u5eR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Drzuw9UKhaJOz2NqRfikWABI1gbqeeKZOBqnAyqNbtu50CLxClIDQq0BtUPdxiRJKRCE46V6jt2rL0US80Ip7OKmygaYzLBI9o3VOCQKi/N752hI6MMURBJU0KjXP05keJQqWnom84Q67H662Xif14/0cGFlzIRJ5oKMl8UJBzpCGXPoyGTlGg+NQQTycytiIyxxESbiCp5CJcZzr5fXiSdk7pzWm/cNmrNqyKOMhzAIRyDA+fQhBtoQRsIcHiEZ3ix7q0n69V6m7eWrGJmH37Bev8CSn2QRg==</latexit>

Z
<latexit sha1_base64="JHrdGlyytlFmDJPneNjuEv9H5pg=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbly2YB/YhjKZTtqxk0mYmQgl9AvcuFDErZ/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yXXqdx6oVCwUt3oaUTfAI8F8RrA2UvNuUK7YVTsDWiROTiqQozEof/SHIYkDKjThWKmeY0faTbDUjHA6K/VjRSNMJnhEe4YKHFDlJtmhM3RklCHyQ2lKaJSpPycSHCg1DTzTGWA9Vn+9VPzP68Xav3ATJqJYU0Hmi/yYIx2i9Gs0ZJISzaeGYCKZuRWRMZaYaJNNKQvhMsXZ98uLpH1SdU6rtWatUr/K4yjCARzCMThwDnW4gQa0gACFR3iGF+veerJerbd5a8HKZ/bhF6z3L9HbjRY=</latexit>

SM FCNC loops generate             , but BR → 0 as mν → 0.  

… but rate is much enhaced for “Type-I Seesaw” HNL 

for m4 ~ 400 MeVBR (KL ! ⌫⌧⌫4) ⇡ |U⌧4|2 4.6⇥ 10�9, c⌧0⌫4
⇡ 20 cm

|U⌧4|2
. (1)

<latexit sha1_base64="fVuRVpzMoGOE7WdQ+bRH40jy0q8="></latexit>

e.g., only tau-4 mixing

Can expect larger enhancements for 10’s of GeV-scale mediators & purely “dark” pairs.

A. Abada et al, PRD 95, 075023 (2017)

KL ! ⌫⌫
<latexit sha1_base64="xKHCse3+GTCSBCFoNPszwVTGwtM=">AAACI3icbVBNSwJBGJ61L7Mvq6OXIQ06yWrRx03qEtTBIDVwRWZnZ3VwdmaZmZVk8dCPia71O7pFlw79iP5Bs7pEZg+88PC8348bMqq0bX9YmYXFpeWV7GpubX1jcyu/vdNUIpKYNLBgQt65SBFGOWloqhm5CyVBgctIyx1cJPnWkEhFBb/Vo5B0AtTj1KcYaSN184XSVfcaOlpAR5i6ZEzs8GhsotTNF+2yPQGcJ5WUFEGKejf/5XgCRwHhGjOkVLtih7oTI6kpZmSccyJFQoQHqEfahnIUENWJJ0+M4b5RPOgLaYJrOFF/d8QoUGoUuKYyQLqv/uYS8b9cO9L+aSemPIw04Xi6yI8YND8njkCPSoI1GxmCsKTmVoj7SCKsjW8zk7whDVV69f307IlHZwmOfxyZJ81quXJYPrqpFmvnqVtZUAB74ABUwAmogUtQBw2AwQN4As/gxXq0Xq03631amrHSnl0wA+vzG7A5pZI=</latexit>
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UV completing: 

Higgs portal: 

Vector portal: Require mixing w/ SM Z0 boson (mass mixing)*:

* “dark photons” can only couple through (mZ’/mZ)2  hypercharge coupling or much suppressed photon penguins.

BR(KL ! S1S2) = 2⇥ 10�8 ⇥ �h!S1S2/�
SM
h

0.1

✓
10GeV

mS3

◆4

<latexit sha1_base64="V181mZJ2xnEp1W1l+NLS/EwqCmc="></latexit>

L � µH†HS3 + µS S1S2S3
<latexit sha1_base64="kRyfinwjRF8vtKeeq16Rl5yrofM="></latexit>

In most Higgs portals models, one will automatically generate a prediction for H → inv.

Real scalars w/

L � gXXµi
⇣
H† !DµZH

⌘
EWSB����! "Zm

2
ZXµZ

µ, with "Z =
gXv

mZ
.

<latexit sha1_base64="epGEkiYEo5XIWjTiXimHno/SrWI="></latexit>

L � gXXµi
⇣
H† !DµZH

⌘
EWSB����! "Zm

2
ZXµZ

µ, with "Z =
gXv

mZ
.

<latexit sha1_base64="epGEkiYEo5XIWjTiXimHno/SrWI="></latexit>

"Zg

2 cos ✓W
JNC
µ Z 0µ

+ gX Z 0
µ

�
cV  2�

µ 1 + cA 2�
µ�5 1 + h.c.

�
<latexit sha1_base64="8E3+MEYa+9f4f8D5HdL4SklU8fQ="></latexit>

effective coupling to NC + dark sector 

GXp
2

=
"Zg gX
4cWm2

Z0
<latexit sha1_base64="rWe/gRpKARyKrjhHQOAHfNdJvA8="></latexit>

BR (KL !  1 2)D = 3⇥ 10

�7

✓
GX

GF

◆2

[. . . mass ratios. . . ] .
<latexit sha1_base64="SB//Yl2/ijJyJFlRNhRniCJZVtU="></latexit>

OV
sd = gVsd(s̄L�µdL)⇥ Jµ

X ; OS
sd = gSsdms(s̄RdL)⇥ JX

<latexit sha1_base64="v0r5PGmZ+f2nOoHQwNuqt1niUNE="></latexit>



9* note that “dark photons” can only couple through (mZ’/mZ)2  hypercharge coupling or much suppressed photon penguins.

L =
µ

2
 1�µ⌫ 2 F

µ⌫

<latexit sha1_base64="OqsktqFnn5MOEWnPZwIvdsY1hb8="></latexit>

Leff =
↵� 
4⇡m 

S2Fµ⌫ F̃µ⌫ ,
<latexit sha1_base64="n2WdIuKYLin7TEuWCtvScTE/iW4="></latexit>

�
<latexit sha1_base64="q/GnrdDSQVGLbrabXrBbYNEZT30=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexq8HELevEYwTwgWULvZJKMmZldZmaFsOQfvHhQxKv/482/cXaziBoLGoqqbrq7gogzbVz30yksLa+srhXXSxubW9s75d29lg5jRWiThDxUnQA05UzSpmGG006kKIiA03YwuU799gNVmoXyzkwj6gsYSTZkBIyVWr0RCAH9csWtuhnwIvFyUkE5Gv3yR28QklhQaQgHrbueGxk/AWUY4XRW6sWaRkAmMKJdSyUIqv0ku3aGj6wywMNQ2ZIGZ+rPiQSE1lMR2E4BZqz/eqn4n9eNzfDCT5iMYkMlmS8axhybEKev4wFTlBg+tQSIYvZWTMaggBgbUCkL4TLF2ffLi6R1UvVOq7XbWqV+lcdRRAfoEB0jD52jOrpBDdREBN2jR/SMXpzQeXJenbd5a8HJZ/bRLzjvX6AFj00=</latexit>

�
<latexit sha1_base64="q/GnrdDSQVGLbrabXrBbYNEZT30=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexq8HELevEYwTwgWULvZJKMmZldZmaFsOQfvHhQxKv/482/cXaziBoLGoqqbrq7gogzbVz30yksLa+srhXXSxubW9s75d29lg5jRWiThDxUnQA05UzSpmGG006kKIiA03YwuU799gNVmoXyzkwj6gsYSTZkBIyVWr0RCAH9csWtuhnwIvFyUkE5Gv3yR28QklhQaQgHrbueGxk/AWUY4XRW6sWaRkAmMKJdSyUIqv0ku3aGj6wywMNQ2ZIGZ+rPiQSE1lMR2E4BZqz/eqn4n9eNzfDCT5iMYkMlmS8axhybEKev4wFTlBg+tQSIYvZWTMaggBgbUCkL4TLF2ffLi6R1UvVOq7XbWqV+lcdRRAfoEB0jD52jOrpBDdREBN2jR/SMXpzQeXJenbd5a8HJZ/bRLzjvX6AFj00=</latexit>

KL
<latexit sha1_base64="qBuXAge/n3cpO+BavNNppmKNpUk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbgRdVLQPaEOZTCft0MkkzEyEEvoJblwo4tYvcuffOEmDqPXAhcM593LvPV7EmdK2/WkVFhaXlleKq6W19Y3NrfL2TkuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vgy9dsPVCoWins9iagb4KFgPiNYG+nuun/TL1fsqp0BzRMnJxXI0eiXP3qDkMQBFZpwrFTXsSPtJlhqRjidlnqxohEmYzykXUMFDqhyk+zUKTowygD5oTQlNMrUnxMJDpSaBJ7pDLAeqb9eKv7ndWPtn7kJE1GsqSCzRX7MkQ5R+jcaMEmJ5hNDMJHM3IrICEtMtEmnlIVwnuLk++V50jqqOsfV2m2tUr/I4yjCHuzDIThwCnW4ggY0gcAQHuEZXixuPVmv1tustWDlM7vwC9b7FwkojcY=</latexit>

S2
<latexit sha1_base64="JTtL0z2+khcmzBrp/Hg6eaH51Ps=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS1+NgV3bis1D6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jJA2i1gMXDufcy733eBFnStv2p1VYWV1b3yhulra2d3b3yvsHHRXGktA2CXkoex5WlDNB25ppTnuRpDjwOO1605vU7z5QqVgo7vUsom6Ax4L5jGBtpFZrWBuWK3bVzoCWiZOTCuRoDssfg1FI4oAKTThWqu/YkXYTLDUjnM5Lg1jRCJMpHtO+oQIHVLlJduocnRhlhPxQmhIaZerPiQQHSs0Cz3QGWE/UXy8V//P6sfYv3YSJKNZUkMUiP+ZIhyj9G42YpETzmSGYSGZuRWSCJSbapFPKQrhKcf798jLp1KrOWbV+V680rvM4inAEx3AKDlxAA26hCW0gMIZHeIYXi1tP1qv1tmgtWPnMIfyC9f4F7eGNtA==</latexit>

S1
<latexit sha1_base64="5wOuLIjeIP3GhKc4vYBOkOdy7vQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VL0VvXis1H5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsSZ0rb9aRVWVtfWN4qbpa3tnd298v5BR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Cb1uw9UKhaKez2LqBvgsWA+I1gbqdUaOsNyxa7aGdAycXJSgRzNYfljMApJHFChCcdK9R070m6CpWaE03lpECsaYTLFY9o3VOCAKjfJTp2jE6OMkB9KU0KjTP05keBAqVngmc4A64n666Xif14/1v6lmzARxZoKsljkxxzpEKV/oxGTlGg+MwQTycytiEywxESbdEpZCFcp6t8vL5POWdU5r9buapXGdR5HEY7gGE7BgQtowC00oQ0ExvAIz/BicevJerXeFq0FK585hF+w3r8A7F2Nsw==</latexit>

KL
<latexit sha1_base64="qBuXAge/n3cpO+BavNNppmKNpUk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbgRdVLQPaEOZTCft0MkkzEyEEvoJblwo4tYvcuffOEmDqPXAhcM593LvPV7EmdK2/WkVFhaXlleKq6W19Y3NrfL2TkuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vgy9dsPVCoWins9iagb4KFgPiNYG+nuun/TL1fsqp0BzRMnJxXI0eiXP3qDkMQBFZpwrFTXsSPtJlhqRjidlnqxohEmYzykXUMFDqhyk+zUKTowygD5oTQlNMrUnxMJDpSaBJ7pDLAeqb9eKv7ndWPtn7kJE1GsqSCzRX7MkQ5R+jcaMEmJ5hNDMJHM3IrICEtMtEmnlIVwnuLk++V50jqqOsfV2m2tUr/I4yjCHuzDIThwCnW4ggY0gcAQHuEZXixuPVmv1tustWDlM7vwC9b7FwkojcY=</latexit>

X2
<latexit sha1_base64="0IzdhCd10XcKYrztvk/JC1GZ/Jg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqqXorevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsSZ0rb9aRVWVtfWN4qbpa3tnd298v5BR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Dr1uw9UKhaKez2LqBvgsWA+I1gb6a43rA3LFbtqZ0DLxMlJBXK0huWPwSgkcUCFJhwr1XfsSLsJlpoRTuelQaxohMkUj2nfUIEDqtwkO3WOTowyQn4oTQmNMvXnRIIDpWaBZzoDrCfqr5eK/3n9WPsXbsJEFGsqyGKRH3OkQ5T+jUZMUqL5zBBMJDO3IjLBEhNt0illIVymaHy/vEw6tapzVq3f1ivNqzyOIhzBMZyCA+fQhBtoQRsIjOERnuHF4taT9Wq9LVoLVj5zCL9gvX8B9X+NuQ==</latexit>

X2
<latexit sha1_base64="0IzdhCd10XcKYrztvk/JC1GZ/Jg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqqXorevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsSZ0rb9aRVWVtfWN4qbpa3tnd298v5BR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Dr1uw9UKhaKez2LqBvgsWA+I1gb6a43rA3LFbtqZ0DLxMlJBXK0huWPwSgkcUCFJhwr1XfsSLsJlpoRTuelQaxohMkUj2nfUIEDqtwkO3WOTowyQn4oTQmNMvXnRIIDpWaBZzoDrCfqr5eK/3n9WPsXbsJEFGsqyGKRH3OkQ5T+jUZMUqL5zBBMJDO3IjLBEhNt0illIVymaHy/vEw6tapzVq3f1ivNqzyOIhzBMZyCA+fQhBtoQRsIjOERnuHF4taT9Wq9LVoLVj5zCL9gvX8B9X+NuQ==</latexit>

X1
<latexit sha1_base64="wLF/x0aAb1wf8rHrig8hUWYbu/o=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcduAO76tScHGiRuAWpQoHmwP7oDyOShFRowrFSPdeJtZdiqRnhdFbpJ4rGmEzwiPYMFTikykvzU2foyChDFETSlNAoV39OpDhUahr6pjPEeqz+epn4n9dLdHDhpUzEiaaCzBcFCUc6QtnfaMgkJZpPDcFEMnMrImMsMdEmnUoewmWGs++XF0n7pOae1uq39WrjqoijDAdwCMfgwjk04Aaa0AICI3iEZ3ixuPVkvVpv89aSVczswy9Y71/z+424</latexit>

�
<latexit sha1_base64="q/GnrdDSQVGLbrabXrBbYNEZT30=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexq8HELevEYwTwgWULvZJKMmZldZmaFsOQfvHhQxKv/482/cXaziBoLGoqqbrq7gogzbVz30yksLa+srhXXSxubW9s75d29lg5jRWiThDxUnQA05UzSpmGG006kKIiA03YwuU799gNVmoXyzkwj6gsYSTZkBIyVWr0RCAH9csWtuhnwIvFyUkE5Gv3yR28QklhQaQgHrbueGxk/AWUY4XRW6sWaRkAmMKJdSyUIqv0ku3aGj6wywMNQ2ZIGZ+rPiQSE1lMR2E4BZqz/eqn4n9eNzfDCT5iMYkMlmS8axhybEKev4wFTlBg+tQSIYvZWTMaggBgbUCkL4TLF2ffLi6R1UvVOq7XbWqV+lcdRRAfoEB0jD52jOrpBDdREBN2jR/SMXpzQeXJenbd5a8HJZ/bRLzjvX6AFj00=</latexit>

X1
<latexit sha1_base64="wLF/x0aAb1wf8rHrig8hUWYbu/o=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcduAO76tScHGiRuAWpQoHmwP7oDyOShFRowrFSPdeJtZdiqRnhdFbpJ4rGmEzwiPYMFTikykvzU2foyChDFETSlNAoV39OpDhUahr6pjPEeqz+epn4n9dLdHDhpUzEiaaCzBcFCUc6QtnfaMgkJZpPDcFEMnMrImMsMdEmnUoewmWGs++XF0n7pOae1uq39WrjqoijDAdwCMfgwjk04Aaa0AICI3iEZ3ixuPVkvVpv89aSVczswy9Y71/z+424</latexit>

�
<latexit sha1_base64="q/GnrdDSQVGLbrabXrBbYNEZT30=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexq8HELevEYwTwgWULvZJKMmZldZmaFsOQfvHhQxKv/482/cXaziBoLGoqqbrq7gogzbVz30yksLa+srhXXSxubW9s75d29lg5jRWiThDxUnQA05UzSpmGG006kKIiA03YwuU799gNVmoXyzkwj6gsYSTZkBIyVWr0RCAH9csWtuhnwIvFyUkE5Gv3yR28QklhQaQgHrbueGxk/AWUY4XRW6sWaRkAmMKJdSyUIqv0ku3aGj6wywMNQ2ZIGZ+rPiQSE1lMR2E4BZqz/eqn4n9eNzfDCT5iMYkMlmS8axhybEKev4wFTlBg+tQSIYvZWTMaggBgbUCkL4TLF2ffLi6R1UvVOq7XbWqV+lcdRRAfoEB0jD52jOrpBDdREBN2jR/SMXpzQeXJenbd5a8HJZ/bRLzjvX6AFj00=</latexit>

A)       production B) dipole portal B)      impostor⇡0
<latexit sha1_base64="cCV4e7NZ7z63RObDVztk+/izj38=">AAACC3icbVDNSgMxGMzWv1r/qh69BIvgqexq8edW9OKxgtsW2rVks9k2NJsNSbZYSh9BvOpzeBOvPoSP4RuY3S5irQOBYeb7ksn4glGlbfvTKiwtr6yuFddLG5tb2zvl3b2mihOJiYtjFsu2jxRhlBNXU81IW0iCIp+Rlj+8Tv3WiEhFY36nx4J4EepzGlKMtJHcrqD3dq9csat2BrhInJxUQI5Gr/zVDWKcRIRrzJBSHccW2psgqSlmZFrqJooIhIeoTzqGchQR5U2ysFN4ZJQAhrE0h2uYqb83JihSahz5ZjJCeqD+eqn4n9dJdHjhTSgXiSYczx4KEwZ1DNOfw4BKgjUbG4KwpCYrxAMkEdamn7mbghEVKk/9MIuddXSZ4uynkUXSPKk6p9Xaba1Sv8rbKoIDcAiOgQPOQR3cgAZwAQYUPIFn8GI9Wq/Wm/U+Gy1Y+c4+mIP18Q0mvJxX</latexit> ⇡0

<latexit sha1_base64="cCV4e7NZ7z63RObDVztk+/izj38=">AAACC3icbVDNSgMxGMzWv1r/qh69BIvgqexq8edW9OKxgtsW2rVks9k2NJsNSbZYSh9BvOpzeBOvPoSP4RuY3S5irQOBYeb7ksn4glGlbfvTKiwtr6yuFddLG5tb2zvl3b2mihOJiYtjFsu2jxRhlBNXU81IW0iCIp+Rlj+8Tv3WiEhFY36nx4J4EepzGlKMtJHcrqD3dq9csat2BrhInJxUQI5Gr/zVDWKcRIRrzJBSHccW2psgqSlmZFrqJooIhIeoTzqGchQR5U2ysFN4ZJQAhrE0h2uYqb83JihSahz5ZjJCeqD+eqn4n9dJdHjhTSgXiSYczx4KEwZ1DNOfw4BKgjUbG4KwpCYrxAMkEdamn7mbghEVKk/9MIuddXSZ4uynkUXSPKk6p9Xaba1Sv8rbKoIDcAiOgQPOQR3cgAZwAQYUPIFn8GI9Wq/Wm/U+Gy1Y+c4+mIP18Q0mvJxX</latexit>

Three distinct possibilities to fake a                             signatureKL ! ⇡0⌫⌫
<latexit sha1_base64="cX7EBWFyghInB7INmbu0uy2HKp4=">AAACJHicbVDLSgMxFM3UV62vqktdBIvgqky1+NgV3Qi6qGAf0BmHTJq2oZlkSDLFMnTjx4hb/Q534sKN/+AfmGkHsdYDFw7nPnJy/JBRpW37w8rMzS8sLmWXcyura+sb+c2tuhKRxKSGBROy6SNFGOWkpqlmpBlKggKfkYbfv0j6jQGRigp+q4chcQPU5bRDMdJG8vK7V961o4UT0jvbEWYyORQ7PBqZ8vIFu2iPAWdJKSUFkKLq5b+ctsBRQLjGDCnVKtmhdmMkNcWMjHJOpEiIcB91SctQjgKi3Hj8ixHcN0obdoQ0xTUcq783YhQoNQx8Mxkg3VN/e4n4X68V6c6pG1MeRppwPHmoEzGoBUwigW0qCdZsaAjCkhqvEPeQRFib4KYutQc0VKnr+4ntcUZnCY5/Epkl9cNi6ahYvikXKudpWlmwA/bAASiBE1ABl6AKagCDB/AEnsGL9Wi9Wm/W+2Q0Y6U722AK1uc38Yym2Q==</latexit>

Z-Z’ mixing for decay 
(same as production)

�  i�5 S2
<latexit sha1_base64="tlNHT+8atmiBG6aw5umtekolf0s="></latexit>

KL
<latexit sha1_base64="qBuXAge/n3cpO+BavNNppmKNpUk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbgRdVLQPaEOZTCft0MkkzEyEEvoJblwo4tYvcuffOEmDqPXAhcM593LvPV7EmdK2/WkVFhaXlleKq6W19Y3NrfL2TkuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vgy9dsPVCoWins9iagb4KFgPiNYG+nuun/TL1fsqp0BzRMnJxXI0eiXP3qDkMQBFZpwrFTXsSPtJlhqRjidlnqxohEmYzykXUMFDqhyk+zUKTowygD5oTQlNMrUnxMJDpSaBJ7pDLAeqb9eKv7ndWPtn7kJE1GsqSCzRX7MkQ5R+jcaMEmJ5hNDMJHM3IrICEtMtEmnlIVwnuLk++V50jqqOsfV2m2tUr/I4yjCHuzDIThwCnW4ggY0gcAQHuEZXixuPVmv1tustWDlM7vwC9b7FwkojcY=</latexit>

X1
<latexit sha1_base64="wLF/x0aAb1wf8rHrig8hUWYbu/o=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcduAO76tScHGiRuAWpQoHmwP7oDyOShFRowrFSPdeJtZdiqRnhdFbpJ4rGmEzwiPYMFTikykvzU2foyChDFETSlNAoV39OpDhUahr6pjPEeqz+epn4n9dLdHDhpUzEiaaCzBcFCUc6QtnfaMgkJZpPDcFEMnMrImMsMdEmnUoewmWGs++XF0n7pOae1uq39WrjqoijDAdwCMfgwjk04Aaa0AICI3iEZ3ixuPVkvVpv89aSVczswy9Y71/z+424</latexit>

X2
<latexit sha1_base64="0IzdhCd10XcKYrztvk/JC1GZ/Jg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqqXorevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsSZ0rb9aRVWVtfWN4qbpa3tnd298v5BR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Dr1uw9UKhaKez2LqBvgsWA+I1gb6a43rA3LFbtqZ0DLxMlJBXK0huWPwSgkcUCFJhwr1XfsSLsJlpoRTuelQaxohMkUj2nfUIEDqtwkO3WOTowyQn4oTQmNMvXnRIIDpWaBZzoDrCfqr5eK/3n9WPsXbsJEFGsqyGKRH3OkQ5T+jUZMUqL5zBBMJDO3IjLBEhNt0illIVymaHy/vEw6tapzVq3f1ivNqzyOIhzBMZyCA+fQhBtoQRsIjOERnuHF4taT9Wq9LVoLVj5zCL9gvX8B9X+NuQ==</latexit>

X1
<latexit sha1_base64="wLF/x0aAb1wf8rHrig8hUWYbu/o=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcduAO76tScHGiRuAWpQoHmwP7oDyOShFRowrFSPdeJtZdiqRnhdFbpJ4rGmEzwiPYMFTikykvzU2foyChDFETSlNAoV39OpDhUahr6pjPEeqz+epn4n9dLdHDhpUzEiaaCzBcFCUc6QtnfaMgkJZpPDcFEMnMrImMsMdEmnUoewmWGs++XF0n7pOae1uq39WrjqoijDAdwCMfgwjk04Aaa0AICI3iEZ3ixuPVkvVpv89aSVczswy9Y71/z+424</latexit>

⇡0
<latexit sha1_base64="r6WRV3ogzg/z9C17zFJKQGRjtwk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0+HErevFYwbSFNpbNdtMu3WzC7kYoob/BiwdFvPqDvPlv3KRB1Ppg4PHeDDPz/JgzpW370yotLa+srpXXKxubW9s71d29tooSSahLIh7Jro8V5UxQVzPNaTeWFIc+px1/cp35nQcqFYvEnZ7G1AvxSLCAEayN5PZjdm8PqjW7budAi8QpSA0KtAbVj/4wIklIhSYcK9Vz7Fh7KZaaEU5nlX6iaIzJBI9oz1CBQ6q8ND92ho6MMkRBJE0JjXL150SKQ6WmoW86Q6zH6q+Xif95vUQHF17KRJxoKsh8UZBwpCOUfY6GTFKi+dQQTCQztyIyxhITbfKp5CFcZjj7fnmRtE/qzmm9cduoNa+KOMpwAIdwDA6cQxNuoAUuEGDwCM/wYgnryXq13uatJauY2YdfsN6/AIy4jqc=</latexit>



10* note that “dark photons” can only couple through (mZ’/mZ)2  hypercharge coupling or much suppressed photon penguins.

KL
<latexit sha1_base64="qBuXAge/n3cpO+BavNNppmKNpUk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbgRdVLQPaEOZTCft0MkkzEyEEvoJblwo4tYvcuffOEmDqPXAhcM593LvPV7EmdK2/WkVFhaXlleKq6W19Y3NrfL2TkuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vgy9dsPVCoWins9iagb4KFgPiNYG+nuun/TL1fsqp0BzRMnJxXI0eiXP3qDkMQBFZpwrFTXsSPtJlhqRjidlnqxohEmYzykXUMFDqhyk+zUKTowygD5oTQlNMrUnxMJDpSaBJ7pDLAeqb9eKv7ndWPtn7kJE1GsqSCzRX7MkQ5R+jcaMEmJ5hNDMJHM3IrICEtMtEmnlIVwnuLk++V50jqqOsfV2m2tUr/I4yjCHuzDIThwCnW4ggY0gcAQHuEZXixuPVmv1tustWDlM7vwC9b7FwkojcY=</latexit>

X1
<latexit sha1_base64="wLF/x0aAb1wf8rHrig8hUWYbu/o=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcduAO76tScHGiRuAWpQoHmwP7oDyOShFRowrFSPdeJtZdiqRnhdFbpJ4rGmEzwiPYMFTikykvzU2foyChDFETSlNAoV39OpDhUahr6pjPEeqz+epn4n9dLdHDhpUzEiaaCzBcFCUc6QtnfaMgkJZpPDcFEMnMrImMsMdEmnUoewmWGs++XF0n7pOae1uq39WrjqoijDAdwCMfgwjk04Aaa0AICI3iEZ3ixuPVkvVpv89aSVczswy9Y71/z+424</latexit>

X2
<latexit sha1_base64="0IzdhCd10XcKYrztvk/JC1GZ/Jg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqqXorevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsSZ0rb9aRVWVtfWN4qbpa3tnd298v5BR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Dr1uw9UKhaKez2LqBvgsWA+I1gb6a43rA3LFbtqZ0DLxMlJBXK0huWPwSgkcUCFJhwr1XfsSLsJlpoRTuelQaxohMkUj2nfUIEDqtwkO3WOTowyQn4oTQmNMvXnRIIDpWaBZzoDrCfqr5eK/3n9WPsXbsJEFGsqyGKRH3OkQ5T+jUZMUqL5zBBMJDO3IjLBEhNt0illIVymaHy/vEw6tapzVq3f1ivNqzyOIhzBMZyCA+fQhBtoQRsIjOERnuHF4taT9Wq9LVoLVj5zCL9gvX8B9X+NuQ==</latexit>

X1
<latexit sha1_base64="wLF/x0aAb1wf8rHrig8hUWYbu/o=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcduAO76tScHGiRuAWpQoHmwP7oDyOShFRowrFSPdeJtZdiqRnhdFbpJ4rGmEzwiPYMFTikykvzU2foyChDFETSlNAoV39OpDhUahr6pjPEeqz+epn4n9dLdHDhpUzEiaaCzBcFCUc6QtnfaMgkJZpPDcFEMnMrImMsMdEmnUoewmWGs++XF0n7pOae1uq39WrjqoijDAdwCMfgwjk04Aaa0AICI3iEZ3ixuPVkvVpv89aSVczswy9Y71/z+424</latexit>

⇡0
<latexit sha1_base64="r6WRV3ogzg/z9C17zFJKQGRjtwk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0+HErevFYwbSFNpbNdtMu3WzC7kYoob/BiwdFvPqDvPlv3KRB1Ppg4PHeDDPz/JgzpW370yotLa+srpXXKxubW9s71d29tooSSahLIh7Jro8V5UxQVzPNaTeWFIc+px1/cp35nQcqFYvEnZ7G1AvxSLCAEayN5PZjdm8PqjW7budAi8QpSA0KtAbVj/4wIklIhSYcK9Vz7Fh7KZaaEU5nlX6iaIzJBI9oz1CBQ6q8ND92ho6MMkRBJE0JjXL150SKQ6WmoW86Q6zH6q+Xif95vUQHF17KRJxoKsh8UZBwpCOUfY6GTFKi+dQQTCQztyIyxhITbfKp5CFcZjj7fnmRtE/qzmm9cduoNa+KOMpwAIdwDA6cQxNuoAUuEGDwCM/wYgnryXq13uatJauY2YdfsN6/AIy4jqc=</latexit>

A)       production⇡0
<latexit sha1_base64="cCV4e7NZ7z63RObDVztk+/izj38=">AAACC3icbVDNSgMxGMzWv1r/qh69BIvgqexq8edW9OKxgtsW2rVks9k2NJsNSbZYSh9BvOpzeBOvPoSP4RuY3S5irQOBYeb7ksn4glGlbfvTKiwtr6yuFddLG5tb2zvl3b2mihOJiYtjFsu2jxRhlBNXU81IW0iCIp+Rlj+8Tv3WiEhFY36nx4J4EepzGlKMtJHcrqD3dq9csat2BrhInJxUQI5Gr/zVDWKcRIRrzJBSHccW2psgqSlmZFrqJooIhIeoTzqGchQR5U2ysFN4ZJQAhrE0h2uYqb83JihSahz5ZjJCeqD+eqn4n9dJdHjhTSgXiSYczx4KEwZ1DNOfw4BKgjUbG4KwpCYrxAMkEdamn7mbghEVKk/9MIuddXSZ4uynkUXSPKk6p9Xaba1Sv8rbKoIDcAiOgQPOQR3cgAZwAQYUPIFn8GI9Wq/Wm/U+Gy1Y+c4+mIP18Q0mvJxX</latexit>

At KOTO, such events are reconstructed as

50 100 150 200 250 300 350 400
|~pT

⇡ |/MeV

0.000

0.002
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0.006

0.008

0.010

0.012

0.014

p
d
f

prompt

c⌧0
2 = 23 cm

KL !  1 ( 2 ! ⇡0), m2 = 180 MeV, m1 = 30 MeV

Analysis assumes decay occurs along the center of the beam: 
— mis-reconstruction of pT — 

Z-Z’ mixing for decay 
(same as production)
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Belle-II at full luminosity with 10% measurement of  

is sensitive to our hypothesis (at       )    

B ! K /E
<latexit sha1_base64="epUaXYMnDxLME/7nYKZGn/uk594="></latexit>

1�
<latexit sha1_base64="Av/Favt0E5tiDkMOwkgjYZuzkOE=">AAACOHicbVDJTsMwFLTLVsrWwrGXiAqJU5VAxXKr4MKxSHSR2qhyHKex6jiR7VREVT+CK/wJf8KNG+LKF+CkESKUkSyNZt6zx+NEjEplmm+wtLa+sblV3q7s7O7tH1Rrhz0ZxgKTLg5ZKAYOkoRRTrqKKkYGkSAocBjpO9Pb1O/PiJA05A8qiYgdoAmnHsVIaalvjSSdBGhcbZhNM4OxSqycNECOzrgG6yM3xHFAuMIMSTm0zEjZcyQUxYwsKqNYkgjhKZqQoaYcBUTa8yzvwjjRimt4odCHKyNTf2/MUSBlEjh6MkDKl3+9VPzPG8bKu7LnlEexIhwvH/JiZqjQSD9vuFQQrFiiCcKC6qwG9pFAWOmKCje5MxrJPPXjMnYhReQnkmJZFKVuwifuIqvzOsXFT3mrpHfWtM6brftWo32TF1sGdXAMToEFLkEb3IEO6AIMpuAJPIMX+Arf4Qf8XI6WYL5zBAqAX99SHq4e</latexit>

KL
<latexit sha1_base64="qBuXAge/n3cpO+BavNNppmKNpUk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKbgRdVLQPaEOZTCft0MkkzEyEEvoJblwo4tYvcuffOEmDqPXAhcM593LvPV7EmdK2/WkVFhaXlleKq6W19Y3NrfL2TkuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vgy9dsPVCoWins9iagb4KFgPiNYG+nuun/TL1fsqp0BzRMnJxXI0eiXP3qDkMQBFZpwrFTXsSPtJlhqRjidlnqxohEmYzykXUMFDqhyk+zUKTowygD5oTQlNMrUnxMJDpSaBJ7pDLAeqb9eKv7ndWPtn7kJE1GsqSCzRX7MkQ5R+jcaMEmJ5hNDMJHM3IrICEtMtEmnlIVwnuLk++V50jqqOsfV2m2tUr/I4yjCHuzDIThwCnW4ggY0gcAQHuEZXixuPVmv1tustWDlM7vwC9b7FwkojcY=</latexit>

X1
<latexit sha1_base64="wLF/x0aAb1wf8rHrig8hUWYbu/o=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcduAO76tScHGiRuAWpQoHmwP7oDyOShFRowrFSPdeJtZdiqRnhdFbpJ4rGmEzwiPYMFTikykvzU2foyChDFETSlNAoV39OpDhUahr6pjPEeqz+epn4n9dLdHDhpUzEiaaCzBcFCUc6QtnfaMgkJZpPDcFEMnMrImMsMdEmnUoewmWGs++XF0n7pOae1uq39WrjqoijDAdwCMfgwjk04Aaa0AICI3iEZ3ixuPVkvVpv89aSVczswy9Y71/z+424</latexit>

X2
<latexit sha1_base64="0IzdhCd10XcKYrztvk/JC1GZ/Jg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqqXorevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsSZ0rb9aRVWVtfWN4qbpa3tnd298v5BR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Dr1uw9UKhaKez2LqBvgsWA+I1gb6a43rA3LFbtqZ0DLxMlJBXK0huWPwSgkcUCFJhwr1XfsSLsJlpoRTuelQaxohMkUj2nfUIEDqtwkO3WOTowyQn4oTQmNMvXnRIIDpWaBZzoDrCfqr5eK/3n9WPsXbsJEFGsqyGKRH3OkQ5T+jUZMUqL5zBBMJDO3IjLBEhNt0illIVymaHy/vEw6tapzVq3f1ivNqzyOIhzBMZyCA+fQhBtoQRsIjOERnuHF4taT9Wq9LVoLVj5zCL9gvX8B9X+NuQ==</latexit>

X1
<latexit sha1_base64="wLF/x0aAb1wf8rHrig8hUWYbu/o=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcduAO76tScHGiRuAWpQoHmwP7oDyOShFRowrFSPdeJtZdiqRnhdFbpJ4rGmEzwiPYMFTikykvzU2foyChDFETSlNAoV39OpDhUahr6pjPEeqz+epn4n9dLdHDhpUzEiaaCzBcFCUc6QtnfaMgkJZpPDcFEMnMrImMsMdEmnUoewmWGs++XF0n7pOae1uq39WrjqoijDAdwCMfgwjk04Aaa0AICI3iEZ3ixuPVkvVpv89aSVczswy9Y71/z+424</latexit>

⇡0
<latexit sha1_base64="r6WRV3ogzg/z9C17zFJKQGRjtwk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0+HErevFYwbSFNpbNdtMu3WzC7kYoob/BiwdFvPqDvPlv3KRB1Ppg4PHeDDPz/JgzpW370yotLa+srpXXKxubW9s71d29tooSSahLIh7Jro8V5UxQVzPNaTeWFIc+px1/cp35nQcqFYvEnZ7G1AvxSLCAEayN5PZjdm8PqjW7budAi8QpSA0KtAbVj/4wIklIhSYcK9Vz7Fh7KZaaEU5nlX6iaIzJBI9oz1CBQ6q8ND92ho6MMkRBJE0JjXL150SKQ6WmoW86Q6zH6q+Xif95vUQHF17KRJxoKsh8UZBwpCOUfY6GTFKi+dQQTCQztyIyxhITbfKp5CFcZjj7fnmRtE/qzmm9cduoNa+KOMpwAIdwDA6cQxNuoAUuEGDwCM/wYgnryXq13uatJauY2YdfsN6/AIy4jqc=</latexit>

Heavier dark state may also 
decay invisibly (BR ~ 10%)

BR(B ! K⌫⌫) < 1.6⇥ 10�5
<latexit sha1_base64="67hM+fz3ytwyjDSpG1whFZAbzOM="></latexit>

Belle @ 90 C.L. 

Phys.Rev.D 96 (2017) 9, 091101
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CONCLUSIONS

• Enormous progress in K,B missing energy decays. 

• Hints from the KOTO? — possible violation of GN bound? 

• New loophole to avoid GN: pair production of dark states 

• Scalar portals typically require new (DS - SM) interactions, but possible. 

• Vector portals require ONE coupling combination ~ 

• Achieve large pT by mis-reconstruction. 

• Very testable scenario — explored predictions for  

• Many other scenarios for pair production, e.g., via                                  mixing, etc.

B ! K /E
<latexit sha1_base64="epUaXYMnDxLME/7nYKZGn/uk594="></latexit>

gX"Z
<latexit sha1_base64="H5U406Qm0fJcVeNtNglDtvriqQw=">AAACRnicbVDLSgMxFL1T3+9Wl26CreCqTFV87IpuXCpYLbZlyGTutMHMTEgyxaH0W9zqn/gL/oQ7cWvaDmKtBwKHc+69ORxfCq6N6747hbn5hcWl5ZXVtfWNza1iaftOJ6li2GCJSFTTpxoFj7FhuBHYlApp5Au89x8vR/59H5XmSXxrMomdiHZjHnJGjZW84k6l6zVJu08VSs2FlR4qXrHsVt0xyCyp5aQMOa69krPbDhKWRhgbJqjWrZorTWdAleFM4HC1nWqUlD3SLrYsjWmEujMYpx+SfasEJEyUfbEhY/X3xoBGWmeRbycjanr6rzcS//NaqQnPOgMey9RgzCYfhakgJiGjKkjAFTIjMksoU9xmJaxHFWXGFjZ1KehzqfPUT5PYUylkL9Oc6WlR2yZ6GAzHdZ6PcPJT3iy5O6zWjqrHN4fl+kVe7DLswh4cQA1OoQ5XcA0NYJDBM7zAq/PmfDifztdktODkOzswhQJ8A3GxsgY=</latexit>

KL � ⇡0,KL � ⌘
<latexit sha1_base64="M2bBnJTaW2n2whzp3XExubHvMow="></latexit>

Stay tuned! 



Appendix
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Mediator scale >> meson masses:  
integrate out vector/scalar mediator.

OV
sd = gVsd(s̄L�µdL)⇥ Jµ

X ; OS
sd = gSsdms(s̄RdL)⇥ JX

<latexit sha1_base64="v0r5PGmZ+f2nOoHQwNuqt1niUNE="></latexit>

• SM-like mechanism for FCNC  
• Minimal Flavour Violation ansatz

In practice, for some constants a and b, we have:

h0|OV
sd|KLi / aRe(y2t V

⇤
tsVtd + y2cV

⇤
csVcd), h0|OS

sd|KLi / bIm(y2t V
⇤
tsVtd + y2cV

⇤
csVcd),

h⇡0|OV
sd|KLi / aIm(y2t V

⇤
tsVtd + y2cV

⇤
csVcd), h⇡0|OS

sd|KLi / bRe(y2t V
⇤
tsVtd + y2cV

⇤
csVcd).

<latexit sha1_base64="z9om7aFMvICTr1kQxu5b3cxIHeo="></latexit>

Dark current contains products of X1 and X2 particles,  
depending purely on the dark sector.

SM

NP

gVsd(s̄L�µdL) ⇢ aQ̄LYUY
†
U�µQL; gSsdms(s̄RdL) ⇢ bD̄RM

†
DYUY

†
UQL.

<latexit sha1_base64="IonYGZUlZAWlzpmkbkgRfiBL90E="></latexit>

Assumptions:


