
Annihilating kaons into a dark sector at the KOTO experiment

In collaboration with

Maxim Pospelov & Kunio Kaneta

arXiv: 2005.07102

Matheus Hostert 

University of Minnesota & Perimeter Institute

https://arxiv.org/abs/2005.07102


Outline

• New                    results — an excess at KOTO?  

• Completely annihilating  KL  into dark states 

• Possible connections to Dark Matter

K ! ⇡⌫⌫
<latexit sha1_base64="nyDvN6KUz+B9UJyYwrzySs1dX+c=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjNafOyKbgQ3FewDOkPJpJk2NJMMSUYoQ8GNv+LGhSJu/Ql3/o2Z6SBqPZBwOOfem9wTxIwq7Tif1tz8wuLScmmlvLq2vrFpb223lEgkJk0smJCdACnCKCdNTTUjnVgSFAWMtIPRZea374hUVPBbPY6JH6EBpyHFSBupZ+9ee1p4MYWeMGXZlNTjyQSaq2dXnKqTA84StyAVUKDRsz+8vsBJRLjGDCnVdZ1Y+ymSmmJGJmUvUSRGeIQGpGsoRxFRfprvMIEHRunDUEhzuIa5+rMjRZFS4ygwlRHSQ/XXy8T/vG6iwzM/pTxONOF4+lCYMKgFzAKBfSoJ1mxsCMKSmr9CPEQSYW1iK+chnGc4+V55lrSOqu5xtXZTq9QvijhKYA/sg0PgglNQB1egAZoAg3vwCJ7Bi/VgPVmv1tu0dM4qenbAL1jvX1Y+mBw=</latexit>
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Exciting times in HEP

Neutrino masses and 
mixing Dark Matter

New	particles		
in	our	Universe		
(a	dark	sector?)

Anomalies?
Discoveries?

Broad	and	highly		
sensitive	experimental	

landscape

New	models	
and	hypotheses

? ??
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G. Raffelt, 9712538

Exciting times in HEP

Time to explore



5

Where do we expect the largest strain on the SM?

⌫ � e
<latexit sha1_base64="O8JNWGDU64yOtWxiGZqt3ATrBAc=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBiyXR4set6MVjBdMW2lA220m7dLMJuxuhhP4GLx4U8eoP8ua/cZMGUeuDgcd7M8zM82POlLbtT6u0tLyyulZer2xsbm3vVHf32ipKJAWXRjySXZ8o4EyAq5nm0I0lkNDn0PEnN5nfeQCpWCTu9TQGLyQjwQJGiTaS2xfJCQyqNbtu58CLxClIDRVoDaof/WFEkxCEppwo1XPsWHspkZpRDrNKP1EQEzohI+gZKkgIykvzY2f4yChDHETSlNA4V39OpCRUahr6pjMkeqz+epn4n9dLdHDppUzEiQZB54uChGMd4exzPGQSqOZTQwiVzNyK6ZhIQrXJp5KHcJXh/PvlRdI+rTtn9cZdo9a8LuIoowN0iI6Rgy5QE92iFnIRRQw9omf0YgnryXq13uatJauY2Ue/YL1/AaHRjrU=</latexit>

Solar

Sector

Beta decays
Scattering

(new) oscillations

High Energies

UHE-neutrinos 
(IceCube, ANITA)

Displaced 
Vertices

Beam dumps 
(SeaQuest, DUNE)

 B-factories

Missing Energy
B-factories  

(Belle-II, BESS-III)

LDMX
NA64

Precision

APV
⌫ � e

<latexit sha1_base64="O8JNWGDU64yOtWxiGZqt3ATrBAc=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBiyXR4set6MVjBdMW2lA220m7dLMJuxuhhP4GLx4U8eoP8ua/cZMGUeuDgcd7M8zM82POlLbtT6u0tLyyulZer2xsbm3vVHf32ipKJAWXRjySXZ8o4EyAq5nm0I0lkNDn0PEnN5nfeQCpWCTu9TQGLyQjwQJGiTaS2xfJCQyqNbtu58CLxClIDRVoDaof/WFEkxCEppwo1XPsWHspkZpRDrNKP1EQEzohI+gZKkgIykvzY2f4yChDHETSlNA4V39OpCRUahr6pjMkeqz+epn4n9dLdHDppUzEiQZB54uChGMd4exzPGQSqOZTQwiVzNyK6ZhIQrXJp5KHcJXh/PvlRdI+rTtn9cZdo9a8LuIoowN0iI6Rgy5QE92iFnIRRQw9omf0YgnryXq13uatJauY2Ue/YL1/AaHRjrU=</latexit>

Weak Decays 

NA62
KOTO

RARE and/or CLEAN  
observables

*Not an exhaustive list

B factories

Colliders (LHC)

FASER

(g � 2)µ
<latexit sha1_base64="9xuTX3DvZq2plg1xr0ImBDswtGI=">AAAB8HicbVDLSsNAFJ34rPVVdelmsAh1YUhi2qa7ohuXFexD2lIm02k7dCYJMxOhhH6FGxeKuPVz3Pk3TtIivg5cOJxzL/fe40eMSmVZH8bK6tr6xmZuK7+9s7u3Xzg4bMkwFpg0cchC0fGRJIwGpKmoYqQTCYK4z0jbn16lfvueCEnD4FbNItLnaBzQEcVIaemuND53zgY9Hg8KRcv0PKdi16Blul7ZLVc18apO2XWgbVoZimCJxqDw3huGOOYkUJghKbu2Fal+goSimJF5vhdLEiE8RWPS1TRAnMh+kh08h6daGcJRKHQFCmbq94kEcSln3NedHKmJ/O2l4n9eN1Yjr5/QIIoVCfBi0ShmUIUw/R4OqSBYsZkmCAuqb4V4ggTCSmeUz0Kopah8vfyXtBzTvjDdG7dYv1zGkQPH4ASUgA2qoA6uQQM0AQYcPIAn8GwI49F4MV4XrSvGcuYI/IDx9gkcvZAf</latexit>
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Where do we expect the largest strain on the SM?

Solar

Beta decays
Scattering

(new) oscillations

High Energies

Displaced 
Vertices

Beam dumps 
(SeaQuest, DUNE)

 B-factories

Missing Energy
B-factories  

(Belle-II, BESS-III)

LDMX
NA64

Precision

APV

Weak Decays 

NA62

RARE and/or CLEAN  
observables

*Not an exhaustive list

Colliders (LHC)

FASER

K ! ⇡⌫⌫
<latexit sha1_base64="7wfkwQBmGP9ee3u7uYJksaigoVM=">AAACBHicbVDNS8MwHE3n15xfVY+7BIfgabQ6/LgNvQheJjg3WMtIs3QLS5OSpMIoO3jxX/HiQRGv/hHe/G9MuyLqfJDweL+P5L0gZlRpx/m0SguLS8sr5dXK2vrG5pa9vXOrRCIxaWPBhOwGSBFGOWlrqhnpxpKgKGCkE4wvsnrnjkhFBb/Rk5j4ERpyGlKMtJH6dvXK0wJ6MYWeMH3ZmtTjyRSaq2/XnLqTA84TtyA1UKDVtz+8gcBJRLjGDCnVc51Y+ymSmmJGphUvUSRGeIyGpGcoRxFRfpqbmMJ9owxgKKQ5XMNc/TmRokipSRSYzgjpkfpby8T/ar1Eh6d+SnmcaMLx7KEwYdD4zhKBAyoJ1mxiCMKSmr9CPEISYW1yq+QhnGU4/rY8T24P6+5RvXHdqDXPizjKoAr2wAFwwQlogkvQAm2AwT14BM/gxXqwnqxX623WWrKKmV3wC9b7F7A9mEY=</latexit>

Extremely rare 
and well-understood 

process!

KOTO
UHE-neutrinos 

(IceCube, ANITA)

⌫ � e
<latexit sha1_base64="O8JNWGDU64yOtWxiGZqt3ATrBAc=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBiyXR4set6MVjBdMW2lA220m7dLMJuxuhhP4GLx4U8eoP8ua/cZMGUeuDgcd7M8zM82POlLbtT6u0tLyyulZer2xsbm3vVHf32ipKJAWXRjySXZ8o4EyAq5nm0I0lkNDn0PEnN5nfeQCpWCTu9TQGLyQjwQJGiTaS2xfJCQyqNbtu58CLxClIDRVoDaof/WFEkxCEppwo1XPsWHspkZpRDrNKP1EQEzohI+gZKkgIykvzY2f4yChDHETSlNA4V39OpCRUahr6pjMkeqz+epn4n9dLdHDppUzEiQZB54uChGMd4exzPGQSqOZTQwiVzNyK6ZhIQrXJp5KHcJXh/PvlRdI+rTtn9cZdo9a8LuIoowN0iI6Rgy5QE92iFnIRRQw9omf0YgnryXq13uatJauY2Ue/YL1/AaHRjrU=</latexit>

(g � 2)µ
<latexit sha1_base64="9xuTX3DvZq2plg1xr0ImBDswtGI=">AAAB8HicbVDLSsNAFJ34rPVVdelmsAh1YUhi2qa7ohuXFexD2lIm02k7dCYJMxOhhH6FGxeKuPVz3Pk3TtIivg5cOJxzL/fe40eMSmVZH8bK6tr6xmZuK7+9s7u3Xzg4bMkwFpg0cchC0fGRJIwGpKmoYqQTCYK4z0jbn16lfvueCEnD4FbNItLnaBzQEcVIaemuND53zgY9Hg8KRcv0PKdi16Blul7ZLVc18apO2XWgbVoZimCJxqDw3huGOOYkUJghKbu2Fal+goSimJF5vhdLEiE8RWPS1TRAnMh+kh08h6daGcJRKHQFCmbq94kEcSln3NedHKmJ/O2l4n9eN1Yjr5/QIIoVCfBi0ShmUIUw/R4OqSBYsZkmCAuqb4V4ggTCSmeUz0Kopah8vfyXtBzTvjDdG7dYv1zGkQPH4ASUgA2qoA6uQQM0AQYcPIAn8GwI49F4MV4XrSvGcuYI/IDx9gkcvZAf</latexit>

⌫ �
<latexit sha1_base64="O8JNWGDU64yOtWxiGZqt3ATrBAc=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBiyXR4set6MVjBdMW2lA220m7dLMJuxuhhP4GLx4U8eoP8ua/cZMGUeuDgcd7M8zM82POlLbtT6u0tLyyulZer2xsbm3vVHf32ipKJAWXRjySXZ8o4EyAq5nm0I0lkNDn0PEnN5nfeQCpWCTu9TQGLyQjwQJGiTaS2xfJCQyqNbtu58CLxClIDRVoDaof/WFEkxCEppwo1XPsWHspkZpRDrNKP1EQEzohI+gZKkgIykvzY2f4yChDHETSlNA4V39OpCRUahr6pjMkeqz+epn4n9dLdHDppUzEiQZB54uChGMd4exzPGQSqOZTQwiVzNyK6ZhIQrXJp5KHcJXh/PvlRdI+rTtn9cZdo9a8LuIoowN0iI6Rgy5QE92iFnIRRQw9omf0YgnryXq13uatJauY2Ue/YL1/AaHRjrU=</latexit>

Sector

e.g, 

B factories



7

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>

Robust SM predictions:

Negligible long-distance contributions. Theoretically, a very clean process.

FCNC loops, CP-violating & GIM suppressed

BR
�
KL ! ⇡0⌫⌫

�
< 4.4⇥ BR

�
K+ ! ⇡+⌫⌫

�
.

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

Simply Isospin + total lifetime  
(QED corrections are small.)

Y. Grossman, Y. Nir, PLB 398 (1997) 163-168

Grossman-Nir Bound

s ! d
<latexit sha1_base64="k0uNQz6Ze9HtYyFZBTdi4DK41So=">AAAB7XicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsA9oQ5lMJu3YySTMTIQS+g9uXCji1v9x5984SYOo9cDA4Zx7mXuOF3OmtG1/WqWl5ZXVtfJ6ZWNza3unurvXUVEiCW2TiEey52FFORO0rZnmtBdLikOP0643uc787gOVikXiTk9j6oZ4JFjACNZG6qiBjpA/rNbsup0DLRKnIDUo0BpWPwZ+RJKQCk04Vqrv2LF2Uyw1I5zOKoNE0RiTCR7RvqECh1S5aX7tDB0ZxUdBJM0TGuXqz40Uh0pNQ89MhliP1V8vE//z+okOLtyUiTjRVJD5R0HCkYmYRUc+k5RoPjUEE8nMrYiMscREm4IqeQmXGc6+Iy+SzkndOa03bhu15lVRRxkO4BCOwYFzaMINtKANBO7hEZ7hxYqsJ+vVepuPlqxiZx9+wXr/AmIYjyQ=</latexit>
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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>

Robust SM predictions:

Negligible long-distance contributions. Theoretically, a very clean process.

FCNC loops, CP-violating & GIM suppressed

KOTO (2015 data) @ J-PARC  
BR < 3e-9 @ 90 C.L.

KOTO (2019 data)  
(S.E.S. ~ 2x SM BR by 2024)  

KLEVER @ CERN (?)

KOTO (2016/18) unblinding 
in progress

E787/E949  
(40 - 60% measurement)

NA62 (full) 
towards 10%

NA62 (2016/17 data) 
BR < 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

s ! d
<latexit sha1_base64="k0uNQz6Ze9HtYyFZBTdi4DK41So=">AAAB7XicbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsA9oQ5lMJu3YySTMTIQS+g9uXCji1v9x5984SYOo9cDA4Zx7mXuOF3OmtG1/WqWl5ZXVtfJ6ZWNza3unurvXUVEiCW2TiEey52FFORO0rZnmtBdLikOP0643uc787gOVikXiTk9j6oZ4JFjACNZG6qiBjpA/rNbsup0DLRKnIDUo0BpWPwZ+RJKQCk04Vqrv2LF2Uyw1I5zOKoNE0RiTCR7RvqECh1S5aX7tDB0ZxUdBJM0TGuXqz40Uh0pNQ89MhliP1V8vE//z+okOLtyUiTjRVJD5R0HCkYmYRUc+k5RoPjUEE8nMrYiMscREm4IqeQmXGc6+Iy+SzkndOa03bhu15lVRRxkO4BCOwYFzaMINtKANBO7hEZ7hxYqsJ+vVepuPlqxiZx9+wXr/AmIYjyQ=</latexit>



2016 (                        decays) analysed  

2017 (                       decays) analysed  

2018 (                       decays) in progress 
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NA62 @ CERN

Kaon decay-in-flight
75 GeV/c kaons

4⇥ 1012 K+
<latexit sha1_base64="6REX2rprcCnM9Yb/G4jQnOb1f+A=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCYClJLT52RTeCmwr2AU1aJtNpO3QyCTMToYS68VfcuFDErX/hzr9xkgZR64ELh3Pu5d57vJBRqSzr05ibX1hcWs6t5FfX1jc2za3thgwigUkdBywQLQ9JwigndUUVI61QEOR7jDS90WXiN++IkDTgt2ocEtdHA077FCOlpa65W3EU9YmEttWJ7fIEOkWnCK87R12zYJWsFHCW2BkpgAy1rvnh9AIc+YQrzJCUbdsKlRsjoShmZJJ3IklChEdoQNqacqS3unH6wQQeaKUH+4HQxRVM1Z8TMfKlHPue7vSRGsq/XiL+57Uj1T9zY8rDSBGOp4v6EYMqgEkcsEcFwYqNNUFYUH0rxEMkEFY6tHwawnmCk++XZ0mjXLKPS5WbSqF6kcWRA3tgHxwCG5yCKrgCNVAHGNyDR/AMXowH48l4Nd6mrXNGNrMDfsF4/wIhz5Tj</latexit>

2⇥ 1012 K+
<latexit sha1_base64="DTJanIENPUxv8jh7DsT3Ryg68hQ=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCYClJLT52RTeCmwr2AU1aJtNpO3QyCTMToYS68VfcuFDErX/hzr9xkgZR64ELh3Pu5d57vJBRqSzr05ibX1hcWs6t5FfX1jc2za3thgwigUkdBywQLQ9JwigndUUVI61QEOR7jDS90WXiN++IkDTgt2ocEtdHA077FCOlpa65W3YU9YmEttWJ7fIEOkWnCK87R12zYJWsFHCW2BkpgAy1rvnh9AIc+YQrzJCUbdsKlRsjoShmZJJ3IklChEdoQNqacqS3unH6wQQeaKUH+4HQxRVM1Z8TMfKlHPue7vSRGsq/XiL+57Uj1T9zY8rDSBGOp4v6EYMqgEkcsEcFwYqNNUFYUH0rxEMkEFY6tHwawnmCk++XZ0mjXLKPS5WbSqF6kcWRA3tgHxwCG5yCKrgCNVAHGNyDR/AMXowH48l4Nd6mrXNGNrMDfsF4/wIemZTh</latexit>

1.2⇥ 1011 K+
<latexit sha1_base64="nEjM4EvXagvcXGS+BuvVVVnqlHU=">AAACA3icbVDLSsNAFJ34rPUVdaebwSIIlpDU4mNXdCO4qWAf0KRlMp20QycPZiZCCQU3/oobF4q49Sfc+TdO0iBqPXDhcM693HuPGzEqpGl+anPzC4tLy4WV4ura+samvrXdFGHMMWngkIW87SJBGA1IQ1LJSDviBPkuIy13dJn6rTvCBQ2DWzmOiOOjQUA9ipFUUk/ftYyKLalPBLTMbmJZE2iX7TK87h719JJpmBngLLFyUgI56j39w+6HOPZJIDFDQnQsM5JOgrikmJFJ0Y4FiRAeoQHpKBogtdVJsh8m8EApfeiFXFUgYab+nEiQL8TYd1Wnj+RQ/PVS8T+vE0vvzEloEMWSBHi6yIsZlCFMA4F9ygmWbKwIwpyqWyEeIo6wVLEVsxDOU5x8vzxLmhXDOjaqN9VS7SKPowD2wD44BBY4BTVwBeqgATC4B4/gGbxoD9qT9qq9TVvntHxmB/yC9v4FAJOVUw==</latexit>

m2
miss = (pK+ � p⇡+)2

<latexit sha1_base64="FSBs3Un0iKWiUY1Ub+f2cw0RXl4=">AAACEnicbZDLSgMxGIUz9VbrbdSlm2ARWsQyU4uXhVB0I7ipYC/QTodMmmlDk5khyQhl6DO48VXcuFDErSt3vo2Ztoi3A4GPc/6Q/MeLGJXKsj6MzNz8wuJSdjm3srq2vmFubjVkGAtM6jhkoWh5SBJGA1JXVDHSigRB3GOk6Q0v0rx5S4SkYXCjRhFxOOoH1KcYKW25ZpG7SUdwyKmU424ZnsFC5CZX3f0xPICaOhHVXNSJa+atkjUR/Av2DPJgppprvnd6IY45CRRmSMq2bUXKSZBQFDMyznViSSKEh6hP2hoDxIl0kslKY7innR70Q6FPoODE/X4jQVzKEff0JEdqIH9nqflf1o6Vf+IkNIhiRQI8fciPGVQhTPuBPSoIVmykAWFB9V8hHiCBsNIt5iYlnKY6+lr5LzTKJfuwVLmu5KvnszqyYAfsggKwwTGogktQA3WAwR14AE/g2bg3Ho0X43U6mjFmd7bBDxlvnxLTm/M=</latexit>
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NA62

NA62 results presented @ KAON19

2017 only

NA62 @ KAON19

Full 2016+2017 dataset: 

3 candidate events with 

2.4 signal prediction and 
1.65 ± 0.31 background

Double-sided 1 sigma region

B(K+ ! ⇡+⌫⌫̄) = (0.47+0.72
�0.47)⇥ 10�10

<latexit sha1_base64="3XeEex3fFfGxLbVNo21ho5hwZew="></latexit>
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NA62

Double-sided 1 sigma region

NA62 results presented @ KAON19

2017 only

NA62 @ KAON19
GN bound

B(K+ ! ⇡+⌫⌫̄) = (0.47+0.72
�0.47)⇥ 10�10

<latexit sha1_base64="3XeEex3fFfGxLbVNo21ho5hwZew="></latexit>

GN bound at 90% C.L.

B(KL ! ⇡0⌫⌫̄) < 8.14⇥ 10�10
<latexit sha1_base64="sZUPFZoEmpOGGwxHHyrmfyHCDh0="></latexit>



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

KOTO @ J-PARC

2015:  

2016-18: 

at beam exit

at beam exit

KOTO coll., PRL 122, 021802 (2019)

KOTO coll., PTEP 2016, 013C03

⇠ 4.7⇥ 1012 KL
<latexit sha1_base64="scvs13DIyFUI5JDFl++kWwKC4iQ=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclJDUYnVXdCPoooJ9QBPDZDpth04ezEyEErpy46+4caGIW7/BnX/jJA2i1gMXDufcy733eBGjQprmpzY3v7C4tFxYKa6urW9s6lvbLRHGHJMmDlnIOx4ShNGANCWVjHQiTpDvMdL2Ruep374jXNAwuJHjiDg+GgS0TzGSSnL1PVtQH1aNmi2pT4Rl3iZWZWKX7TK8dK9cvWQaZgY4S6yclECOhqt/2L0Qxz4JJGZIiK5lRtJJEJcUMzIp2rEgEcIjNCBdRQOkdjpJ9sYEHiilB/shVxVImKk/JxLkCzH2PdXpIzkUf71U/M/rxrJ/4iQ0iGJJAjxd1I8ZlCFMM4E9ygmWbKwIwpyqWyEeIo6wVMkVsxBOUxx/vzxLWhXDOjKq19VS/SyPowB2wT44BBaogTq4AA3QBBjcg0fwDF60B+1Je9Xepq1zWj6zA35Be/8CIyaXIQ==</latexit>

⇠ 7.1⇥ 1012 KL
<latexit sha1_base64="Pz5IM2ODLu+1d5zLg1o4W5JatN8=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclJDUYnVXdCPoooJ9QBPDZDpth04ezEyEErpy46+4caGIW7/BnX/jJA2i1gMXDufcy733eBGjQprmpzY3v7C4tFxYKa6urW9s6lvbLRHGHJMmDlnIOx4ShNGANCWVjHQiTpDvMdL2Ruep374jXNAwuJHjiDg+GgS0TzGSSnL1PVtQH9YMy5bUJ8IybxOrMrHLdhleuleuXjINMwOcJVZOSiBHw9U/7F6IY58EEjMkRNcyI+kkiEuKGZkU7ViQCOERGpCuogFSO50ke2MCD5TSg/2QqwokzNSfEwnyhRj7nur0kRyKv14q/ud1Y9k/cRIaRLEkAZ4u6scMyhCmmcAe5QRLNlYEYU7VrRAPEUdYquSKWQinKY6/X54lrYphHRnV62qpfpbHUQC7YB8cAgvUQB1cgAZoAgzuwSN4Bi/ag/akvWpv09Y5LZ/ZAb+gvX8BHmGXHg==</latexit>

KOTO @ KAON19 30 GeV protons 

16 degrees off-axis neutral kaon beam 

6x (7x) more neutrons (photons) than kaons 

(beam)



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

• hermetic charge and 𝛾 vetoes 
• large rec PT 
• decay region rec Zvtx 
• pencil beam → assumes (x,y)=(0,0) 
• No 3-momenta directly measured*

KOTO @ J-PARC

2015:  

2016-18: 

at beam exit

at beam exit

KOTO coll., PRL 122, 021802 (2019)

KOTO coll., PTEP 2016, 013C03

⇠ 4.7⇥ 1012 KL
<latexit sha1_base64="scvs13DIyFUI5JDFl++kWwKC4iQ=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclJDUYnVXdCPoooJ9QBPDZDpth04ezEyEErpy46+4caGIW7/BnX/jJA2i1gMXDufcy733eBGjQprmpzY3v7C4tFxYKa6urW9s6lvbLRHGHJMmDlnIOx4ShNGANCWVjHQiTpDvMdL2Ruep374jXNAwuJHjiDg+GgS0TzGSSnL1PVtQH1aNmi2pT4Rl3iZWZWKX7TK8dK9cvWQaZgY4S6yclECOhqt/2L0Qxz4JJGZIiK5lRtJJEJcUMzIp2rEgEcIjNCBdRQOkdjpJ9sYEHiilB/shVxVImKk/JxLkCzH2PdXpIzkUf71U/M/rxrJ/4iQ0iGJJAjxd1I8ZlCFMM4E9ygmWbKwIwpyqWyEeIo6wVMkVsxBOUxx/vzxLWhXDOjKq19VS/SyPowB2wT44BBaogTq4AA3QBBjcg0fwDF60B+1Je9Xepq1zWj6zA35Be/8CIyaXIQ==</latexit>

⇠ 7.1⇥ 1012 KL
<latexit sha1_base64="Pz5IM2ODLu+1d5zLg1o4W5JatN8=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclJDUYnVXdCPoooJ9QBPDZDpth04ezEyEErpy46+4caGIW7/BnX/jJA2i1gMXDufcy733eBGjQprmpzY3v7C4tFxYKa6urW9s6lvbLRHGHJMmDlnIOx4ShNGANCWVjHQiTpDvMdL2Ruep374jXNAwuJHjiDg+GgS0TzGSSnL1PVtQH9YMy5bUJ8IybxOrMrHLdhleuleuXjINMwOcJVZOSiBHw9U/7F6IY58EEjMkRNcyI+kkiEuKGZkU7ViQCOERGpCuogFSO50ke2MCD5TSg/2QqwokzNSfEwnyhRj7nur0kRyKv14q/ud1Y9k/cRIaRLEkAZ4u6scMyhCmmcAe5QRLNlYEYU7VrRAPEUdYquSKWQinKY6/X54lrYphHRnV62qpfpbHUQC7YB8cAgvUQB1cgAZoAgzuwSN4Bi/ag/akvWpv09Y5LZ/ZAb+gvX8BHmGXHg==</latexit>

KOTO @ KAON19

(detector and analysis)
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KOTO unblinding @ KAON19

4 “observed” events 

0.05 ± 0.02 backgrounds

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

(unofficial BR)

but 60x larger BR than the SM predictionMild tension (         ) with NA62 (GN) bound.…& 1�
<latexit sha1_base64="1xM723gw/1nF7IbEoy1TOUuAZH4=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRItPnZFNy4r2Ac0oUymk3TozCTMTAol9E/cuFDErX/izr9xkgZR64ELh3Pu5d57goRRpR3n06qsrK6tb1Q3a1vbO7t79v5BV8WpxKSDYxbLfoAUYVSQjqaakX4iCeIBI71gcpv7vSmRisbiQc8S4nMUCRpSjLSRhrbtRdq4HLrQUzTiaGjXnYZTAC4TtyR1UKI9tD+8UYxTToTGDCk1cJ1E+xmSmmJG5jUvVSRBeIIiMjBUIE6UnxWXz+GJUUYwjKUpoWGh/pzIEFdqxgPTyZEeq79eLv7nDVIdXvkZFUmqicCLRWHKoI5hHgMcUUmwZjNDEJbU3ArxGEmEtQmrVoRwnePi++Vl0j1ruOeN5n2z3rop46iCI3AMToELLkEL3IE26AAMpuARPIMXK7OerFfrbdFascqZQ/AL1vsX56GTUw==</latexit>

KOTO @ KAON19

If taken seriously, implies
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BR
�
KL ! ⇡0⌫⌫

�
=

�
2.1+4.1

�1.7

�
⇥ 10�9 at KOTO.

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

… if true, it would imply 100x larged BR than in the SM 

KOTO unblinding at KAON19

ADDENDUM TO THE TALK POSTED IN FEB. 2020

@KAON19 
by KOTO collaboration
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KOTO further checks reported@ FCPC (Jun, 2020)

Box-opening

After more checks

3 candidates

1 candidate?
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KOTO further checks reported@ FCPC (Jun, 2020)

Box-opening

After more checks

*

*

*
*

*

* change extra channels investigated, but negligible.
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KOTO @ FCPC (2020)

New source of background 
is being measured.

Analysis still in progress, but new 
checks suggest 

1 observed event w/ 
 0.34 ± 0.08 bkg

KOTO further checks reported@ FCPC (Jun, 2020)



On the  
theory side…
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Several explanations put forward

1. Emission of invisible light particles (X) alongside a pi0 (                                    ) 

A. Particle X may decay visibly at NA62, but be stable at KOTO (tension w/ beam dumps) 

B. Particle X is truly invisible, and may fake background kinematics at NA62. 

2. Long-lived a produced at the target decaying inside detector (                , unrelated to kaons!) 

3. Isospin breaking from heavy new mediators and light scalars. 

4. Pair production of dark states (this talk)

K ! ⇡X or ⇡XX
<latexit sha1_base64="pzfUF7Zt87ZBG+dl06ClIJNZqxI=">AAACDXicbVDLSsNAFJ34rPUVdelmsAoupCRafOyKbgQ3FWwbaEKZTCft0EkmzEzEEvoDbvwVNy4UcevenX/jJA2i1rM6nHMv957jx4xKZVmfxszs3PzCYmmpvLyyurZubmy2JE8EJk3MGReOjyRhNCJNRRUjTiwICn1G2v7wIvPbt0RIyqMbNYqJF6J+RAOKkdJS19y9gq7i0I2pewAdzcmdSiEXcJxpMBedrlmxqlYOOE3sglRAgUbX/HB7HCchiRRmSMqObcXKS5FQFDMyLruJJDHCQ9QnHU0jFBLppXmaMdzTSg8G+oeARwrm6s+NFIVSjkJfT4ZIDeRfLxP/8zqJCk69lEZxokiEJ4eChEGdP6sG9qggWLGRJggLqn+FeIAEwkoXWM5LOMtw/B15mrQOq/ZRtXZdq9TPizpKYBvsgH1ggxNQB5egAZoAg3vwCJ7Bi/FgPBmvxttkdMYodrbALxjvX7XgmZE=</latexit>

Fooling the Grossman-Nir bound:

a ! ��
<latexit sha1_base64="OX8DldnqZf4f+I35fbMGVvnmEF4=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAiuSqLFx67oxmUF+4AmlJvppB06MwkzE7GE/oobF4q49Ufc+TdO0yBqPTDM4Zx7ufeeMGFUadf9tJaWV1bX1ksb5c2t7Z1de6/SVnEqMWnhmMWyG4IijArS0lQz0k0kAR4y0gnH1zO/c0+korG405OEBByGgkYUgzZS366Ar2PHHwLnUHx9u+rW3BzOIvEKUkUFmn37wx/EOOVEaMxAqZ7nJjrIQGqKGZmW/VSRBPAYhqRnqABOVJDlu0+dI6MMnCiW5gnt5OrPjgy4UhMemkoOeqT+ejPxP6+X6ugiyKhIUk0Eng+KUuaYc2dBOAMqCdZsYghgSc2uDh6BBKxNXOU8hMsZzr5PXiTtk5p3Wqvf1quNqyKOEjpAh+gYeegcNdANaqIWwugBPaJn9GJNrSfr1Xqbly5ZRc8++gXr/Qt1oJQ1</latexit>

see also, R. Ziegler, 2005.00451, S. Gori et al, 2005.05170 

T. Kitahara et al, PRL124.071801, + citing refs.
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A minimal singlet scalar 

Minimal model w/ singlet scalar: L � �|H|2|'|2
<latexit sha1_base64="R41BEVnNHWX72y0eKkpZ67scKUM=">AAACFnicbVDLSgMxFM34rPU16tJNsAhuLNNafOyKbrpwUcE+oDOWO2nahmYeJJlCmfYr3Pgrblwo4lbc+Tdm2kHUeiBwOOfeJOe4IWdSWdansbC4tLyymlnLrm9sbm2bO7t1GUSC0BoJeCCaLkjKmU9riilOm6Gg4LmcNtzBVeI3hlRIFvi3ahRSx4Oez7qMgNJS2zy2PVB9Ajy+nmBbRqGkCttcX9ABPK6M74p4bA9BhH2medvMWXlrCjxPCinJoRTVtvlhdwISedRXhIOUrYIVKicGoRjhdJK1I0lDIAPo0ZamPnhUOvE01gQfaqWDu4HQx1d4qv7ciMGTcuS5ejIJIf96ifif14pU99yJmR9Givpk9lA34lgFOOkId5igRPGRJkAE03/FpA8CiNJNZqclXCQ4/Y48T+rFfOEkX7op5cqXaR0ZtI8O0BEqoDNURhVURTVE0D16RM/oxXgwnoxX4202umCkO3voF4z3L1Nbn5o=</latexit>

K ! ⇡X
<latexit sha1_base64="+Ks+MlPnGbz6qxxBamFOGogmKyw=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFcSEm0+NgV3QhuKtgHNLFMppN26GQSZiZKCf0PNy4Uceu/uPNvnKRF1HrgwuGce7n3Hj/mTGnb/rTm5hcWl5YLK8XVtfWNzdLWdlNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/vAy81v3VCoWiVs9iqkX4r5gASNYG+nuGrk6Qm7MkHuI2t1S2a7YOdAscaakDFPUu6UPtxeRJKRCE46V6jh2rL0US80Ip+OimygaYzLEfdoxVOCQKi/Nrx6jfaP0UBBJU0KjXP05keJQqVHom84Q64H662Xif14n0cGZlzIRJ5oKMlkUJByZT7MIUI9JSjQfGYKJZOZWRAZYYqJNUMU8hPMMJ98vz5LmUcU5rlRvquXaxTSOAuzCHhyAA6dQgyuoQwMISHiEZ3ixHqwn69V6m7TOWdOZHfgF6/0LhQaRXQ==</latexit>

D. Egana-Ugrinovic et al, PRL 124 19, 191801 (2020)

w/ X invisible

K. Tobioka/Florida State University 
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A minimal singlet scalar 

Minimal model w/ singlet scalar: L � �|H|2|'|2
<latexit sha1_base64="R41BEVnNHWX72y0eKkpZ67scKUM=">AAACFnicbVDLSgMxFM34rPU16tJNsAhuLNNafOyKbrpwUcE+oDOWO2nahmYeJJlCmfYr3Pgrblwo4lbc+Tdm2kHUeiBwOOfeJOe4IWdSWdansbC4tLyymlnLrm9sbm2bO7t1GUSC0BoJeCCaLkjKmU9riilOm6Gg4LmcNtzBVeI3hlRIFvi3ahRSx4Oez7qMgNJS2zy2PVB9Ajy+nmBbRqGkCttcX9ABPK6M74p4bA9BhH2medvMWXlrCjxPCinJoRTVtvlhdwISedRXhIOUrYIVKicGoRjhdJK1I0lDIAPo0ZamPnhUOvE01gQfaqWDu4HQx1d4qv7ciMGTcuS5ejIJIf96ifif14pU99yJmR9Givpk9lA34lgFOOkId5igRPGRJkAE03/FpA8CiNJNZqclXCQ4/Y48T+rFfOEkX7op5cqXaR0ZtI8O0BEqoDNURhVURTVE0D16RM/oxXgwnoxX4202umCkO3voF4z3L1Nbn5o=</latexit>

K ! ⇡X
<latexit sha1_base64="+Ks+MlPnGbz6qxxBamFOGogmKyw=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFcSEm0+NgV3QhuKtgHNLFMppN26GQSZiZKCf0PNy4Uceu/uPNvnKRF1HrgwuGce7n3Hj/mTGnb/rTm5hcWl5YLK8XVtfWNzdLWdlNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/vAy81v3VCoWiVs9iqkX4r5gASNYG+nuGrk6Qm7MkHuI2t1S2a7YOdAscaakDFPUu6UPtxeRJKRCE46V6jh2rL0US80Ip+OimygaYzLEfdoxVOCQKi/Nrx6jfaP0UBBJU0KjXP05keJQqVHom84Q64H662Xif14n0cGZlzIRJ5oKMlkUJByZT7MIUI9JSjQfGYKJZOZWRAZYYqJNUMU8hPMMJ98vz5LmUcU5rlRvquXaxTSOAuzCHhyAA6dQgyuoQwMISHiEZ3ixHqwn69V6m7TOWdOZHfgF6/0LhQaRXQ==</latexit>

D. Egana-Ugrinovic et al, PRL 124 19, 191801 (2020)

w/ X invisible

K. Tobioka/Florida State University 

T. Kitahara et al, PRL 124, 071801 (2020) 
D. Egana-Ugrinovic et al, PRL 124 19, 191801 (2020) 
B. Dev et al, PRD 101 (2020) 7, 075014 
Y. Jho et al, JHEP 04 (2020) 197 
J. Liu et al, JHEP 04 (2020) 197  
J. Cline et al, JHEP 05 (2020) 039 
+ many others.

Most studied scenario:
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A minimal singlet scalar 

Minimal model w/ singlet scalar: L � �|H|2|'|2
<latexit sha1_base64="R41BEVnNHWX72y0eKkpZ67scKUM=">AAACFnicbVDLSgMxFM34rPU16tJNsAhuLNNafOyKbrpwUcE+oDOWO2nahmYeJJlCmfYr3Pgrblwo4lbc+Tdm2kHUeiBwOOfeJOe4IWdSWdansbC4tLyymlnLrm9sbm2bO7t1GUSC0BoJeCCaLkjKmU9riilOm6Gg4LmcNtzBVeI3hlRIFvi3ahRSx4Oez7qMgNJS2zy2PVB9Ajy+nmBbRqGkCttcX9ABPK6M74p4bA9BhH2medvMWXlrCjxPCinJoRTVtvlhdwISedRXhIOUrYIVKicGoRjhdJK1I0lDIAPo0ZamPnhUOvE01gQfaqWDu4HQx1d4qv7ciMGTcuS5ejIJIf96ifif14pU99yJmR9Givpk9lA34lgFOOkId5igRPGRJkAE03/FpA8CiNJNZqclXCQ4/Y48T+rFfOEkX7op5cqXaR0ZtI8O0BEqoDNURhVURTVE0D16RM/oxXgwnoxX4202umCkO3voF4z3L1Nbn5o=</latexit>

K ! ⇡X
<latexit sha1_base64="+Ks+MlPnGbz6qxxBamFOGogmKyw=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFcSEm0+NgV3QhuKtgHNLFMppN26GQSZiZKCf0PNy4Uceu/uPNvnKRF1HrgwuGce7n3Hj/mTGnb/rTm5hcWl5YLK8XVtfWNzdLWdlNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/vAy81v3VCoWiVs9iqkX4r5gASNYG+nuGrk6Qm7MkHuI2t1S2a7YOdAscaakDFPUu6UPtxeRJKRCE46V6jh2rL0US80Ip+OimygaYzLEfdoxVOCQKi/Nrx6jfaP0UBBJU0KjXP05keJQqVHom84Q64H662Xif14n0cGZlzIRJ5oKMlkUJByZT7MIUI9JSjQfGYKJZOZWRAZYYqJNUMU8hPMMJ98vz5LmUcU5rlRvquXaxTSOAuzCHhyAA6dQgyuoQwMISHiEZ3ixHqwn69V6m7TOWdOZHfgF6/0LhQaRXQ==</latexit>

D. Egana-Ugrinovic et al, PRL 124 19, 191801 (2020)

Beam dump constraints do not even 
apply when scalar is invisible, eg., 
                      long-lived HNLs

w/ X invisible

K. Tobioka/Florida State University 

P. Ballett, MH, S. Pascoli, PRD 101 (2020) 11, 115025

m' ⇠ m⇡
<latexit sha1_base64="Zy7YX09m+J1sPUmA8GKIMPBEIZw=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwVaZafOyKblxWsA/oDEMmzbShSWZIMoU6FH/FjQtF3Pof7vwbM9NB1Hrgwsk595J7TxAzqrTjfFoLi0vLK6ultfL6xubWtr2z21ZRIjFp4YhFshsgRRgVpKWpZqQbS4J4wEgnGF1nfmdMpKKRuNOTmHgcDQQNKUbaSL69z313jGQ8pNBVlEPzjKlvV5yqkwPOk1pBKqBA07c/3H6EE06Exgwp1as5sfZSJDXFjEzLbqJIjPAIDUjPUIE4UV6abz+FR0bpwzCSpoSGufpzIkVcqQkPTCdHeqj+epn4n9dLdHjhpVTEiSYCzz4KEwZ1BLMoYJ9KgjWbGIKwpGZXiIdIIqxNYOU8hMsMZ98nz5P2SbV2Wq3f1iuNqyKOEjgAh+AY1MA5aIAb0AQtgME9eATP4MV6sJ6sV+tt1rpgFTN74Bes9y9Mn5VD</latexit>

K+ ! ⇡0' ⇠ K+ ! ⇡+⇡0(�)
<latexit sha1_base64="XGz3uDnMdYU7jkULMxnF0GTrVh8=">AAACIHicbVBdSwJBFJ3t0+zL6rGXIQkMQdaSrDepl6AXg/wAV+XuOOrgzO4yMyuI+FN66a/00kMR9Va/plndorIDA4dz7uXOOW7AmdK2/W4tLC4tr6wm1pLrG5tb26md3aryQ0lohfjcl3UXFOXMoxXNNKf1QFIQLqc1d3AZ+bUhlYr53q0eBbQpoOexLiOgjdROFfF1K4sd7WMnYC0bO0OQQZ9hRzERWV9ONvYzTg+EgKN2Km3n7CnwPMnHJI1ilNupN6fjk1BQTxMOSjXydqCbY5CaEU4nSSdUNAAygB5tGOqBoKo5ngac4EOjdHDXl+Z5Gk/VnxtjEEqNhGsmBei++utF4n9eI9Tds+aYeUGoqUdmh7ohxyZ11BbuMEmJ5iNDgEhm/opJHyQQbTpNTks4j3D6HXmeVI9z+ZNc4aaQLl3EdSTQPjpAGZRHRVRCV6iMKoigO/SAntCzdW89Wi/W62x0wYp39tAvWB+fZXugzg==</latexit>

hides under bkgs at NA62

' !
<latexit sha1_base64="sgfUOBVi/qZ0pxcBMfPSJNhi/80=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWsA9oQplMJ+3QSTLMTAol9DfcuFDErT/jzr9xkgZR64ELh3Pu5d57fMGZ0rb9aZVWVtfWN8qbla3tnd296v5BR8WJJLRNYh7Lno8V5Syibc00pz0hKQ59Trv+5Dbzu1MqFYujBz0T1AvxKGIBI1gbyXWnWIoxQ66O0aBas+t2DrRMnILUoEBrUP1whzFJQhppwrFSfccW2kux1IxwOq+4iaICkwke0b6hEQ6p8tL85jk6McoQBbE0FWmUqz8nUhwqNQt90xliPVZ/vUz8z+snOrjyUhaJRNOILBYFCUfmwywANGSSEs1nhmAimbkVkTGWmGgTUyUP4TrDxffLy6RzVnfO6437Rq15U8RRhiM4hlNw4BKacActaAMBAY/wDC9WYj1Zr9bborVkFTOH8AvW+xejOpGP</latexit>

Most studied scenario:

1)

2)
T. Kitahara et al, PRL 124, 071801 (2020) 
D. Egana-Ugrinovic et al, PRL 124 19, 191801 (2020) 
B. Dev et al, PRD 101 (2020) 7, 075014 
Y. Jho et al, JHEP 04 (2020) 197 
J. Liu et al, JHEP 04 (2020) 197  
J. Cline et al, JHEP 05 (2020) 039 
+ many others.



K LONG GONE: THE COMPLETE ANNIHILATION OF KAONS
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SM singlets

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

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

Dark states that are weakly coupled to matter, 

If X1 is stable, it may be a dark matter candidate.

Pair production of dark particles in K and B meson decays
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1. YSM may be ∅ for neutral mesons (2-body) vs YSM charged for charged mesons (3-body).

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

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

charge conservation.

SM singlets

Pair production of dark particles in K and B meson decays
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1. YSM may be ∅ for neutral mesons (2-body) vs YSM charged for charged mesons (3-body). 

2. If X1 and X2  stable, very weak bounds (                                          )

Pair production of dark particles in K and B meson decays

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

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

S, N. Gninenko, PRD91 (2015) 1,015004

B(KL ! ⌫⌫) < 6.3⇥ 10�4
<latexit sha1_base64="h9SqROJVv1/AaWCMY7bDbDqAQV0="></latexit>

SM singlets
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1. YSM may be ∅ for neutral mesons (2-body) vs YSM charged for charged mesons (3-body). 

2. If X1 and X2  stable, very weak bounds (                                          ) 

3. If X2  unstable, still challenging, but may produce                          …

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>

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

B(KL ! ⌫⌫) < 6.3⇥ 10�4
<latexit sha1_base64="h9SqROJVv1/AaWCMY7bDbDqAQV0="></latexit>

Meson → dark sector → back to SM.

SM singlets

Pair production of dark particles in K and B meson decays
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1. YSM may be ∅ for neutral mesons (2-body) vs YSM charged for charged mesons (3-body). 

2. If X1 and X2  stable, very weak bounds (                                          ) 

3. If X2  unstable, still challenging, but may produce                          … 

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

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>

Are there models for these scenarios, and would them be able to contribute to the signal 

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>

?

B(KL ! ⌫⌫) < 6.3⇥ 10�4
<latexit sha1_base64="h9SqROJVv1/AaWCMY7bDbDqAQV0="></latexit>

SM singlets

Pair production of dark particles in K and B meson decays



Sketching an idea SM FCNC loops generate                   , but BR → 0 as mν → 0. KL ! ⌫⌫
<latexit sha1_base64="xKHCse3+GTCSBCFoNPszwVTGwtM=">AAACI3icbVBNSwJBGJ61L7Mvq6OXIQ06yWrRx03qEtTBIDVwRWZnZ3VwdmaZmZVk8dCPia71O7pFlw79iP5Bs7pEZg+88PC8348bMqq0bX9YmYXFpeWV7GpubX1jcyu/vdNUIpKYNLBgQt65SBFGOWloqhm5CyVBgctIyx1cJPnWkEhFBb/Vo5B0AtTj1KcYaSN184XSVfcaOlpAR5i6ZEzs8GhsotTNF+2yPQGcJ5WUFEGKejf/5XgCRwHhGjOkVLtih7oTI6kpZmSccyJFQoQHqEfahnIUENWJJ0+M4b5RPOgLaYJrOFF/d8QoUGoUuKYyQLqv/uYS8b9cO9L+aSemPIw04Xi6yI8YND8njkCPSoI1GxmCsKTmVoj7SCKsjW8zk7whDVV69f307IlHZwmOfxyZJ81quXJYPrqpFmvnqVtZUAB74ABUwAmogUtQBw2AwQN4As/gxXq0Xq03631amrHSnl0wA+vzG7A5pZI=</latexit>

Dominant 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>

BR ~ few x 10 -11 once the constraints on the mixing are included 

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>

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

“Type-I Seesaw” heavy neutral leptons 

Lesson: search for models with new 100’s of MeV states and  
weak-strength couplings to SM FCNC loops.
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Mediator scale (e.g., 10 GeV) >> 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 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:

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>

Generic features of our study



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>
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Generic features of our study

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>

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

Z-Z’ mixing for  
production and decay

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

a)

Production via long-distance ΔS = 1  
operators in the SM, and  

flavour diagonal NP couplings.

b)

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>

⇡, ⌘, ⌘0
<latexit sha1_base64="UKJDfg56rY3Wvit9Bh2+Y7YwVBc=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCCympFh+7ohuXFewDmlgm05t26GQSZiZCDcVfceNCEbf+hzv/xiQNotYD93I4517mznFDzpS2rE+jMDe/sLhUXC6trK6tb5ibWy0VRJJCkwY8kB2XKOBMQFMzzaETSiC+y6Htji5Tv30HUrFA3OhxCI5PBoJ5jBKdSD1zxw7ZoQ2aZO3WDiXzoWeWrYqVAc+Sak7KKEejZ37Y/YBGPghNOVGqW7VC7cREakY5TEp2pCAkdEQG0E2oID4oJ86un+D9ROljL5BJCY0z9edGTHylxr6bTPpED9VfLxX/87qR9s6cmIkw0iDo9CEv4lgHOI0C95kEqvk4IYRKltyK6ZBIQnUSWCkL4TzFyfeXZ0nrqFI9rtSua+X6RR5HEe2iPXSAqugU1dEVaqAmougePaJn9GI8GE/Gq/E2HS0Y+c42+gXj/Qs8kpU7</latexit>

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

A)       production⇡0
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Same coupling in prod. controls decay. Uncorrelated photons. Different inv mass.

Decay via mag moment:

Production via Higgs portalProduction via Z-Z’ mixing 

Decay via eff coupling to  
photons:
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L � µH†HS3 + µS S1S2S3
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In most Higgs portals models, one will automatically generate a prediction for H → inv.

Consider 1 heavy scalar S3, and two light scalars S1, S2, all real:

A simple higgs portal example

Pair production is large enough… now how to obtain the signal?

Pion production scenario (A)

L� = ��i(�†H �H†�)S1S2 + y�d (dLdR�
0 + dRdL(�

0)⇤)
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Take, e.g., Type-II 2HDMs
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µ 1 + cA 2�
µ�5 1 + h.c.

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

effective coupling to NC + arbitrary dark sector 

GXp
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=
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4cWm2

Z0
<latexit sha1_base64="rWe/gRpKARyKrjhHQOAHfNdJvA8="></latexit>
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<latexit sha1_base64="SB//Yl2/ijJyJFlRNhRniCJZVtU="></latexit>

Using a vector portal for pair production

Hypercharge mixing is suppressed by (mZ’/mZ)2  and is also leading to no 
enhacement.

Mass mixing, on the other hand, leads to large Z-Z’ mixing:

Gx ~ Gf , as expected.

sL�
µdL ⇥ @⌫Fµ⌫

<latexit sha1_base64="9Wq/VlUUs4r1fD021w5lRliVVRI="></latexit>

Kinematically mixed vector contributes via photon-penguin:

@µ@⌫Fµ⌫ = 0
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Fµ⌫Xµ⌫
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kinetic mixing andvanishes as sL�
µdL ! pµK
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mass mixing

“              ”
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Kinematics — point 1

Need to understand beam size & 
 its spread in momentum. 
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KL !  1 ( 2 ! ⇡0), m1 = 40 MeV

Signal reconstruction assumes decay has 
happened exactly along the beam.
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log-norm fit (µ, �, s)
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(39.6, 0.266, 75.9)MeV

pi0 production
Our own MC

Present also in  
scattered KL bkgs
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Kinematics — point 2

Signal reconstruction assumes photons 
with a pi0 invariant mass 

Not satisfied in dipole (B) or pion impostor 
(C) cases.

Present also in CV-eta bkgs
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pi0 impostor
Our own MC
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BR(B ! K⌫⌫) < 1.6⇥ 10�5
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Phys.Rev.D 96 (2017) 9, 091101
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Results

All plots assume same efficiency 
as SM KL decays

Heavier dark state may also 
decay invisibly to neutrinos 

(BR ~ 10%)
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Results

Heavier dark state may also 
decay invisibly to neutrinos 

(BR ~ 10%)

KOTO sets leading constraints on 
parameter space, especially if X2 are short-

lived.

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>



39

But beam dump constraints can be 
alleviated if new dark decays exist 

(relaxed assumption about inv BR)
BR(B ! K⌫⌫) < 1.6⇥ 10�5
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F. Kling & S. Trojanowski, 2006.10630

Event contours at FASER 2

Future tests at beam dump facilities (FASER)

Searching for new particles 
produced in the forward direction 

at the LHC.
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Dark Matter connection

1. In all models, except pion impostor (C), X1 is stable and can be DM candidate 

2. Thermal equilibrium is guaranteed (weak-strength interactions with SM) 

3. Unfortunately, X1 weak-strength couplings to SM at 10’s and 100’s MeV scale is not sufficient 
to achieve correct relic density — additional annihilation channels required.

Secluded annihilation into light unstable particles + velocity dependence to avoid CMB limits 

Fermionic dark matter :  1 +  1 ! �+ �! SM, m� < m1 or m� > m1

Bosonic dark matter : S1 + S1 ! �+ �! SM, m� > m1.
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Dark Matter connection

1. In all models, except pion impostor (C), X1 is stable and can be DM candidate 

2. Thermal equilibrium is guaranteed (weak-strength interactions with SM) 

3. Unfortunately, X1 weak-strength couplings to SM at 10’s and 100’s MeV scale is not sufficient 
to achieve correct relic density — additional annihilation channels required.

          new scalar decays via higgs portal coupling (                        )✓2 ⇠ 10�9
<latexit sha1_base64="kj1SDBc8t8HF4vZa4Pi2YEkyPbU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEN5akFrW7ohuXFewDmrRMppN26OTBzI1QQsFfceNCEbd+hzv/xiQNotYDFw7n3Mu99zih4AoM41MrLC2vrK4V10sbm1vbO/ruXlsFkaSsRQMRyK5DFBPcZy3gIFg3lIx4jmAdZ3Kd+p17JhUP/DuYhsz2yMjnLqcEEmmgH1gwZkD6VWwp7mHT6Men9dlALxsVIwNeJGZOyihHc6B/WMOARh7zgQqiVM80QrBjIoFTwWYlK1IsJHRCRqyXUJ94TNlxdv4MHyfKELuBTMoHnKk/J2LiKTX1nKTTIzBWf71U/M/rReBe2jH3wwiYT+eL3EhgCHCaBR5yySiIaUIIlTy5FdMxkYRCklgpC6Ge4vz75UXSrlbMs0rttlZuXOVxFNEhOkInyEQXqIFuUBO1EEUxekTP6EV70J60V+1t3lrQ8pl99Ava+xeR+5S5</latexit>

“Forbidden” annihilation scalars -> scalars  (otherwise, s-wave and no v-dependence)

Fermionic dark matter :  1 +  1 ! �+ �! SM, m� < m1 or m� > m1

Bosonic dark matter : S1 + S1 ! �+ �! SM, m� > m1.
<latexit sha1_base64="iXANkT1gPpWmY96IfWMbC3yK+Ug="></latexit>

Fermionic dark matter :  1 +  1 ! �+ �! SM, m� < m1 or m� > m1

Bosonic dark matter : S1 + S1 ! �+ �! SM, m� > m1.
<latexit sha1_base64="iXANkT1gPpWmY96IfWMbC3yK+Ug="></latexit>

L � ��S
2
1�

2; y�� 1 1.
<latexit sha1_base64="nGdkggjcnpr30+MlPlqzxy0CBUM="></latexit>

�v =
�2
�

32⇡E2
1

⇥
q
1�m2

�/E
2
1 .

<latexit sha1_base64="7bsuMkLxui4lbtWf/vKLtBs4erI="></latexit>

exp(�2�m/T )
<latexit sha1_base64="/hVbhkWh5hHs9Xk2EaiFtO506ao=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQF9akFh+7oi5cVugLmlAm09t26EwSZiZiCPVX3LhQxK0f4s6/MX0gvg5cOJxzL/fe44WcKW1ZH0ZmYXFpeSW7mltb39jcMrd3miqIJIUGDXgg2x5RwJkPDc00h3YogQiPQ8sbXU781i1IxQK/ruMQXEEGPuszSnQqdc28A3dh8bCMnSvgmmBxVD/omgWrZE2B/xJ7TgpojlrXfHd6AY0E+JpyolTHtkLtJkRqRjmMc06kICR0RAbQSalPBCg3mR4/xvup0sP9QKblazxVv08kRCgVCy/tFEQP1W9vIv7ndSLdP3MT5oeRBp/OFvUjjnWAJ0ngHpNANY9TQqhk6a2YDokkVKd55aYhnE9w8vXyX9Isl+zjUuWmUqhezOPIol20h4rIRqeoiq5RDTUQRTF6QE/o2bg3Ho0X43XWmjHmM3n0A8bbJ1/qk3A=</latexit>

suppressed  by

R.T. D’Agnolo and J. Ruderman, PRL. 115, 061301 (2015)

Secluded annihilation into light unstable particles + velocity dependence to avoid CMB limits 
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Dark Matter connection

1. In all models, except pion impostor (C), X1 is stable and can be DM candidate 

2. Thermal equilibrium is guaranteed (weak-strength interactions with SM) 

3. Unfortunately, X1 weak-strength couplings to SM at 10’s and 100’s MeV scale is not sufficient 
to achieve correct relic density — additional annihilation channels required.
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suppressed  by

R.T. D’Agnolo and J. Ruderman, PRL. 115, 061301 (2015)

Secluded annihilation into light unstable particles + velocity dependence to avoid CMB limits 

Broad range of parameters that predict DM. 

Existence of new scalar is motivated as the real part 
of scalar that generates mass splitting  

between X1 and X2 

For further connections between KOTO & DM 
see W. Altmannshofer et al, 2006.05064 
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CONCLUSIONS

• Hints from the KOTO? — possible violation of GN bound? Still waiting final results. 

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

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

• Vector portals require ONE coupling combination ~ 

• Achieve large pT by mis-reconstruction. 

• Very testable scenario — beam dumo exps and   

• Proposed a few connections to dark matter, but all in non-minimal realisations.
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Thank you!
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BR(KL ! S1S2) = 9⇥ 10�9 ⇥
⇣ meff

100 eV

⌘2
�1/2(1, r21, r

2
2),

<latexit sha1_base64="dlVpDWUJsTbqjSeEYcudT+BMdY4="></latexit>

Type-II 2HDM 

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>

⇡, ⌘, ⌘0
<latexit sha1_base64="UKJDfg56rY3Wvit9Bh2+Y7YwVBc=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCCympFh+7ohuXFewDmlgm05t26GQSZiZCDcVfceNCEbf+hzv/xiQNotYD93I4517mznFDzpS2rE+jMDe/sLhUXC6trK6tb5ibWy0VRJJCkwY8kB2XKOBMQFMzzaETSiC+y6Htji5Tv30HUrFA3OhxCI5PBoJ5jBKdSD1zxw7ZoQ2aZO3WDiXzoWeWrYqVAc+Sak7KKEejZ37Y/YBGPghNOVGqW7VC7cREakY5TEp2pCAkdEQG0E2oID4oJ86un+D9ROljL5BJCY0z9edGTHylxr6bTPpED9VfLxX/87qR9s6cmIkw0iDo9CEv4lgHOI0C95kEqvk4IYRKltyK6ZBIQnUSWCkL4TzFyfeXZ0nrqFI9rtSua+X6RR5HEe2iPXSAqugU1dEVaqAmougePaJn9GI8GE/Gq/E2HS0Y+c42+gXj/Qs8kpU7</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>

Virtual (pi0,eta)-mediated dark state production
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NA62 @ KAON19

NA62 compared with previous measurements
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Branching ratios in vector portal model
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KOTO MC
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Revisiting other scenarios and validation 

Two invisible majorana fermions
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Dipole distributions 


