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B. Pontecorvo, Sov.Phys.JETP 26 (1968) 984-988.

⌫↵
<latexit sha1_base64="E0GqJUGrotAs8vYNNqci6DwtnKw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBhPBU9iNBz0GvXiMYB6QXULvZDYZMjs7zEMIIb/hxYMiXv0Zb/6Nk2QPmljQUFR1090VS8608f1vr7CxubW9U9wt7e0fHB6Vj0/aOrOK0BbJeKa6MWjKmaAtwwynXakopDGnnXh8N/c7T1RplolHM5E0SmEoWMIIGCeF1VDYfghcjqDaL1f8mr8AXidBTiooR7Nf/goHGbEpFYZw0LoX+NJEU1CGEU5npdBqKoGMYUh7jgpIqY6mi5tn+MIpA5xkypUweKH+nphCqvUkjV1nCmakV725+J/Xsya5iaZMSGuoIMtFieXYZHgeAB4wRYnhE0eAKOZuxWQECohxMZVcCMHqy+ukXa8FVzX/oV5p3OZxFNEZOkeXKEDXqIHuURO1EEESPaNX9OZZ78V79z6WrQUvnzlFf+B9/gBbtpE6</latexit>

LSM
<latexit sha1_base64="IuljNmH+U4YD3azCjSm4WlF6qiI=">AAACFHicbVC9TsMwGHTKXyl/ASQWFosWialKygBjBQsDSEVQWqmJKsd1WquOE9kOUhXyGjwAKzwCG2Jl5wl4DZw0A205ydLp7vv8nc6LGJXKsr6N0tLyyupaeb2ysbm1vWPu7j3IMBaYtHHIQtH1kCSMctJWVDHSjQRBgcdIxxtfZn7nkQhJQ36vJhFxAzTk1KcYKS31zYOaEyA1klgk12k/cUQA727SWt+sWnUrB1wkdkGqoECrb/44gxDHAeEKMyRlz7Yi5SZIKIoZSStOLEmE8BgNSU9TjgIi3STPn8JjrQygHwr9uIK5+ncjQYGUk8DTk3nYeS8T//N6sfLP3YTyKFaE4+khP2ZQhTArAw6oIFixiSYIC6qzQjxCAmGlK5u5kv0tpC9T3Yw938MieWjU7dO6dduoNi+KjsrgEByBE2CDM9AEV6AF2gCDJ/ACXsGb8Wy8Gx/G53S0ZBQ7+2AGxtcvIlefBg==</latexit>

Hidden sectorStandard Model
⇣
LH̃

⌘
N

<latexit sha1_base64="4X5QhFIZE9gQTSTcpUIC5vYn35k=">AAACJ3icbVC7SgNBFJ31GeMramkzGATThF0VtAzapBBRMImQDWF2cjcZMvtg5q4QlnyD3+EH2Oon2ImWVv6Gs3ELk3hg4HDOfc3xYik02vantbC4tLyyWlgrrm9sbm2XdnabOkoUhwaPZKTuPaZBihAaKFDCfayABZ6Elje8zPzWAygtovAORzF0AtYPhS84QyN1SxXqSvDxiLqRKcumpFdj6qKQPUjrhinRH2CFXtNuqWxX7QnoPHFyUiY5brqlb7cX8SSAELlkWrcdO8ZOyhQKLmFcdBMNMeND1oe2oSELQHfSyZfG9NAoPepHyrwQ6UT925GyQOtR4JnKgOFAz3qZ+J/XTtA/76QijBOEkP8u8hNJMaJZPrQnFHCUI0MYV8LcSvmAKcbRpDi1JZuttK/HJhlnNod50jyuOidV+/a0XLvIMyqQfXJAjohDzkiN1MkNaRBOHskzeSGv1pP1Zr1bH7+lC1bes0emYH39APOcpiw=</latexit> ⇣
LH̃

⌘
N

<latexit sha1_base64="4X5QhFIZE9gQTSTcpUIC5vYn35k=">AAACJ3icbVC7SgNBFJ31GeMramkzGATThF0VtAzapBBRMImQDWF2cjcZMvtg5q4QlnyD3+EH2Oon2ImWVv6Gs3ELk3hg4HDOfc3xYik02vantbC4tLyyWlgrrm9sbm2XdnabOkoUhwaPZKTuPaZBihAaKFDCfayABZ6Elje8zPzWAygtovAORzF0AtYPhS84QyN1SxXqSvDxiLqRKcumpFdj6qKQPUjrhinRH2CFXtNuqWxX7QnoPHFyUiY5brqlb7cX8SSAELlkWrcdO8ZOyhQKLmFcdBMNMeND1oe2oSELQHfSyZfG9NAoPepHyrwQ6UT925GyQOtR4JnKgOFAz3qZ+J/XTtA/76QijBOEkP8u8hNJMaJZPrQnFHCUI0MYV8LcSvmAKcbRpDi1JZuttK/HJhlnNod50jyuOidV+/a0XLvIMyqQfXJAjohDzkiN1MkNaRBOHskzeSGv1pP1Zr1bH7+lC1bes0emYH39APOcpiw=</latexit>

6

Well-motivated extension of the SM 

• Type-I seesaw (and variants) for neutrino masses  

• Generic renormalizable coupling to singlet fermions 

• MN need not be large. Nu masses may be small due to small Yukawas.

L � �y⌫
⇣
LH̃

⌘
N � MN

2
N cN + h.c.

<latexit sha1_base64="qLgRsdNzAUZIw0/HWc1OEva/qFg="></latexit>
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But how robust is this picture against 
enlarging the dark sector?

⌫↵
<latexit sha1_base64="E0GqJUGrotAs8vYNNqci6DwtnKw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBhPBU9iNBz0GvXiMYB6QXULvZDYZMjs7zEMIIb/hxYMiXv0Zb/6Nk2QPmljQUFR1090VS8608f1vr7CxubW9U9wt7e0fHB6Vj0/aOrOK0BbJeKa6MWjKmaAtwwynXakopDGnnXh8N/c7T1RplolHM5E0SmEoWMIIGCeF1VDYfghcjqDaL1f8mr8AXidBTiooR7Nf/goHGbEpFYZw0LoX+NJEU1CGEU5npdBqKoGMYUh7jgpIqY6mi5tn+MIpA5xkypUweKH+nphCqvUkjV1nCmakV725+J/Xsya5iaZMSGuoIMtFieXYZHgeAB4wRYnhE0eAKOZuxWQECohxMZVcCMHqy+ukXa8FVzX/oV5p3OZxFNEZOkeXKEDXqIHuURO1EEESPaNX9OZZ78V79z6WrQUvnzlFf+B9/gBbtpE6</latexit>

LSM
<latexit sha1_base64="IuljNmH+U4YD3azCjSm4WlF6qiI=">AAACFHicbVC9TsMwGHTKXyl/ASQWFosWialKygBjBQsDSEVQWqmJKsd1WquOE9kOUhXyGjwAKzwCG2Jl5wl4DZw0A205ydLp7vv8nc6LGJXKsr6N0tLyyupaeb2ysbm1vWPu7j3IMBaYtHHIQtH1kCSMctJWVDHSjQRBgcdIxxtfZn7nkQhJQ36vJhFxAzTk1KcYKS31zYOaEyA1klgk12k/cUQA727SWt+sWnUrB1wkdkGqoECrb/44gxDHAeEKMyRlz7Yi5SZIKIoZSStOLEmE8BgNSU9TjgIi3STPn8JjrQygHwr9uIK5+ncjQYGUk8DTk3nYeS8T//N6sfLP3YTyKFaE4+khP2ZQhTArAw6oIFixiSYIC6qzQjxCAmGlK5u5kv0tpC9T3Yw938MieWjU7dO6dduoNi+KjsrgEByBE2CDM9AEV6AF2gCDJ/ACXsGb8Wy8Gx/G53S0ZBQ7+2AGxtcvIlefBg==</latexit>

Hidden SectorStandard Model ⇣
LH̃

⌘
N

<latexit sha1_base64="4X5QhFIZE9gQTSTcpUIC5vYn35k=">AAACJ3icbVC7SgNBFJ31GeMramkzGATThF0VtAzapBBRMImQDWF2cjcZMvtg5q4QlnyD3+EH2Oon2ImWVv6Gs3ELk3hg4HDOfc3xYik02vantbC4tLyyWlgrrm9sbm2XdnabOkoUhwaPZKTuPaZBihAaKFDCfayABZ6Elje8zPzWAygtovAORzF0AtYPhS84QyN1SxXqSvDxiLqRKcumpFdj6qKQPUjrhinRH2CFXtNuqWxX7QnoPHFyUiY5brqlb7cX8SSAELlkWrcdO8ZOyhQKLmFcdBMNMeND1oe2oSELQHfSyZfG9NAoPepHyrwQ6UT925GyQOtR4JnKgOFAz3qZ+J/XTtA/76QijBOEkP8u8hNJMaJZPrQnFHCUI0MYV8LcSvmAKcbRpDi1JZuttK/HJhlnNod50jyuOidV+/a0XLvIMyqQfXJAjohDzkiN1MkNaRBOHskzeSGv1pP1Zr1bH7+lC1bes0emYH39APOcpiw=</latexit>

?
?

N → X?

?

?

de Gouvea et al, 1511.00683

e.g., if open-minded about  
BRs and decays of N



10

New local U(1) gauge symmetry with Type-I-like HNL 

Gauged (La-Lb) 

Gauged (B - L)

Gauged (QX) — dark quantum number, not shared by SM

W.Buchmüller, et al (1991), B. Batell et al, (2016), P. F. Perez (2017), many others.

J. Heeck and W. Rodejohann (2011), S. Baek et al (2015), J. Heeck and Y. Farzan (2016) 
A. Biswas et al (2016), Takeshi Araki et al (2019), and others.

this talk

H. Okada and K. Yagyu (2014), J. Heeck and Y. Farzan (2016) , T. Nomura and H. Okada (2017, 2018),  
C. Diaz et al (2017),  M. D. Campos (2017), E.Bertuzzo et al (2017),  

E. Bertuzzo et al (2018), C. Hagedorn et al, (2018), and others. 

(LHd)⌫d
<latexit sha1_base64="MsHVtwFFOlLcx70RvrtrvTQdhM4=">AAACH3icbVDLTgIxFO34RHyhLt1UwQQ3ZAaNjx3RDQsXmMgjAUI6pQMNnc6kvWMkk1n7HX6AW/0Ed8YtX+BvOAPEgHiSJqfn3Ed7bF9wDaY5MpaWV1bX1lMb6c2t7Z3dzN5+TXuBoqxKPeGphk00E1yyKnAQrOErRlxbsLo9uE38+iNTmnvyAYY+a7ukJ7nDKYFY6mSOcvk7XO60gD2BpmE3OsUtGczcc51M1iyYY+BFYk1JFk1R6WS+W12PBi6TQAXRummZPrRDooBTwaJ0K9DMJ3RAeqwZU0lcptvh+CsRPomVLnY8FR8JeKzOdoTE1Xro2nGlS6Cv/3qJ+J/XDMC5aodc+gEwSSeLnEBg8HCSC+5yxSiIYUwIVTx+K6Z9ogiFOL25LclspR0djZO5TnDxm8MiqRUL1lnh/L6YLd1MM0qhQ3SM8shCl6iEyqiCqoiiZ/SK3tC78WJ8GJ/G16R0yZj2HKA5GKMfaNmjjg==</latexit>

Dark fermion         no longer a complete singlet. (LHd)⌫d
<latexit sha1_base64="MsHVtwFFOlLcx70RvrtrvTQdhM4=">AAACH3icbVDLTgIxFO34RHyhLt1UwQQ3ZAaNjx3RDQsXmMgjAUI6pQMNnc6kvWMkk1n7HX6AW/0Ed8YtX+BvOAPEgHiSJqfn3Ed7bF9wDaY5MpaWV1bX1lMb6c2t7Z3dzN5+TXuBoqxKPeGphk00E1yyKnAQrOErRlxbsLo9uE38+iNTmnvyAYY+a7ukJ7nDKYFY6mSOcvk7XO60gD2BpmE3OsUtGczcc51M1iyYY+BFYk1JFk1R6WS+W12PBi6TQAXRummZPrRDooBTwaJ0K9DMJ3RAeqwZU0lcptvh+CsRPomVLnY8FR8JeKzOdoTE1Xro2nGlS6Cv/3qJ+J/XDMC5aodc+gEwSSeLnEBg8HCSC+5yxSiIYUwIVTx+K6Z9ogiFOL25LclspR0djZO5TnDxm8MiqRUL1lnh/L6YLd1MM0qhQ3SM8shCl6iEyqiCqoiiZ/SK3tC78WJ8GJ/G16R0yZj2HKA5GKMfaNmjjg==</latexit>

in extended SM-charged scalar sectors (e.g. 2HDM, richer scalar pheno)

but can have much simpler model.
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New dark U(1)’ symmetry spontaneously broken by SM-singlet scalar field

SU(2)L U(1)Y U(1)0

N 1 0 0
⌫D 1 0 Q
� 1 0 Q

<latexit sha1_base64="VyaLVkUCinggBvgP57Ox3Zw9kyY="></latexit>

Scalar	mixing

Kin
etic

	mixin
g

Neutrino	mixing

LSM
<latexit sha1_base64="IuljNmH+U4YD3azCjSm4WlF6qiI=">AAACFHicbVC9TsMwGHTKXyl/ASQWFosWialKygBjBQsDSEVQWqmJKsd1WquOE9kOUhXyGjwAKzwCG2Jl5wl4DZw0A205ydLp7vv8nc6LGJXKsr6N0tLyyupaeb2ysbm1vWPu7j3IMBaYtHHIQtH1kCSMctJWVDHSjQRBgcdIxxtfZn7nkQhJQ36vJhFxAzTk1KcYKS31zYOaEyA1klgk12k/cUQA727SWt+sWnUrB1wkdkGqoECrb/44gxDHAeEKMyRlz7Yi5SZIKIoZSStOLEmE8BgNSU9TjgIi3STPn8JjrQygHwr9uIK5+ncjQYGUk8DTk3nYeS8T//N6sfLP3YTyKFaE4+khP2ZQhTArAw6oIFixiSYIC6qzQjxCAmGlK5u5kv0tpC9T3Yw938MieWjU7dO6dduoNi+KjsrgEByBE2CDM9AEV6AF2gCDJ/ACXsGb8Wy8Gx/G53S0ZBQ7+2AGxtcvIlefBg==</latexit> ⌫d

<latexit sha1_base64="XVe5KM71HqTpW9Y/SjIBv8uBBGs=">AAACLXicjVDLSsNAFJ3xWeurVXduBlvBVUnrQpdFNy4r2Ac0pUwmk3boZBJmbqQ15F/c6savcSGIW3/DJO3CioIHBg7n3Dv3cJxQCgOW9YZXVtfWNzYLW8Xtnd29/VL5oGOCSDPeZoEMdM+hhkuheBsESN4LNae+I3nXmVxnfveeayMCdQezkA98OlLCE4xCKg1LR1VbRVE4jG3gUzAsdpOkOixV6jUrB/mbVNACrWEZY9sNWORzBUxSY/p1K4RBTDUIJnlStCPDQ8omdMT7KVXU52YQ5/ETcpoqLvECnT4FJFe/b8TUN2bmO+mkT2FsfnqZ+JvXj8C7HMRChRFwxeaHvEgSCEjWBXGF5gzkLCWUaZFmJWxMNWWQNrZ0JftbG88khCzpMM0i5/L/Sus0avXzmnXbqDSvFvUV0DE6QWeoji5QE92gFmojhh7QI3pCz/gFv+J3/DEfXcGLnUO0BPz5Bdd1p5k=</latexit>

Xµ
<latexit sha1_base64="uUkCKImmTvXy5ab1znLbICKtIWQ=">AAACHnicjVDLSgMxFE3qq9ZXq0s3wVZwVWbqQpdFNy4r2Ae0Q8mkmTY0mRmSO2IZ+hFudePXuBO3+jdmpl1YUfBA4HDOfZxcP5bCgON84sLa+sbmVnG7tLO7t39Qrhx2TJRoxtsskpHu+dRwKULeBgGS92LNqfIl7/rT68zv3nNtRBTewSzmnqLjUASCUbBSt9YbDlRSG5arbt3JQf4mVbREa1jBeDCKWKJ4CExSY/quE4OXUg2CST4vDRLDY8qmdMz7loZUceOled45ObXKiASRti8EkqvfO1KqjJkp31YqChPz08vE37x+AsGll4owToCHbLEoSCSBiGSfJyOhOQM5s4QyLWxWwiZUUwb2RCtbstnaBGZOyIoOD1nkXP7f0TqNunted24b1ebV8nxFdIxO0Bly0QVqohvUQm3E0BQ9oif0jF/wK37D74vSAl72HKEV4I8vOsehDQ==</latexit>

�
<latexit sha1_base64="cY1FuAj3acAMW1ZLE/z5h2nt5WY=">AAACHXicjVDLSgMxFE181vpqdekm2Aquykxd6LLoxmUF+4B2KJk008ZmMkNyRyxD/8Gtbvwad+JW/Bsz0y6sKHggcDjnPk6uH0thwHE+8crq2vrGZmGruL2zu7dfKh+0TZRoxlsskpHu+tRwKRRvgQDJu7HmNPQl7/iTq8zv3HNtRKRuYRpzL6QjJQLBKFipXe03x6I6KFXcmpOD/E0qaIHmoIxxfxixJOQKmKTG9FwnBi+lGgSTfFbsJ4bHlE3oiPcsVTTkxkvzuDNyYpUhCSJtnwKSq987UhoaMw19WxlSGJufXib+5vUSCC68VKg4Aa7YfFGQSAIRyf5OhkJzBnJqCWVa2KyEjammDOyFlrZks7UJzIyQJR0essi5/L+jtes196zm3NQrjcvF+QroCB2jU+Sic9RA16iJWoihO/SIntAzfsGv+A2/z0tX8KLnEC0Bf3wBRxigiw==</latexit>

N
<latexit sha1_base64="F1OzdVCM2rKCahUY2rv0FnGnw/s=">AAACGnicjVDLTgIxFL3FF+ILdOmmEUxckQEXuiS6cWUwyiOBCemUDjR0OpO2YyQTPsGtbvwad8atG//GzsBCjCaepMnJOfdxer1IcG0c5xPlVlbX1jfym4Wt7Z3dvWJpv63DWFHWoqEIVdcjmgkuWctwI1g3UowEnmAdb3KZ+p17pjQP5Z2ZRswNyEhyn1NirHRbua4MiuVa1cmA/yZlWKA5KCHUH4Y0Dpg0VBCtezUnMm5ClOFUsFmhH2sWETohI9azVJKAaTfJss7wsVWG2A+VfdLgTP3ekZBA62ng2cqAmLH+6aXib14vNv65m3AZxYZJOl/kxwKbEKcfx0OuGDViagmhitusmI6JItTY8yxtSWcr7esZxku6eUgjZ/L/jtauV2unVeemXm5cLM6Xh0M4ghOowRk04Aqa0AIKI3iEJ3hGL+gVvaH3eWkOLXoOYAno4wvP2p8+</latexit>

kinetic mixing 

scalar mixing 

neutrino mixing

Bµ⌫Xµ⌫
<latexit sha1_base64="lX1rLXAjQi+dawBooemmb9jTy8k=">AAACAHicbZC7TsMwFIadcivlFmBgYLFokZiqpAwwVmVhLBK9SE2IHNdprdpOZDtIVdSFV2FhACFWHoONt8FpM0DLL1n69J9zdHz+MGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyJFGBWko6lmpJ9IgnjISC+c3OT13iORisbiXk8T4nM0EjSiGGljBfZJrRVkHk89kc76DznBHGuBXXXqzlxwFdwCqqBQO7C/vGGMU06ExgwpNXCdRPsZkppiRmYVL1UkQXiCRmRgUCBOlJ/ND5jBc+MMYRRL84SGc/f3RIa4UlMemk6O9Fgt13Lzv9og1dG1n1GRpJoIvFgUpQzqGOZpwCGVBGs2NYCwpOavEI+RRFibzComBHf55FXoNuruZd25a1SbrSKOMjgFZ+ACuOAKNMEtaIMOwGAGnsEreLOerBfr3fpYtJasYuYY/JH1+QNWA5Y6</latexit>

|�|2|H|2
<latexit sha1_base64="lPPEPDpt/9ZwWUu9zOjOk+FxLQ0=">AAAB9HicbVDLTgIxFL2DL8QX6tJNIzFxRWaQ+NgR3bDERB4JjKRTOtDQedh2SMjAd7hxoTFu/Rh3/o2dYWJUPMm9OTnn3vT2OCFnUpnmp5FbWV1b38hvFra2d3b3ivsHLRlEgtAmCXggOg6WlDOfNhVTnHZCQbHncNp2xjeJ355QIVng36lpSG0PD33mMoKVluxZrzFis/vKrK5bv1gyy2YKtEysjJQgQ6Nf/OgNAhJ51FeEYym7lhkqO8ZCMcLpvNCLJA0xGeMh7WrqY49KO06PnqMTrQyQGwhdvkKp+nMjxp6UU8/Rkx5WI/nXS8T/vG6k3Es7Zn4YKeqTxUNuxJEKUJIAGjBBieJTTTARTN+KyAgLTJTOqZCGcJXg/PvLy6RVKVtn5epttVS7zuLIwxEcwylYcAE1qEMDmkDgAR7hGV6MifFkvBpvi9Gcke0cwi8Y7192hpIJ</latexit>

⇣
LH̃

⌘
N

<latexit sha1_base64="4X5QhFIZE9gQTSTcpUIC5vYn35k=">AAACJ3icbVC7SgNBFJ31GeMramkzGATThF0VtAzapBBRMImQDWF2cjcZMvtg5q4QlnyD3+EH2Oon2ImWVv6Gs3ELk3hg4HDOfc3xYik02vantbC4tLyyWlgrrm9sbm2XdnabOkoUhwaPZKTuPaZBihAaKFDCfayABZ6Elje8zPzWAygtovAORzF0AtYPhS84QyN1SxXqSvDxiLqRKcumpFdj6qKQPUjrhinRH2CFXtNuqWxX7QnoPHFyUiY5brqlb7cX8SSAELlkWrcdO8ZOyhQKLmFcdBMNMeND1oe2oSELQHfSyZfG9NAoPepHyrwQ6UT925GyQOtR4JnKgOFAz3qZ+J/XTtA/76QijBOEkP8u8hNJMaJZPrQnFHCUI0MYV8LcSvmAKcbRpDi1JZuttK/HJhlnNod50jyuOidV+/a0XLvIMyqQfXJAjohDzkiN1MkNaRBOHskzeSGv1pP1Zr1bH7+lC1bes0emYH39APOcpiw=</latexit>

L =LSM +
⇣
Dµ�
⌘†

(Dµ�) � V(�,H)

� 1
4

Xµ⌫Xµ⌫ + Ni/@N + ⌫Di /D⌫D

�
"
y↵⌫ (L↵ · eH)Nc +

µ0

2
NNc + yN N⌫cD� + h.c.

#
,

<latexit sha1_base64="+NMb2NccfTYpp+L089bAxNSaM18="></latexit>

Two-step mixing with SM-like neutrinos.
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New dark U(1)’ symmetry spontaneously broken by SM-singlet scalar field

SU(2)L U(1)Y U(1)0

N 1 0 0
⌫D 1 0 Q
� 1 0 Q

<latexit sha1_base64="VyaLVkUCinggBvgP57Ox3Zw9kyY="></latexit>

yR �c
R�R�⇤ + yL �c

L�L�⇤ +m��L�R
<latexit sha1_base64="u/7gEwIHIm441DyZmWuhSwsmKUU="></latexit>

µL �c
L�L + y �L�R�⇤

<latexit sha1_base64="8Eum64YcpXVI+Pa0H1STLpkICTE="></latexit>

�l,r ⇠ (1, 0, Q/2)
<latexit sha1_base64="Hfl1sjWoDyC0EbOQ3k3rCoNLtyE="></latexit>

(LHd)⌫d
<latexit sha1_base64="MsHVtwFFOlLcx70RvrtrvTQdhM4=">AAACH3icbVDLTgIxFO34RHyhLt1UwQQ3ZAaNjx3RDQsXmMgjAUI6pQMNnc6kvWMkk1n7HX6AW/0Ed8YtX+BvOAPEgHiSJqfn3Ed7bF9wDaY5MpaWV1bX1lMb6c2t7Z3dzN5+TXuBoqxKPeGphk00E1yyKnAQrOErRlxbsLo9uE38+iNTmnvyAYY+a7ukJ7nDKYFY6mSOcvk7XO60gD2BpmE3OsUtGczcc51M1iyYY+BFYk1JFk1R6WS+W12PBi6TQAXRummZPrRDooBTwaJ0K9DMJ3RAeqwZU0lcptvh+CsRPomVLnY8FR8JeKzOdoTE1Xro2nGlS6Cv/3qJ+J/XDMC5aodc+gEwSSeLnEBg8HCSC+5yxSiIYUwIVTx+K6Z9ogiFOL25LclspR0djZO5TnDxm8MiqRUL1lnh/L6YLd1MM0qhQ3SM8shCl6iEyqiCqoiiZ/SK3tC78WJ8GJ/G16R0yZj2HKA5GKMfaNmjjg==</latexit>

(LHd)⌫d
<latexit sha1_base64="MsHVtwFFOlLcx70RvrtrvTQdhM4=">AAACH3icbVDLTgIxFO34RHyhLt1UwQQ3ZAaNjx3RDQsXmMgjAUI6pQMNnc6kvWMkk1n7HX6AW/0Ed8YtX+BvOAPEgHiSJqfn3Ed7bF9wDaY5MpaWV1bX1lMb6c2t7Z3dzN5+TXuBoqxKPeGphk00E1yyKnAQrOErRlxbsLo9uE38+iNTmnvyAYY+a7ukJ7nDKYFY6mSOcvk7XO60gD2BpmE3OsUtGczcc51M1iyYY+BFYk1JFk1R6WS+W12PBi6TQAXRummZPrRDooBTwaJ0K9DMJ3RAeqwZU0lcptvh+CsRPomVLnY8FR8JeKzOdoTE1Xro2nGlS6Cv/3qJ+J/XDMC5aodc+gEwSSeLnEBg8HCSC+5yxSiIYUwIVTx+K6Z9ogiFOL25LclspR0djZO5TnDxm8MiqRUL1lnh/L6YLd1MM0qhQ3SM8shCl6iEyqiCqoiiZ/SK3tC78WJ8GJ/G16R0yZj2HKA5GKMfaNmjjg==</latexit>

�r ⇠ (1, 0, Q)
<latexit sha1_base64="U65vqVZgXQUohKTkUh3GeFi0Fxs="></latexit>

�l ⇠ (1, 0, 0)
<latexit sha1_base64="YLqBeBmY0Qy8afLRzDxkrRMGU6E="></latexit>

,

Anomaly freedom and extensions w/ fermionic DM candidates: 

• Option 1) Vector-like        and DM, where 

• Option 2) Cancellation between        and dark matter 
                    with residual dark parity (e.g., from lepton number).

stable

L =LSM +
⇣
Dµ�
⌘†

(Dµ�) � V(�,H)

� 1
4

Xµ⌫Xµ⌫ + Ni/@N + ⌫Di /D⌫D

�
"
y↵⌫ (L↵ · eH)Nc +

µ0

2
NNc + yN N⌫cD� + h.c.

#
,

<latexit sha1_base64="+NMb2NccfTYpp+L089bAxNSaM18="></latexit>

see also: 
J. Gherlein & M. Pierre 

JHEP02 (2020) 068
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Inverse, Extended and Linear seesaws — Pair of HNL with opposite L 

m1 =
µm2 � 2"0m⇤+ "02µ0

⇤2 � µµ0 .
<latexit sha1_base64="JzOeumqKePO61flifK2uMXricws="></latexit>

Light neutrino masses proportional to LNV parameters.

�L⌫�mass �
1

2

�
⌫L N ⌫d

�
0

@
0 m ✏0

m µ0 ⇤
✏0 ⇤ µ

1

A

0

@
⌫cL
N c

⌫cd

1

A + h.c.

<latexit sha1_base64="OsGB6AyxJFfYpI0lRiRoaIPd8W4="></latexit>
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�L⌫�mass �
1

2

�
⌫L N ⌫d

�
0

@
0 m 0
m µ0 ⇤
0 ⇤ 0

1

A

0

@
⌫cL
N c

⌫cd

1

A + h.c.

<latexit sha1_base64="IBKJYILyVq0huJuW8DhcEjhQ7ZU="></latexit>

14

When  µ = 𝜀 = 0  

ESS-like scenario relevant for: 

• light steriles w/ secret interactions, 
• neutrino self-interactions 

µ0
<latexit sha1_base64="Nl/fEdTO7ncZL/RxxODvBLCHVWU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQlJTa3dFNy4r2Ac2sUymk3bozCTMTIQS+hduXCji1r9x5984aSuo6IELh3Pu5d57woRRpR3nw1paXlldWy9sFDe3tnd2S3v7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC8WXud+6JVDQWN3qSkICjoaARxUgb6dbn6Z2fSMpJv1R27Gql6tUd6Niu57q1M5grdc+tQNd2ZiiDBZr90rs/iHHKidCYIaV6rpPoIENSU8zItOiniiQIj9GQ9AwViBMVZLOLp/DYKAMYxdKU0HCmfp/IEFdqwkPTyZEeqd9eLv7l9VIdnQcZFUmqicDzRVHKoI5h/j4cUEmwZhNDEJbU3ArxCEmEtQmpaEL4+hT+T9oV2z21nWuv3LhYxFEAh+AInAAX1EADXIEmaAEMBHgAT+DZUtaj9WK9zluXrMXMAfgB6+0TIkCROQ==</latexit>

P.S.B. Dev et al., 1209.4051 
J. Lopez-Pavon et al, 1209.5342

m⌫ = 0
<latexit sha1_base64="OGjwmUFFE/DFsQ23utjun/aznV4=">AAACB3icbVDLSgMxFM3UV62vqks3wVZwVWaq+FgIRTcuK9gHTIeSSTNtaJIZkoxQhn6AH+BWP8GduPUz/AJ/w8x0EGs9EDicc185fsSo0rb9aRWWlldW14rrpY3Nre2d8u5eW4WxxKSFQxbKro8UYVSQlqaakW4kCeI+Ix1/fJP6nQciFQ3FvZ5ExONoKGhAMdJGcqu83xMxvIJ2tV+u2DU7A1wkTk4qIEezX/7qDUIccyI0Zkgp17Ej7SVIaooZmZZ6sSIRwmM0JK6hAnGivCQ7eQqPjDKAQSjNExpm6u+OBHGlJtw3lRzpkfrrpeJ/nhvr4MJLqIhiTQSeLQpiBnUI0//DAZUEazYxBGFJza0Qj5BEWJuU5raks6UK1DRL5jLF2U8Oi6RdrzkntdO7eqVxnWdUBAfgEBwDB5yDBrgFTdACGITgCTyDF+vRerXerPdZacHKe/bBHKyPb5zRmXE=</latexit>

(holds provided #N = #S)

Easy to see when integrating out N:

Massless SM-like neutrinos at tree-level 

mdark =
m2 + ⇤2

2µ0
<latexit sha1_base64="eesgQAgjM4SRiWge8elNd7t0qrU="></latexit>

µ0 ! 1
<latexit sha1_base64="SvzfGjvbSy9YLGwB2gauD4b3SYQ=">AAACE3icbVDLSgMxFM34rPU1Kq7cBIvgqsxo8bErunFZwT6gM5ZMmmlDk8yQZIQy9DP8ALf6Ce7ErR/gF/gbZqaDWOuBwOGc+8oJYkaVdpxPa2FxaXlltbRWXt/Y3Nq2d3ZbKkokJk0csUh2AqQIo4I0NdWMdGJJEA8YaQej68xvPxCpaCTu9DgmPkcDQUOKkTZSz973eHLvxZJyAj0dQY+KUI97dsWpOjngPHELUgEFGj37y+tHOOFEaMyQUl3XibWfIqkpZmRS9hJFYoRHaEC6hgrEifLT/PwJPDJKH4aRNE9omKu/O1LElRrzwFRypIfqr5eJ/3ndRIcXfkpFnGgi8HRRmDBo/pllAftUEqzZ2BCEJTW3QjxEEmFtEpvZks2WKlSTPJnLDGc/OcyT1knVPa3WbmuV+lWRUQkcgENwDFxwDurgBjRAE2CQgifwDF6sR+vVerPep6ULVtGzB2ZgfXwD8hyfIg==</latexit>

rank-1

n.b.

1

2µ0
�
⌫↵ ⌫d

�✓m2 m⇤
m⇤ ⇤2

◆✓
⌫c↵
⌫cd

◆

<latexit sha1_base64="YY3pT+zFCiw6isD3xauEgKusgsw="></latexit>

sterile-like

dark-like

SM-like

Minimal Radiative Inverse Seesaw (MRISS)
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Lmass �
1

2

�
⌫↵ N ⌫D

�
0

@
0 mD 0

mD µ0 ⇤
0 ⇤ 0

1

A

0

@
⌫c↵
N c

⌫cD

1

A

<latexit sha1_base64="d/tVzPkl8o8sLO0Zab45QMydTQE="></latexit>

After U(1)’ and EW group are broken,  
no longer protected.

�mLL
<latexit sha1_base64="LgH6WAgJaUpE6Rrefe5+ULc+ios=">AAACJXicbVDLSsNAFJ34rPXRqEs3g63gqqRVfOyKblx0UcE+oA1lMpm2QyeTMHMjhpAvcav4Ne5EcOWnaNIWsdYDFw7n3ss5HCcQXINlfRhLyyura+u5jfzm1vZOwdzda2k/VJQ1qS981XGIZoJL1gQOgnUCxYjnCNZ2xtfZvn3PlOa+vIMoYLZHhpIPOCWQSn2zUOq5TADBXj+u15NS3yxaZWsCvEgqM1JEMzT65lfP9WnoMQlUEK27FSsAOyYKOBUsyfdCzQJCx2TIuimVxGPajifBE3yUKi4e+CodCXii/v6Iiad15DnppUdgpP/uMvG/XTeEwYUdcxmEwCSdGg1CgcHHWQvY5YpREFFKCFU8zYrpiChCIe1qzgUesmg6wXjeXEWuHgmZ5CeNXWY4++lnkbSq5cpJ+fS2WqxdzbrLoQN0iI5RBZ2jGrpBDdREFIXoET2hZ+PFeDXejPfp6ZIx+9lHczA+vwESP6VY</latexit>

m⌫ ⇠ g02

8⇡2

m2
D

µ0

 
3 ln

m2
Z0

⇤2
+ ln

m2
'0

⇤2
� 4

!

<latexit sha1_base64="ynRiZeeX7eUf/RRbYIl6TU1IIh0="></latexit>

m⌫ ⇠ g02

8⇡2

m2
D

m2
Z0

µ0

 
3 ln

m2
Z0

⇤2
+ ln

m2
'0

⇤2
� 4

!

<latexit sha1_base64="T2wYzCcFgAjQgIo/Ib0EluoR8jc="></latexit>

ISS-like: ESS-like:

With light new particles, NP loops dominate: neutrino masses are small because        is small.

�µ
<latexit sha1_base64="rus2oFjUuROIFWeSUKq01TApNWA=">AAACIHicbVDLSsNAFJ3UV62vqks3g63gqqRVfOyKblxWsA9oQplMpu3QySTM3Iih5DfcKn6NO3GpP6NJGsRaD1w4nHsv53CcQHANpvlhFJaWV1bXiuuljc2t7Z3y7l5H+6GirE194aueQzQTXLI2cBCsFyhGPEewrjO5Tvfde6Y09+UdRAGzPTKSfMgpgUSyqpbLBBBseWF1UK6YNTMDXiT1nFRQjtag/GW5Pg09JoEKonW/bgZgT4kCTgWLS1aoWUDohIxYP6GSeEzb0yxzjI8SxcVDXyUjAWfq748p8bSOPCe59AiM9d9dKv6364cwvLCnXAYhMElnRsNQYPBxWgB2uWIURJQQQhVPsmI6JopQSGqac4GHNJqOMZ43V5Grx0LGpayxyxRnP/0skk6jVj+pnd42Ks2rvLsiOkCH6BjV0TlqohvUQm1EUYAe0RN6Nl6MV+PNeJ+dFoz8Zx/Nwfj8BjPIo+s=</latexit>

mD
<latexit sha1_base64="ClmWadP3Nh+ZFAbibGqvxGiJ1I4=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4ChMNLregHjxGNAskQ+jp9CRNunuG7h4hDPkELx4U8eoXefNv7JkM4vag4PFeFVX1/IgzbVz3wyksLC4trxRXS2vrG5tb5e2dtg5jRWiLhDxUXR9rypmkLcMMp91IUSx8Tjv+5DL1O/dUaRbKOzONqCfwSLKAEWysdCsGV4Nyxa26GdBfUstJBXI0B+X3/jAksaDSEI617tXcyHgJVoYRTmelfqxphMkEj2jPUokF1V6SnTpDB1YZoiBUtqRBmfp9IsFC66nwbafAZqx/e6n4n9eLTXDmJUxGsaGSzBcFMUcmROnfaMgUJYZPLcFEMXsrImOsMDE2nVIWwnmKk6+X/5L2UbV2XK3f1CuNizyOIuzBPhxCDU6hAdfQhBYQGMEDPMGzw51H58V5nbcWnHxmF37AefsEMNSN4A==</latexit>

Z 0,'0, G0
'

<latexit sha1_base64="Vql9SwP8NFA7NQ40VhmGVb99rO4=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQkZJo8bErutBlBfvAJobJdNIOnTyYmRRK6D+48VfcuFDErRt3/o2TNBSrHrhw5px7mXuPGzEqpGF8aYW5+YXFpeJyaWV1bX1D39xqijDmmDRwyELedpEgjAakIalkpB1xgnyXkZY7uEz91pBwQcPgVo4iYvuoF1CPYiSV5OgHd/dWxKlPDqE1RDzq0+n7yplVHL1sVIwM8C8xc1IGOeqO/ml1Qxz7JJCYISE6phFJO0FcUszIuGTFgkQID1CPdBQNkE+EnWQ3jeGeUrrQC7mqQMJM/TmRIF+Ike+qTh/JvvjtpeJ/XieW3pmd0CCKJQnw5CMvZlCGMA0IdiknWLKRIghzqnaFuI84wlLFWMpCOE9xMj35L2keVczjSvWmWq5d5HEUwQ7YBfvABKegBq5BHTQABg/gCbyAV+1Re9betPdJa0HLZ7bBDLSPbxNVnnA=</latexit>

Z, h,Gh
<latexit sha1_base64="U4j6KHkeklzvx7tPrH2Fkm9Uw/8=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwUUqixceu6EKXFexD21Am00kzdGYSZiZCCf0KNy4UcevnuPNvnKRB1HrgwuGce7n3Hi9iVGnb/rQKC4tLyyvF1dLa+sbmVnl7p63CWGLSwiELZddDijAqSEtTzUg3kgRxj5GON75M/c4DkYqG4lZPIuJyNBLUpxhpI93dV2FQhVeDYFCu2DU7A5wnTk4qIEdzUP7oD0MccyI0ZkipnmNH2k2Q1BQzMi31Y0UihMdoRHqGCsSJcpPs4Ck8MMoQ+qE0JTTM1J8TCeJKTbhnOjnSgfrrpeJ/Xi/W/pmbUBHFmgg8W+THDOoQpt/DIZUEazYxBGFJza0QB0girE1GpSyE8xQn3y/Pk/ZRzTmu1W/qlcZFHkcR7IF9cAgccAoa4Bo0QQtgwMEjeAYvlrSerFfrbdZasPKZXfAL1vsXH3+PdA==</latexit>

µ0 ⌧ ⇤
<latexit sha1_base64="AEP4H1eWwbZRC8BIvcCRLPKzWRs=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEi49d0Y0LFxXsA5pYJpNJO3QmCTMTocQu/BU3LhRx62+482+cpEHUemDgcM493DvHixmVyrI+jdLc/MLiUnm5srK6tr5hbm61ZZQITFo4YpHoekgSRkPSUlQx0o0FQdxjpOONLjK/c0eEpFF4o8YxcTkahDSgGCkt9c0dhye3TiwoJ9BhDDpXOuujvlm1alYOOEvsglRBgWbf/HD8CCechAozJGXPtmLlpkgoihmZVJxEkhjhERqQnqYh4kS6aX7/BO5rxYdBJPQLFczVn4kUcSnH3NOTHKmh/Otl4n9eL1HBqZvSME4UCfF0UZAwqCKYlQF9KghWbKwJwoLqWyEeIoGw0pVV8hLOMhx/f3mWtA9r9lGtfl2vNs6LOspgF+yBA2CDE9AAl6AJWgCDe/AInsGL8WA8Ga/G23S0ZBSZbfALxvsXfKSV5Q==</latexit>

µ0 � ⇤
<latexit sha1_base64="he3cnC/MMO2G/umDWGObM2o+GI4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVUi49d0Y0LFxXsA5pYJpNJOnQmCTMTocQu/BU3LhRx62+482+cpEHUemDgcM493DvHjRmVyrI+jdLc/MLiUnm5srK6tr5hbm51ZJQITNo4YpHouUgSRkPSVlQx0osFQdxlpOuOLjK/e0eEpFF4o8YxcTgKQupTjJSWBuaOzZNbOxaUE2gHAbSvdNZDA7Nq1awccJbUC1IFBVoD88P2IpxwEirMkJT9uhUrJ0VCUczIpGInksQIj1BA+pqGiBPppPn9E7ivFQ/6kdAvVDBXfyZSxKUcc1dPcqSG8q+Xif95/UT5p05KwzhRJMTTRX7CoIpgVgb0qCBYsbEmCAuqb4V4iATCSldWyUs4y3D8/eVZ0jms1Y9qjetGtXle1FEGu2APHIA6OAFNcAlaoA0wuAeP4Bm8GA/Gk/FqvE1HS0aR2Qa/YLx/AW0nlds=</latexit>

where where
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10�2 10�1 100 101

m5 (GeV)

10�10

10�8

10�6

10�4

10�2

|U
µ
5
|2

Type-I

Excluded

SHiP

NA62

g0 = 1, mZ0 = 1 GeV, m' = 2 GeV

SBN

DUNE

ESS

ISS

⌫5 ! ⌫4Z
0 ! ⌫4⌫4⌫4

<latexit sha1_base64="FMbuopBVmhNOir0CRbG5nERa0xo=">AAACE3icbVC7TsMwFHXKq5RXgJHFokJCDFUK5bVVsDAWiT5EEyLHdVqrjhPZDlIV9R9Y+BUWBhBiZWHjb3DSiFc5kn2Pzr1X9jlexKhUlvVhFGZm5+YXioulpeWV1TVzfaMlw1hg0sQhC0XHQ5IwyklTUcVIJxIEBR4jbW94nvbbt0RIGvIrNYqIE6A+pz7FSGnJNfdsHruHtgrTWoPXN3YkaECgVmAmfV+uWbYqVgY4Tao5KYMcDdd8t3shjgPCFWZIym7VipSTIKEoZmRcsmNJIoSHqE+6mnIUEOkkmacx3NFKD/qh0IcrmKk/NxIUSDkKPD0ZIDWQf3up+F+vGyv/xEkoj2JFOJ485McMasNpQLBHBcGKjTRBWFD9V4gHSCCsdIylLITTFEdflqdJa79SPajULmvl+lkeRxFsgW2wC6rgGNTBBWiAJsDgDjyAJ/Bs3BuPxovxOhktGPnOJvgF4+0T626dsQ==</latexit>

ISS-limit: both steriles behave “standard”HNL

�(⌫5 ! ⌫4 + . . . ) / (µ0)3(5)
<latexit sha1_base64="BGL1lqPDPc2soTk6iVI7jly8eXQ="></latexit>

ESS-limit: Heavy steriles cascade to nu4, 
which in turn behaves as “standard” HNL.

Provided neutrino mixing is small:

Best way to search for such HNL 
is still via decay-in-flight exps.

m0
Z ,m

0
� < m4

<latexit sha1_base64="Ii5dDfMkkl2bZDHMsq4A4tAw/9A=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZRUiw9wUXTjsoJ9YBPDZDpph84kYWYilNClG3/FjQtF3PoJ7vwbJ2kQtR4YOPece7lzjxcxKpVlfRqFmdm5+YXiYmlpeWV1zVzfaMkwFpg0cchC0fGQJIwGpKmoYqQTCYK4x0jbG16kfvuOCEnD4FqNIuJw1A+oTzFSWnLNbe7e3NqRoJzsQ+7a0YDmJTzTdc01y1bFygCnSTUnZZCj4Zofdi/EMSeBwgxJ2a1akXISJBTFjIxLdixJhPAQ9UlX0wBxIp0kO2QMd7XSg34o9AsUzNSfEwniUo64pzs5UgP510vF/7xurPwTJ6FBFCsS4MkiP2ZQhTBNBfaoIFixkSYIC6r/CvEACYSVzq6UhXCa4uj75GnSOqhUDyu1q1q5fp7HUQRbYAfsgSo4BnVwCRqgCTC4B4/gGbwYD8aT8Wq8TVoLRj6zCX7BeP8CexOZHg==</latexit>

HNL decay invisibly._____________:

P. Ballett et al, 1905.00284 
J. M. Berryman et al, 1912.07622

Ignoring kinetic and scalar mixing
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UV completion for “neutrino-philic” interactions & explains 
the zero in the MRISS mass matrix… 

…but phenomenology is somewhat “boring”. 

This changes when we turn on additional portal couplings.
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SM	+	heavy	neutrino	

Mixing	x	O(1)	coupling	

Quarks	and	charged	leptons	

Kinetic	mixing	

SM	neutrinos	only	

Doubly	suppressed	

Z 0

`, q
<latexit sha1_base64="ljlHjedo2he3EVqPtw8C/BZwfC0=">AAACCHicbVDLTgIxFL2DL8QX6tJNI5i4MGQGF7okunGJiYAGCOmUDjS0nbHtmJAJP+DWrf6DO+PWv/AX/Ao7MAsBT9Lk5Jz76vEjzrRx3W8nt7K6tr6R3yxsbe/s7hX3D5o6jBWhDRLyUN37WFPOJG0YZji9jxTFwue05Y+uU7/1RJVmobwz44h2BR5IFjCCjZUeyh3K+Rl6LPeKJbfiToGWiZeREmSo94o/nX5IYkGlIRxr3fbcyHQTrAwjnE4KnVjTCJMRHtC2pRILqrvJ9OAJOrFKHwWhsk8aNFX/diRYaD0Wvq0U2Az1opeK/3nt2ASX3YTJKDZUktmiIObIhCj9PeozRYnhY0swUczeisgQK0yMzWhuSzpb6UBPECrYcLzFKJZJs1rxzivubbVUu8piysMRHMMpeHABNbiBOjSAgIAXeIU359l5dz6cz1lpzsl6DmEOztcvV/eZIQ==</latexit>

`, q
<latexit sha1_base64="ljlHjedo2he3EVqPtw8C/BZwfC0=">AAACCHicbVDLTgIxFL2DL8QX6tJNI5i4MGQGF7okunGJiYAGCOmUDjS0nbHtmJAJP+DWrf6DO+PWv/AX/Ao7MAsBT9Lk5Jz76vEjzrRx3W8nt7K6tr6R3yxsbe/s7hX3D5o6jBWhDRLyUN37WFPOJG0YZji9jxTFwue05Y+uU7/1RJVmobwz44h2BR5IFjCCjZUeyh3K+Rl6LPeKJbfiToGWiZeREmSo94o/nX5IYkGlIRxr3fbcyHQTrAwjnE4KnVjTCJMRHtC2pRILqrvJ9OAJOrFKHwWhsk8aNFX/diRYaD0Wvq0U2Az1opeK/3nt2ASX3YTJKDZUktmiIObIhCj9PeozRYnhY0swUczeisgQK0yMzWhuSzpb6UBPECrYcLzFKJZJs1rxzivubbVUu8piysMRHMMpeHABNbiBOjSAgIAXeIU359l5dz6cz1lpzsl6DmEOztcvV/eZIQ==</latexit>

⌫↵

Z 0

⌫�
<latexit sha1_base64="THBPlXbnve9JIpxGyd34g/fqQCA=">AAACDHicbVC7TsMwFHV4lvIqMLJYtEhMVVIGGCtYGItEH1ITVY5701p1nGA7SFWUX2BlhX9gQ6z8A7/AV+C0GWjLka50dM596fgxZ0rb9re1tr6xubVd2inv7u0fHFaOjjsqSiSFNo14JHs+UcCZgLZmmkMvlkBCn0PXn9zmfvcJpGKReNDTGLyQjAQLGCXaSF7NFckgdX3QJKsNKlW7bs+AV4lTkCoq0BpUftxhRJMQhKacKNV37Fh7KZGaUQ5Z2U0UxIROyAj6hgoSgvLS2dMZPjfKEAeRNCU0nql/J1ISKjUNfdMZEj1Wy14u/uf1Ex1ceykTcaJB0PmhIOFYRzhPAA+ZBKr51BBCJTO/YjomklBtclq4ku+WKlAZxmUTjrMcxSrpNOrOZd2+b1SbN0VMJXSKztAFctAVaqI71EJtRNEjekGv6M16tt6tD+tz3rpmFTMnaAHW1y+QL5uB</latexit>

e� qf
<latexit sha1_base64="XGrVnPdHhvVVZN0M98UL4MO12FI=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hLCrgh6DXjxGMA/IrmF20psMmX04M6uEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lJ4Irbdvf1tLyyuraemGjuLm1vbNb2ttvqjiVDBssFrFs+1Sh4BE2NNcC24lEGvoCW/7weuK3HlEqHkd3epSgF9J+xAPOqDbSPRK34rIBdyvkoRt0S2W7ak9BFomTkzLkqHdLX24vZmmIkWaCKtVx7ER7GZWaM4HjopsqTCgb0j52DI1oiMrLplePybFReiSIpalIk6n6eyKjoVKj0DedIdUDNe9NxP+8TqqDSy/jUZJqjNhsUZAKomMyiYD0uESmxcgQyiQ3txI2oJIybYIqmhCc+ZcXSfO06pxV7dvzcu0qj6MAh3AEJ+DABdTgBurQAAYSnuEV3qwn68V6tz5mrUtWPnMAf2B9/gD4I5GD</latexit>

U⇤
↵hg

0
<latexit sha1_base64="bTO7oV3wgdf4CJTj7+6foB3Gfjo=">AAACFXicbVC7TsMwFHXKq5RXgIGBxaJCQgxVAkgwVrAwFom0lZo0clynteoklu0gVVG+gw9ghU9gQ6zMfAG/gdNmoC1HutLROff6+p6AMyqVZX0blZXVtfWN6mZta3tnd8/cP2jLJBWYODhhiegGSBJGY+IoqhjpckFQFDDSCcZ3hd95IkLSJH5UE068CA1jGlKMlJZ888jxMxcxPkJwlPfP4bDvckEj4pt1q2FNAZeJXZI6KNHyzR93kOA0IrHCDEnZsy2uvAwJRTEjec1NJeEIj9GQ9DSNUUSkl00PyOGpVgYwTISuWMGp+nciQ5GUkyjQnRFSI7noFeJ/Xi9V4Y2X0ZinisR4tihMGVQJLNKAAyoIVmyiCcKC6r9CPEICYaUzm9tSvC1kKHOdjL2YwzJpXzTsy4b1cFVv3pYZVcExOAFnwAbXoAnuQQs4AIMcvIBX8GY8G+/Gh/E5a60Y5cwhmIPx9QvM9Z9i</latexit>

U⇤
↵hU�h g

0
<latexit sha1_base64="VuqfVvSokeYJ11QLBP/NxDOUPfM=">AAACDnicbVDLSsNAFJ34rPUVdelmsBREpCQq6LLoxmUF+4CmLZPpTTN0kgwzE6GEfoEbf8WNC0Xcunbn3zhpu9DWAwPnnnMvd+7xBWdKO863tbS8srq2Xtgobm5t7+zae/sNlaSSQp0mPJEtnyjgLIa6ZppDS0ggkc+h6Q9vcr/5AFKxJL7XIwGdiAxiFjBKtJF6drneyzzCRUhwOO6e4Lz0QecV9k4HXU9IFkHPLjkVZwK8SNwZKaEZaj37y+snNI0g1pQTpdquI3QnI1IzymFc9FIFgtAhGUDb0JhEoDrZ5JwxLhulj4NEmhdrPFF/T2QkUmoU+aYzIjpU814u/ue1Ux1cdTIWi1RDTKeLgpRjneA8G9xnEqjmI0MIlcz8FdOQSEK1SbBoQnDnT14kjbOKe15x7i5K1etZHAV0iI7QMXLRJaqiW1RDdUTRI3pGr+jNerJerHfrY9q6ZM1mDtAfWJ8//kWbbw==</latexit>

⌫↵

Z 0

⌫h
<latexit sha1_base64="VP/35wqFiuWJp3MqSR4+yPClgF0=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF0xbaUCbTSTt0MgnzEEroyg9wq5/gTtz6JX6Bv+GkzcK2Hhg4nHNfc8KUM6Vd99spra1vbG6Vtys7u3v7B9XDo5ZKjCTUJwlPZCfEinImqK+Z5rSTSorjkNN2OL7L/fYTlYol4lFPUhrEeChYxAjWVvJ7wvRH/WrNrbszoFXiFaQGBZr96k9vkBATU6EJx0p1PTfVQYalZoTTaaVnFE0xGeMh7VoqcExVkM2OnaIzqwxQlEj7hEYz9W9HhmOlJnFoK2OsR2rZy8X/vK7R0U2QMZEaTQWZL4oMRzpB+c/RgElKNJ9Ygolk9lZERlhiom0+C1vy2VJFamqT8ZZzWCWti7p3WXcfrmqN2yKjMpzAKZyDB9fQgHtogg8EGLzAK7w5z8678+F8zktLTtFzDAtwvn4BChuYBw==</latexit>

Focus on dark photon + HNL case, and neglect the dark scalar for now.

New “stronger-than-weak” neutrino-charged matter interactions!
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Z 0

Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

Neutrinos up-scatter into HNL,  
which promptly decays into e+e-.

⌫h
<latexit sha1_base64="VP/35wqFiuWJp3MqSR4+yPClgF0=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF0xbaUCbTSTt0MgnzEEroyg9wq5/gTtz6JX6Bv+GkzcK2Hhg4nHNfc8KUM6Vd99spra1vbG6Vtys7u3v7B9XDo5ZKjCTUJwlPZCfEinImqK+Z5rSTSorjkNN2OL7L/fYTlYol4lFPUhrEeChYxAjWVvJ7wvRH/WrNrbszoFXiFaQGBZr96k9vkBATU6EJx0p1PTfVQYalZoTTaaVnFE0xGeMh7VoqcExVkM2OnaIzqwxQlEj7hEYz9W9HhmOlJnFoK2OsR2rZy8X/vK7R0U2QMZEaTQWZL4oMRzpB+c/RgElKNJ9Ygolk9lZERlhiom0+C1vy2VJFamqT8ZZzWCWti7p3WXcfrmqN2yKjMpzAKZyDB9fQgHtogg8EGLzAK7w5z8678+F8zktLTtFzDAtwvn4BChuYBw==</latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

⌫
<latexit sha1_base64="VoGv5UfW+CG3UKksSArvsZh+wTQ="></latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit> ⌫µ

<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

C

Explaining MiniBooNE

4.7σ excess observed in nu + nubar mode 
— data/MC disagreement beyond statistical doubt —

MiniBooNE Coll., PRL.121.221801

E. Bertuzzo et al., 1807.09877
P. Ballett et al., 1808.02915
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E. Bertuzzo et al., 1807.09877

P. Ballett, MH, S. Pascoli, 1903.07589

P. Ballett et al., 1808.02915

Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫4
<latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit>

Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫4
<latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit>

Z 0

⌫⌧
<latexit sha1_base64="+HjoapzyurlEnlbNHpdEkLued0M=">AAAB8XicbVA9TwJBEJ3DL8Qv1NLmIphYkTsstCTaWGIiYOQuZG/Zgw17e5fdWRNC+Bc2Fhpj67+x89+4wBUKvmSSl/dmMjMvygTX6HnfTmFtfWNzq7hd2tnd2z8oHx61dWoUZS2ailQ9REQzwSVrIUfBHjLFSBIJ1olGNzO/88SU5qm8x3HGwoQMJI85JWilx2ogTS9AYqq9csWreXO4q8TPSQVyNHvlr6CfUpMwiVQQrbu+l2E4IQo5FWxaCoxmGaEjMmBdSyVJmA4n84un7plV+m6cKlsS3bn6e2JCEq3HSWQ7E4JDvezNxP+8rsH4KpxwmRlkki4WxUa4mLqz990+V4yiGFtCqOL2VpcOiSIUbUglG4K//PIqaddr/kXNu6tXGtd5HEU4gVM4Bx8uoQG30IQWUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/AOz7kGo=</latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

Z 0

H
<latexit sha1_base64="Fb7zRcyUo5TA5h0Kjx3RzhmVJ04=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiieziQY9ELxwxETCBDemWLjR027XtkpANv8OLB43x6o/x5r+xC3tQcJImk5n38qYTxJxp47rfTmFjc2t7p7hb2ts/ODwqH590tEwUoW0iuVSPAdaUM0HbhhlOH2NFcRRw2g0md5nfnVKlmRQPZhZTP8IjwUJGsLGSX+1H2IwJ5mlzXh2UK27NXQCtEy8nFcjRGpS/+kNJkogKQzjWuue5sfFTrAwjnM5L/UTTGJMJHtGepQJHVPvpIvQcXVhliEKp7BMGLdTfGymOtJ5FgZ3MMupVLxP/83qJCW/8lIk4MVSQ5aEw4chIlDWAhkxRYvjMEkwUs1kRGWOFibE9lWwJ3uqX10mnXvOuau59vdK4zesowhmcwyV4cA0NaEIL2kDgCZ7hFd6cqfPivDsfy9GCk++cwh84nz84QpG6</latexit>

H
<latexit sha1_base64="Fb7zRcyUo5TA5h0Kjx3RzhmVJ04=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiieziQY9ELxwxETCBDemWLjR027XtkpANv8OLB43x6o/x5r+xC3tQcJImk5n38qYTxJxp47rfTmFjc2t7p7hb2ts/ODwqH590tEwUoW0iuVSPAdaUM0HbhhlOH2NFcRRw2g0md5nfnVKlmRQPZhZTP8IjwUJGsLGSX+1H2IwJ5mlzXh2UK27NXQCtEy8nFcjRGpS/+kNJkogKQzjWuue5sfFTrAwjnM5L/UTTGJMJHtGepQJHVPvpIvQcXVhliEKp7BMGLdTfGymOtJ5FgZ3MMupVLxP/83qJCW/8lIk4MVSQ5aEw4chIlDWAhkxRYvjMEkwUs1kRGWOFibE9lWwJ3uqX10mnXvOuau59vdK4zesowhmcwyV4cA0NaEIL2kDgCZ7hFd6cqfPivDsfy9GCk++cwh84nz84QpG6</latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

⌫h
<latexit sha1_base64="VP/35wqFiuWJp3MqSR4+yPClgF0=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF0xbaUCbTSTt0MgnzEEroyg9wq5/gTtz6JX6Bv+GkzcK2Hhg4nHNfc8KUM6Vd99spra1vbG6Vtys7u3v7B9XDo5ZKjCTUJwlPZCfEinImqK+Z5rSTSorjkNN2OL7L/fYTlYol4lFPUhrEeChYxAjWVvJ7wvRH/WrNrbszoFXiFaQGBZr96k9vkBATU6EJx0p1PTfVQYalZoTTaaVnFE0xGeMh7VoqcExVkM2OnaIzqwxQlEj7hEYz9W9HhmOlJnFoK2OsR2rZy8X/vK7R0U2QMZEaTQWZL4oMRzpB+c/RgElKNJ9Ygolk9lZERlhiom0+C1vy2VJFamqT8ZZzWCWti7p3WXcfrmqN2yKjMpzAKZyDB9fQgHtogg8EGLzAK7w5z8678+F8zktLTtFzDAtwvn4BChuYBw==</latexit>

Coherent scattering, 
fast decays, 

 forward signal

Less forward, 
but too large scattering 

cross section for nutaus.

Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫4
<latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit><latexit sha1_base64="5onBd/9VBD9LsIhujsyWEWtEKqk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipU+3LdHBVHZQrbs1dgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddKu1zy35j3UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFDgI7Y</latexit>

⌫5
<latexit sha1_base64="HU3Q4TmUCSnTp2hBIFSv+z0vpkI=">AAACAXicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJdFNy4rOLXQDiWTZtrQJDMkGaEMXfkBbvUT3Ilbv8Qv8DfMtLOwrQcCh3PuKydMONPGdb+d0srq2vpGebOytb2zu1fdP2jpOFWE+iTmsWqHWFPOJPUNM5y2E0WxCDl9DEe3uf/4RJVmsXww44QGAg8kixjBxkp+V6a9y1615tbdKdAy8QpSgwLNXvWn249JKqg0hGOtO56bmCDDyjDC6aTSTTVNMBnhAe1YKrGgOsimx07QiVX6KIqVfdKgqfq3I8NC67EIbaXAZqgXvVz8z+ukJroOMiaT1FBJZouilCMTo/znqM8UJYaPLcFEMXsrIkOsMDE2n7kt+WylIz2xyXiLOSyT1lndO6+79xe1xk2RURmO4BhOwYMraMAdNMEHAgxe4BXenGfn3flwPmelJafoOYQ5OF+/uJGX1A==</latexit>

nu5 much shorter-lived,  
(m5-m4) max inv masses, 

nu4 fine tuned to be long lived 
to avoid PS-191 bounds.

Several scenarios discussed so far
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C. Argüelles, MH, Y. Tsai, PRL123, 261801 (2019)

Light Dark Photon case

New bounds from single-photon 
 sample in nu-e scattering analyses.

Conclusion:  
HNL mass cannot be too large, 

MiniBooNE signal typically very forward.

e
<latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit>

e
<latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit><latexit sha1_base64="x1flP+0EroOkHeho/TAgYE5WFOA=">AAACH3icbVDLTgIxFO3gC/EFunTTCCauyAwbXRLduMQojwQI6ZQLNHQ6k/aOyWTCJ7jVtV/jzrjlbywDCwFP0uTknPvq8SMpDLru3Mnt7O7tH+QPC0fHJ6dnxdJ5y4Sx5tDkoQx1x2cGpFDQRIESOpEGFvgS2v70YeG3X0EbEaoXTCLoB2ysxEhwhlZ6rkBlUCy7VTcD3SbeipTJCo1BydnvDUMeB6CQS2ZM13Mj7KdMo+ASZoVebCBifMrG0LVUsQBMP81undFrqwzpKNT2KaSZ+rcjZYExSeDbyoDhxGx6C/E/rxvj6K6fChXFCIovF41iSTGki4/TodDAUSaWMK6FvZXyCdOMo41nbUs0SYzgxo6gjSWlvmaUqSGdAlIVYhZewSbnbea0TVq1qudWvadauX6/yjBPLskVuSEeuSV18kgapEk4GZM38k4+nE/ny/l2fpalOWfVc0HW4Mx/AWztoNw=</latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

A

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>
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Currently studying all such cases in  
LAr together with microBooNE single-photon group  

@ Nevis Labs, Columbia University.
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Heavy Dark Photon: shower displaced from proton. Mostly photon-like showers. 

Light Dark Photon: no proton so smaller efficiencies, but enhanced in LAr (       coherent.) A2
<latexit sha1_base64="QaKzOKv7LM6os12NGXmEkPELIxk=">AAACAXicbVDLTsJAFL3FF+ILdelmIpi4Ii0udIm6cYmJBRKoZDpMYcJ02sxMTUjDyg9wq5/gzrj1S/wCf8MpdCHgSSY5Oee+5vgxZ0rb9rdVWFvf2Nwqbpd2dvf2D8qHRy0VJZJQl0Q8kh0fK8qZoK5mmtNOLCkOfU7b/vg289tPVCoWiQc9iakX4qFgASNYG8mtXj/Wq/1yxa7ZM6BV4uSkAjma/fJPbxCRJKRCE46V6jp2rL0US80Ip9NSL1E0xmSMh7RrqMAhVV46O3aKzowyQEEkzRMazdS/HSkOlZqEvqkMsR6pZS8T//O6iQ6uvJSJONFUkPmiIOFIRyj7ORowSYnmE0MwkczcisgIS0y0yWdhSzZbqkBNTTLOcg6rpFWvORc1+75eadzkGRXhBE7hHBy4hAbcQRNcIMDgBV7hzXq23q0P63NeWrDynmNYgPX1C4z2lxg=</latexit>
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MC	truth

4 topologies currently  
under consideration: 1p+ 1�

<latexit sha1_base64="S9R7k8uG2ZjUYeY9QRabv+q3R6o=">AAAB9HicbVDLSsNAFJ3UV62vqks3g0UQlJJo8bErunFZwT6giWUynbRDZyZxZlIood/hxoUibv0Yd/6NkzSIWg9cOJxzL/fe40eMKm3bn1ZhYXFpeaW4Wlpb39jcKm/vtFQYS0yaOGSh7PhIEUYFaWqqGelEkiDuM9L2R9ep3x4TqWgo7vQkIh5HA0EDipE2kudE90fuseMOEOeoV67YVTsDnCdOTiogR6NX/nD7IY45ERozpFTXsSPtJUhqihmZltxYkQjhERqQrqECcaK8JDt6Cg+M0odBKE0JDTP150SCuFIT7ptOjvRQ/fVS8T+vG+vgwkuoiGJNBJ4tCmIGdQjTBGCfSoI1mxiCsKTmVoiHSCKsTU6lLITLFGffL8+T1knVOa3WbmuV+lUeRxHsgX1wCBxwDurgBjRAE2DwAB7BM3ixxtaT9Wq9zVoLVj6zC37Bev8CkH6Rdg==</latexit>

1p+ 2e
<latexit sha1_base64="kIRmhStFXueZt21sRBrg9LU+MyI=">AAAB73icbVDLSsNAFJ3UV62vqks3g0UQlJLU4mNXdOOygn1AG8tketMOnUzizEQooT/hxoUibv0dd/6Nk7SIWg9cOJxzL/fe40WcKW3bn1ZuYXFpeSW/Wlhb39jcKm7vNFUYSwoNGvJQtj2igDMBDc00h3YkgQQeh5Y3ukr91gNIxUJxq8cRuAEZCOYzSrSR2k50d9Q9rkCvWLLLdgY8T5wZKaEZ6r3iR7cf0jgAoSknSnUcO9JuQqRmlMOk0I0VRISOyAA6hgoSgHKT7N4JPjBKH/uhNCU0ztSfEwkJlBoHnukMiB6qv14q/ud1Yu2fuwkTUaxB0OkiP+ZYhzh9HveZBKr52BBCJTO3YjokklBtIipkIVykOP1+eZ40K2XnpFy9qZZql7M48mgP7aND5KAzVEPXqI4aiCKOHtEzerHurSfr1Xqbtuas2cwu+gXr/QvK0I9L</latexit>

0p+ 1�
<latexit sha1_base64="ZOB6YsSPqe5jUFNe3YpSnq1R1QA=">AAAB9HicbVDLSsNAFJ3UV62vqks3g0UQlJJo8bErunFZwT6giWUynbRDZyZxZlIood/hxoUibv0Yd/6NkzSIWg9cOJxzL/fe40eMKm3bn1ZhYXFpeaW4Wlpb39jcKm/vtFQYS0yaOGSh7PhIEUYFaWqqGelEkiDuM9L2R9ep3x4TqWgo7vQkIh5HA0EDipE2kmdH90fuseMOEOeoV67YVTsDnCdOTiogR6NX/nD7IY45ERozpFTXsSPtJUhqihmZltxYkQjhERqQrqECcaK8JDt6Cg+M0odBKE0JDTP150SCuFIT7ptOjvRQ/fVS8T+vG+vgwkuoiGJNBJ4tCmIGdQjTBGCfSoI1mxiCsKTmVoiHSCKsTU6lLITLFGffL8+T1knVOa3WbmuV+lUeRxHsgX1wCBxwDurgBjRAE2DwAB7BM3ixxtaT9Wq9zVoLVj6zC37Bev8Cju6RdQ==</latexit>

0p+ 2e
<latexit sha1_base64="Wlgj1aOKLg8axerl/Ig7lh3cQec=">AAAB73icbVDLSsNAFJ3UV62vqks3g0UQlJLW4mNXdOOygn1AG8tketMOnUzizEQooT/hxoUibv0dd/6NkzSIWg9cOJxzL/fe44acKW3bn1ZuYXFpeSW/Wlhb39jcKm7vtFQQSQpNGvBAdlyigDMBTc00h04ogfguh7Y7vkr89gNIxQJxqychOD4ZCuYxSrSROnZ4d9Q7rkK/WLLLdgo8TyoZKaEMjX7xozcIaOSD0JQTpboVO9ROTKRmlMO00IsUhISOyRC6hgrig3Li9N4pPjDKAHuBNCU0TtWfEzHxlZr4run0iR6pv14i/ud1I+2dOzETYaRB0NkiL+JYBzh5Hg+YBKr5xBBCJTO3YjoiklBtIiqkIVwkOP1+eZ60quXKSbl2UyvVL7M48mgP7aNDVEFnqI6uUQM1EUUcPaJn9GLdW0/Wq/U2a81Z2cwu+gXr/QvJRY9K</latexit>

MC	truth

Benchmark	point	
heavy	dark	photon

Pioneering study of  
genuine dielectron pairs in LAr.

Asli	Abdullahi	
Durham	Uni.



M. Hostert 23

Invisible dark photon

R. Parker et al, Science 360 (2018) 191

P. Foldenhauer et al, JHEP07(2018)094

Z 0
SM

SM

Z 0

inv

inv

Minimal dark photon model 
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Invisible dark photon

R. Parker et al, Science 360 (2018) 191

Muon (g-2) is excluded, but only by 
 mono-photon searches at BaBar

Z 0

�
<latexit sha1_base64="5bOK3xciXbrxjwJkCmuqTYgviHk=">AAAB73icbVDLSsNAFL2pr1pfVZdugq3gqiRVfOyKblxWsA9oQ5lMJ+3QmUmcmQgl9CfcuFDErb/jzr9xkgZR64ELh3Pu5d57/IhRpR3n0yosLa+srhXXSxubW9s75d29tgpjiUkLhyyUXR8pwqggLU01I91IEsR9Rjr+5Dr1Ow9EKhqKOz2NiMfRSNCAYqSN1K32R4hzVB2UK07NyWAvEjcnFcjRHJQ/+sMQx5wIjRlSquc6kfYSJDXFjMxK/ViRCOEJGpGeoQJxorwku3dmHxllaAehNCW0nak/JxLElZpy33RypMfqr5eK/3m9WAcXXkJFFGsi8HxREDNbh3b6vD2kkmDNpoYgLKm51cZjJBHWJqJSFsJlirPvlxdJu15zT2qnt/VK4yqPowgHcAjH4MI5NOAGmtACDAwe4RlerHvryXq13uatBSuf2YdfsN6/AFnNj6c=</latexit>

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

Signal: mono-photon + /E
<latexit sha1_base64="Iv7krmI1TmCOwjlQfjrQkH6lpKw=">AAACCHicbZDLSsNAFIYnXmu9VV26CbaCq5JW8bIriuCygr1AG8pkctIOnUzizEQoIS/gC7jVN3Anbn0LX8DncJIGsdYfBn7+c86cw+eEjEplWZ/GwuLS8spqYa24vrG5tV3a2W3LIBIEWiRggeg6WAKjHFqKKgbdUAD2HQYdZ3yV1jsPICQN+J2ahGD7eMipRwlWOrIrfcmwHIEbXyeVQalsVa1M5ryp5aaMcjUHpa++G5DIB66I/kb2alao7BgLRQmDpNiPJISYjPEQetpy7IO04+zoxDzUiWt6gdCPKzNLf0/E2Jdy4ju608dqJP/W0vC/Wi9S3rkdUx5GCjiZLvIiZqrATAmYLhVAFJtog4mg+laTjLDARGlOM1tyNkkG5iLV6Q+GedOuV2vH1ZPberlxmSMqoH10gI5QDZ2hBrpBTdRCBN2jJ/SMXoxH49V4M96nrQtGPrOHZmR8fAP505rA</latexit>

Z 0

inv

inv

M2
Z0 = s � 2E�

p
s

<latexit sha1_base64="qpBCwg9Hyc7r+q2WtftZoQlKJLU="></latexit>

bump hunt

J.P. Lees, PRL.119.131804
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G. Mohlabeng, 1902.05075

Z 0

�2
<latexit sha1_base64="tgGe45OVPpPzLqtRft8Dpg+TsLk=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0YfNyCXjxGMA9IljA7mU3GzM4sM7NCCPkHLx4U8er/ePNvnN0sosaChqKqm+6uIOZMG9f9dJaWV1bX1gsbxc2t7Z3d0t5+S8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYX6d++4EqzaS4M5OY+hEeChYygo2VWj0yYv1qv1R2K24GtEi8nJQhR6Nf+ugNJEkiKgzhWOuu58bGn2JlGOF0VuwlmsaYjPGQdi0VOKLan2bXztCxVQYolMqWMChTf05McaT1JApsZ4TNSP/1UvE/r5uY8MKfMhEnhgoyXxQmHBmJ0tfRgClKDJ9Ygoli9lZERlhhYmxAxSyEyxRn3y8vkla14p1Ware1cv0qj6MAh3AEJ+DBOdThBhrQBAL38AjP8OJI58l5dd7mrUtOPnMAv+C8fwFB/I8P</latexit>

�1
<latexit sha1_base64="IVC8b38Maj1fATiatkYrcMlf1Qk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexq8HELevEYwTwgWcLsZJKMmZ1ZZmaFsOQfvHhQxKv/482/cXaziBoLGoqqbrq7gogzbVz30yksLa+srhXXSxubW9s75d29lpaxIrRJJJeqE2BNORO0aZjhtBMpisOA03YwuU799gNVmklxZ6YR9UM8EmzICDZWavXImPW9frniVt0MaJF4OalAjka//NEbSBKHVBjCsdZdz42Mn2BlGOF0VurFmkaYTPCIdi0VOKTaT7JrZ+jIKgM0lMqWMChTf04kONR6Gga2M8RmrP96qfif143N8MJPmIhiQwWZLxrGHBmJ0tfRgClKDJ9agoli9lZExlhhYmxApSyEyxRn3y8vktZJ1Tut1m5rlfpVHkcRDuAQjsGDc6jDDTSgCQTu4RGe4cWRzpPz6rzNWwtOPrMPv+C8fwFAeI8O</latexit>

�1
<latexit sha1_base64="IVC8b38Maj1fATiatkYrcMlf1Qk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexq8HELevEYwTwgWcLsZJKMmZ1ZZmaFsOQfvHhQxKv/482/cXaziBoLGoqqbrq7gogzbVz30yksLa+srhXXSxubW9s75d29lpaxIrRJJJeqE2BNORO0aZjhtBMpisOA03YwuU799gNVmklxZ6YR9UM8EmzICDZWavXImPW9frniVt0MaJF4OalAjka//NEbSBKHVBjCsdZdz42Mn2BlGOF0VurFmkaYTPCIdi0VOKTaT7JrZ+jIKgM0lMqWMChTf04kONR6Gga2M8RmrP96qfif143N8MJPmIhiQwWZLxrGHBmJ0tfRgClKDJ9agoli9lZExlhhYmxApSyEyxRn3y8vktZJ1Tut1m5rlfpVHkcRDuAQjsGDc6jDDTSgCQTu4RGe4cWRzpPz6rzNWwtOPrMPv+C8fwFAeI8O</latexit>

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

In a 2-fermion dark sector, one may relax 
 such bounds if the heaviest fermion decays visibly. 

Proven for an inelastic DM model.
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Even more relevant for dark neutrinos

Z 0

�(⌫4 ! ⌫↵e
+e�) ⇡ |U↵4|2

(e cW�g0)2

384⇡3

m5
4

m4
Z0

<latexit sha1_base64="HipP/MRoP8h1qW+oV8xvv0sinNw="></latexit>

�(Z 0 ! ⌫h⌫) ⇡ |U↵h|2
g02mZ0

12⇡
<latexit sha1_base64="xvUaOViY8xqv5dS+dRMuEfFSvv4="></latexit>

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫
<latexit sha1_base64="FXPyvy3NuaxwJbXcjUpbjasVN40=">AAAB6nicbZDLSsNAFIZP6q3GW9Wlm8EiuCqJipeFWHTjsqK9QBvKZDpth04mYWYilNBHcONCEZf6Lu7diG/jJC2i1h8GPv7/HOac40ecKe04n1ZuZnZufiG/aC8tr6yuFdY3aiqMJaFVEvJQNnysKGeCVjXTnDYiSXHgc1r3BxdpXr+lUrFQ3OhhRL0A9wTrMoK1sa5bIm4Xik7JyYSmwZ1A8ezNPo1ePuxKu/De6oQkDqjQhGOlmq4TaS/BUjPC6chuxYpGmAxwjzYNChxQ5SXZqCO0Y5wO6obSPKFR5v7sSHCg1DDwTWWAdV/9zVLzv6wZ6+6xlzARxZoKMv6oG3OkQ5TujTpMUqL50AAmkplZEeljiYk217GzI5ykOvxeeRpqeyV3v3Rw5RTL5zBWHrZgG3bBhSMowyVUoAoEenAHD/BoceveerKex6U5a9KzCb9kvX4B14SRTA==</latexit>

Z 0

⌫
<latexit sha1_base64="FXPyvy3NuaxwJbXcjUpbjasVN40=">AAAB6nicbZDLSsNAFIZP6q3GW9Wlm8EiuCqJipeFWHTjsqK9QBvKZDpth04mYWYilNBHcONCEZf6Lu7diG/jJC2i1h8GPv7/HOac40ecKe04n1ZuZnZufiG/aC8tr6yuFdY3aiqMJaFVEvJQNnysKGeCVjXTnDYiSXHgc1r3BxdpXr+lUrFQ3OhhRL0A9wTrMoK1sa5bIm4Xik7JyYSmwZ1A8ezNPo1ePuxKu/De6oQkDqjQhGOlmq4TaS/BUjPC6chuxYpGmAxwjzYNChxQ5SXZqCO0Y5wO6obSPKFR5v7sSHCg1DDwTWWAdV/9zVLzv6wZ6+6xlzARxZoKMv6oG3OkQ5TujTpMUqL50AAmkplZEeljiYk217GzI5ykOvxeeRpqeyV3v3Rw5RTL5zBWHrZgG3bBhSMowyVUoAoEenAHD/BoceveerKex6U5a9KzCb9kvX4B14SRTA==</latexit>

µ+µ�
<latexit sha1_base64="XyWj30Hw6V3kWKUM9aGDsAcEogU=">AAAB8nicbVDLSgMxFM3UV62vqktFgkUQxDKj4mNXdOOyBfuA6VgyadqGZpIhyQhl6NJPcONCEbd+QL/Dnd/gT5iZFlHrgYTDOfdy7z1+yKjStv1hZWZm5+YXsou5peWV1bX8+kZNiUhiUsWCCdnwkSKMclLVVDPSCCVBgc9I3e9fJX79jkhFBb/Rg5B4Aepy2qEYaSO5zSC6PYDJf9jKF+yinQJOE2dCCqXtUeXzfmdUbuXfm22Bo4BwjRlSynXsUHsxkppiRoa5ZqRIiHAfdYlrKEcBUV6crjyEe0Zpw46Q5nENU/VnR4wCpQaBbyoDpHvqr5eI/3lupDvnXkx5GGnC8XhQJ2JQC5jcD9tUEqzZwBCEJTW7QtxDEmFtUsqlIVwkOP0+eZrUjorOcfGkYtK4BGNkwRbYBfvAAWegBK5BGVQBBgI8gCfwbGnr0XqxXselGWvSswl+wXr7AlIllHc=</latexit>

µ+µ�
<latexit sha1_base64="XyWj30Hw6V3kWKUM9aGDsAcEogU=">AAAB8nicbVDLSgMxFM3UV62vqktFgkUQxDKj4mNXdOOyBfuA6VgyadqGZpIhyQhl6NJPcONCEbd+QL/Dnd/gT5iZFlHrgYTDOfdy7z1+yKjStv1hZWZm5+YXsou5peWV1bX8+kZNiUhiUsWCCdnwkSKMclLVVDPSCCVBgc9I3e9fJX79jkhFBb/Rg5B4Aepy2qEYaSO5zSC6PYDJf9jKF+yinQJOE2dCCqXtUeXzfmdUbuXfm22Bo4BwjRlSynXsUHsxkppiRoa5ZqRIiHAfdYlrKEcBUV6crjyEe0Zpw46Q5nENU/VnR4wCpQaBbyoDpHvqr5eI/3lupDvnXkx5GGnC8XhQJ2JQC5jcD9tUEqzZwBCEJTW7QtxDEmFtUsqlIVwkOP0+eZrUjorOcfGkYtK4BGNkwRbYBfvAAWegBK5BGVQBBgI8gCfwbGnr0XqxXselGWvSswl+wXr7AlIllHc=</latexit>

m4 ⇠ 800 MeV
<latexit sha1_base64="XJ3tR3BIJGdQDqBKnTL5MbiqF2A=">AAAB+3icbVDLSsNAFJ3UV62vWJduBlvBVUlq0borunEjVLAPaEOYTCft0JlJmJmIJfRX3LhQxK0/4s6/MUmDqPXAhcM593LvPV7IqNKW9WkUVlbX1jeKm6Wt7Z3dPXO/3FVBJDHp4IAFsu8hRRgVpKOpZqQfSoK4x0jPm16lfu+eSEUDcadnIXE4GgvqU4x0IrlmucrdBhwqymHTsqrwhnRds2LVrAxwmdg5qYAcbdf8GI4CHHEiNGZIqYFthdqJkdQUMzIvDSNFQoSnaEwGCRWIE+XE2e1zeJwoI+gHMimhYab+nIgRV2rGvaSTIz1Rf71U/M8bRNpvOjEVYaSJwItFfsSgDmAaBBxRSbBms4QgLGlyK8QTJBHWSVylLISLFGffLy+Tbr1mn9Yat/VK6zKPowgOwRE4ATY4By1wDdqgAzB4AI/gGbwYc+PJeDXeFq0FI585AL9gvH8B19eSgg==</latexit>

mZ0 ⇠ 1 GeV
<latexit sha1_base64="GuR/axn32XGwdiLyt7OSk4JWrE4=">AAACAnicbVDLSgNBEJz1GeMr6km8DCaCp7Abxcct6EGPEcwDk3WZnXSSITOzy8ysEJbgxV/x4kERr36FN//GzSaIGgsaiqpuurv8kDNtbPvTmpmdm19YzCxll1dW19ZzG5s1HUSKQpUGPFANn2jgTELVMMOhESogwudQ9/vnI79+B0qzQF6bQQiuIF3JOowSk0hebrsgvPjmthUqJmCIW5oJ7BTwBdS8XN4u2inwNHEmJI8mqHi5j1Y7oJEAaSgnWjcdOzRuTJRhlMMw24o0hIT2SReaCZVEgHbj9IUh3kuUNu4EKilpcKr+nIiJ0Hog/KRTENPTf72R+J/XjEznxI2ZDCMDko4XdSKOTYBHeeA2U0ANHySEUMWSWzHtEUWoSVLLpiGcjnD0/fI0qZWKzkHx8KqUL59N4sigHbSL9pGDjlEZXaIKqiKK7tEjekYv1oP1ZL1ab+PWGWsys4V+wXr/AngHllA=</latexit>

� ⇠ 2.2⇥ 10�2
<latexit sha1_base64="tfoMeXAzznhI7ao0hMjkY57FgMo=">AAACBXicbVDLSsNAFJ3UV62vqEtdDLaCG0MSxceu6MZlBfuAJpbJdNIOnTyYmQgldOPGX3HjQhG3/oM7/8ZJGkStBy4czrmXe+/xYkaFNM1PrTQ3v7C4VF6urKyurW/om1stESUckyaOWMQ7HhKE0ZA0JZWMdGJOUOAx0vZGl5nfviNc0Ci8keOYuAEahNSnGEkl9fTdmoOHFDqCBtA2bEfSgAjLvE0P7Umtp1dNw8wBZ4lVkCoo0OjpH04/wklAQokZEqJrmbF0U8QlxYxMKk4iSIzwCA1IV9EQqWVumn8xgftK6UM/4qpCCXP150SKAiHGgac6AySH4q+Xif953UT6Z25KwziRJMTTRX7CoIxgFgnsU06wZGNFEOZU3QrxEHGEpQqukodwnuHk++VZ0rIN68g4vrar9YsijjLYAXvgAFjgFNTBFWiAJsDgHjyCZ/CiPWhP2qv2Nm0tacXMNvgF7f0Lmw+W3A==</latexit>

Now final states are even harder to miss: 

pair of electrons, muons or pions!

⌫4
<latexit sha1_base64="XcKgPOQdYIuenRjpihGcrAchDio=">AAAB7nicbVDLSsNAFL2pr1pfVZduBlvBVUlq8bErunFZwT6gDWUynbRDJ5MwMxFK6Ee4caGIW7/HnX/jJA2i1gMXDufcy733eBFnStv2p1VYWV1b3yhulra2d3b3yvsHHRXGktA2CXkoex5WlDNB25ppTnuRpDjwOO1605vU7z5QqVgo7vUsom6Ax4L5jGBtpG51IOJhozosV+yanQEtEycnFcjRGpY/BqOQxAEVmnCsVN+xI+0mWGpGOJ2XBrGiESZTPKZ9QwUOqHKT7Nw5OjHKCPmhNCU0ytSfEwkOlJoFnukMsJ6ov14q/uf1Y+1fugkTUaypIItFfsyRDlH6OxoxSYnmM0MwkczcisgES0y0SaiUhXCV4vz75WXSqdecs1rjrl5pXudxFOEIjuEUHLiAJtxCC9pAYAqP8AwvVmQ9Wa/W26K1YOUzh/AL1vsXXJqPEA==</latexit>

⌫4
<latexit sha1_base64="XcKgPOQdYIuenRjpihGcrAchDio=">AAAB7nicbVDLSsNAFL2pr1pfVZduBlvBVUlq8bErunFZwT6gDWUynbRDJ5MwMxFK6Ee4caGIW7/HnX/jJA2i1gMXDufcy733eBFnStv2p1VYWV1b3yhulra2d3b3yvsHHRXGktA2CXkoex5WlDNB25ppTnuRpDjwOO1605vU7z5QqVgo7vUsom6Ax4L5jGBtpG51IOJhozosV+yanQEtEycnFcjRGpY/BqOQxAEVmnCsVN+xI+0mWGpGOJ2XBrGiESZTPKZ9QwUOqHKT7Nw5OjHKCPmhNCU0ytSfEwkOlJoFnukMsJ6ov14q/uf1Y+1fugkTUaypIItFfsyRDlH6OxoxSYnmM0MwkczcisgES0y0SaiUhXCV4vz75WXSqdecs1rjrl5pXudxFOEIjuEUHLiAJtxCC9pAYAqP8AwvVmQ9Wa/W26K1YOUzh/AL1vsXXJqPEA==</latexit>

P. Ballett, MH, S. Pascoli, 1903.07589

G. Mohlabeng, 1902.05075
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A smoking gun signature at NA62
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75 GeV 
Kaons

Searches for HNL at NA62 @ CERN

Usual peak searches based on kinematical argument: 

µ+
<latexit sha1_base64="SgUbBKl8ANn7moYwC3q3sbSwjd4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkm0+HErevFYwbSFNpbNdtMu3WzC7kYoob/BiwdFvPqDvPlv3KRB1Ppg4PHeDDPz/JgzpW3701pYXFpeWS2tldc3Nre2Kzu7LRUlklCXRDySHR8rypmgrmaa004sKQ59Ttv++Drz2w9UKhaJOz2JqRfioWABI1gbye2Fyf1xv1K1a3YONE+cglShQLNf+egNIpKEVGjCsVJdx461l2KpGeF0Wu4lisaYjPGQdg0VOKTKS/Njp+jQKAMURNKU0ChXf06kOFRqEvqmM8R6pP56mfif1010cOGlTMSJpoLMFgUJRzpC2edowCQlmk8MwUQycysiIywx0Safch7CZYaz75fnSeuk5pzW6rf1auOqiKME+3AAR+DAOTTgBprgAgEGj/AML5awnqxX623WumAVM3vwC9b7F5LXjqs=</latexit>

Z 0

KL
<latexit sha1_base64="Ki6EOAYU3it/t9SH5kzQrvAOVLE=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFhPBKtzFQsugjaBFBC8JJEfY2+wlS3b3jt09IRz5DTYWitj6g+z8N26SKzTxwcDjvRlm5oUJZ9q47rdTWFvf2Nwqbpd2dvf2D8qHRy0dp4pQn8Q8Vp0Qa8qZpL5hhtNOoigWIaftcHwz89tPVGkWy0czSWgg8FCyiBFsrORX7/r31X654tbcOdAq8XJSgRzNfvmrN4hJKqg0hGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKrGgOsjmx07RmVUGKIqVLWnQXP09kWGh9USEtlNgM9LL3kz8z+umJroKMiaT1FBJFouilCMTo9nnaMAUJYZPLMFEMXsrIiOsMDE2n5INwVt+eZW06jXvouY+1CuN6zyOIpzAKZyDB5fQgFtogg8EGDzDK7w50nlx3p2PRWvByWeO4Q+czx+okI3q</latexit>

X1
<latexit sha1_base64="r93ofzt4qW7+B6JU1nDSXVc35vg=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4yBxv29i67eyaE8BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAqujet+O4WNza3tneJuaW//4PCofHzS0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/vtJ1SaJ/LRTFIMYjqUPOKMGiv51U7fq/bLFbfmLkDWiZeTCuRo9stfvUHCshilYYJq3fXc1ARTqgxnAmelXqYxpWxMh9i1VNIYdTBdHDsjF1YZkChRtqQhC/X3xJTGWk/i0HbG1Iz0qjcX//O6mYlugimXaWZQsuWiKBPEJGT+ORlwhcyIiSWUKW5vJWxEFWXG5lOyIXirL6+TVr3mXdXch3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDk2SN3A==</latexit>

X2
<latexit sha1_base64="By1eItPwacH1n2sMHliBxQ8dXn4=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN6yBxv29i67cyaE8BtsLDTG1h9k579xgSsUfMkkL+/NZGZemEph0HW/ncLG5tb2TnG3tLd/cHhUPj5pmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3dxvP3FtRKIecZLyIKZDJSLBKFrJr3b69Wq/XHFr7gJknXg5qUCOZr/81RskLIu5QiapMV3PTTGYUo2CST4r9TLDU8rGdMi7lioacxNMF8fOyIVVBiRKtC2FZKH+npjS2JhJHNrOmOLIrHpz8T+vm2F0E0yFSjPkii0XRZkkmJD552QgNGcoJ5ZQpoW9lbAR1ZShzadkQ/BWX14nrXrNu6q5D/VK4zaPowhncA6X4ME1NOAemuADAwHP8ApvjnJenHfnY9lacPKZU/gD5/MHlOmN3Q==</latexit> ⇡0

<latexit sha1_base64="0p7eQziKzNDrRjfvnJa8oHMlTWM=">AAAB7nicbVBNSwMxEJ31s9avqkcvwVbwVHbrQY9FLx4r2A9o15JNs21oNglJVihLf4QXD4p49fd489+YtnvQ1gcDj/dmmJkXKc6M9f1vb219Y3Nru7BT3N3bPzgsHR23jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3n6g2TIoHO1E0TPBQsJgRbJ3UrvQUe/Qr/VLZr/pzoFUS5KQMORr90ldvIEmaUGEJx8Z0A1/ZMMPaMsLptNhLDVWYjPGQdh0VOKEmzObnTtG5UwYoltqVsGiu/p7IcGLMJIlcZ4LtyCx7M/E/r5va+DrMmFCppYIsFsUpR1ai2e9owDQllk8cwUQzdysiI6wxsS6hogshWH55lbRq1eCy6t/XyvWbPI4CnMIZXEAAV1CHO2hAEwiM4Rle4c1T3ov37n0sWte8fOYE/sD7/AEtTI7L</latexit>

X1
<latexit sha1_base64="r93ofzt4qW7+B6JU1nDSXVc35vg=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGLiAQlcyN4yBxv29i67eyaE8BtsLDTG1h9k579xgSsUfMkkL+/NZGZemAqujet+O4WNza3tneJuaW//4PCofHzS0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/vtJ1SaJ/LRTFIMYjqUPOKMGiv51U7fq/bLFbfmLkDWiZeTCuRo9stfvUHCshilYYJq3fXc1ARTqgxnAmelXqYxpWxMh9i1VNIYdTBdHDsjF1YZkChRtqQhC/X3xJTGWk/i0HbG1Iz0qjcX//O6mYlugimXaWZQsuWiKBPEJGT+ORlwhcyIiSWUKW5vJWxEFWXG5lOyIXirL6+TVr3mXdXch3qlcZvHUYQzOIdL8OAaGnAPTfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kDk2SN3A==</latexit>

Z 0

W+
<latexit sha1_base64="JY7024RFkz0SWY3wJGARISS5dJE=">AAAB6nicbVDLSsNAFL2pr1pfVZduBosgCCXR4mNXdOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwsLi0vFJcLa2tb2xulbd3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xlep336gUrFQ3OlJRN0ADwXzGcHaSLft+6N+uWJX7Qxonjg5qUCORr/80RuEJA6o0IRjpbqOHWk3wVIzwum01IsVjTAZ4yHtGipwQJWbZKdO0YFRBsgPpSmhUab+nEhwoNQk8ExngPVI/fVS8T+vG2v/3E2YiGJNBZkt8mOOdIjSv9GASUo0nxiCiWTmVkRGWGKiTTqlLISLFKffL8+T1nHVOanWbmqV+mUeRxH2YB8OwYEzqMM1NKAJBIbwCM/wYnHryXq13matBSuf2YVfsN6/AOfYjbA=</latexit>

K+
<latexit sha1_base64="lPHqJHMoeQ0nDzZLS2WkeZCOr+k=">AAAB6nicbVDLSsNAFL3xWeur6tLNYBEEoSRafOyKbgQ3Fe0D2lgm00k7dDIJMxOhhH6CGxeKuPWL3Pk3TtIgaj1w4XDOvdx7jxdxprRtf1pz8wuLS8uFleLq2vrGZmlru6nCWBLaICEPZdvDinImaEMzzWk7khQHHqctb3SZ+q0HKhULxZ0eR9QN8EAwnxGsjXR7fX/YK5Xtip0BzRInJ2XIUe+VPrr9kMQBFZpwrFTHsSPtJlhqRjidFLuxohEmIzygHUMFDqhyk+zUCdo3Sh/5oTQlNMrUnxMJDpQaB57pDLAeqr9eKv7ndWLtn7kJE1GsqSDTRX7MkQ5R+jfqM0mJ5mNDMJHM3IrIEEtMtEmnmIVwnuLk++VZ0jyqOMeV6k21XLvI4yjALuzBAThwCjW4gjo0gMAAHuEZXixuPVmv1tu0dc7KZ3bgF6z3L9WQjaQ=</latexit>

⌫h
<latexit sha1_base64="VP/35wqFiuWJp3MqSR4+yPClgF0=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF0xbaUCbTSTt0MgnzEEroyg9wq5/gTtz6JX6Bv+GkzcK2Hhg4nHNfc8KUM6Vd99spra1vbG6Vtys7u3v7B9XDo5ZKjCTUJwlPZCfEinImqK+Z5rSTSorjkNN2OL7L/fYTlYol4lFPUhrEeChYxAjWVvJ7wvRH/WrNrbszoFXiFaQGBZr96k9vkBATU6EJx0p1PTfVQYalZoTTaaVnFE0xGeMh7VoqcExVkM2OnaIzqwxQlEj7hEYz9W9HhmOlJnFoK2OsR2rZy8X/vK7R0U2QMZEaTQWZL4oMRzpB+c/RgElKNJ9Ygolk9lZERlhiom0+C1vy2VJFamqT8ZZzWCWti7p3WXcfrmqN2yKjMpzAKZyDB9fQgHtogg8EGLzAK7w5z8678+F8zktLTtFzDAtwvn4BChuYBw==</latexit>

Stringent vetoes on additional photons or charged particles to avoid backgrounds 
such as                       .K+ ! µ+ ⌫ �

<latexit sha1_base64="/VcDfzbiaJsURlMfrQ2R1oirMUk="></latexit>

m2
pK�p↵ ⌘ (pK � p↵)2 = m2

⌫h ,
<latexit sha1_base64="DOr2luNesEfjJVL4uuJBpunymfY="></latexit>

Provided the detection inefficiency to additional particles is not too small, 
can be relaxed significantly!

is vetoed from sample.K+ ! µ+⌫h ! µ+⌫Z0 ! µ+⌫e+e�
<latexit sha1_base64="PYq/P36OhSfdHZXEpTfk8osHx4Q="></latexit>

HNL + light dark photon 

*special thanks to Evgueni Goudzovski for discussion on NA62 
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But this is in itself is quite a striking prediction:

m2
�� ⌘ (p�+ + p�� )2 = m2

Z0 , (1)

m2
pK�p↵ ⌘ (pK � p↵)2 = m2

⌫h , (2)

m2
miss ⌘ (pK � p↵ � p�+ � p�� )2 = 0 (3)

<latexit sha1_base64="iU0Jh+v0/UyNMj4/ImYmCNpQvG8="></latexit>

K+ ! `+↵⌫h ! `+↵⌫Z0 ! `+↵⌫`+� `��
<latexit sha1_base64="6dMYylVrtfcuRSt7a1s9N3at5E4="></latexit>

“Multi-dimensional bumps” from 2-body kin:

Z 0

⌫
<latexit sha1_base64="5Z5yYeYD2ucXBdn7oPXE0mlpt90=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdNcXycCuOjUnB1okbkGqUKA5sD/6w4gkIRWacKxUz3Vi7aVYakY4nVX6iaIxJhM8oj1DBQ6p8tL81Bk6MsoQBZE0JTTK1Z8TKQ6Vmoa+6QyxHqu/Xib+5/USHVx4KRNxoqkg80VBwpGOUPY3GjJJieZTQzCRzNyKyBhLTLRJp5KHcJnh7PvlRdI+qbmntfptvdq4KuIowwEcwjG4cA4NuIEmtIDACB7hGV4sbj1Zr9bbvLVkFTP78AvW+xd3/Y4P</latexit>

K
<latexit sha1_base64="S3j6BLJhXETZM0BBziTfKRODLRk=">AAAB6HicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFN4KbFuwD2lAm05t27GQSZiZCCf0CNy4UcesnufNvnKRB1HrgwuGce7n3Hi/iTGnb/rQKS8srq2vF9dLG5tb2Tnl3r63CWFJo0ZCHsusRBZwJaGmmOXQjCSTwOHS8yXXqdx5AKhaKOz2NwA3ISDCfUaKN1LwdlCt21c6AF4mTkwrK0RiUP/rDkMYBCE05Uarn2JF2EyI1oxxmpX6sICJ0QkbQM1SQAJSbZIfO8JFRhtgPpSmhcab+nEhIoNQ08ExnQPRY/fVS8T+vF2v/wk2YiGINgs4X+THHOsTp13jIJFDNp4YQKpm5FdMxkYRqk00pC+Eyxdn3y4ukfVJ1Tqu1Zq1Sv8rjKKIDdIiOkYPOUR3doAZqIYoAPaJn9GLdW0/Wq/U2by1Y+cw++gXr/Qu7H40H</latexit>

`↵
<latexit sha1_base64="OBFitnW8FG6vOE+Zb761S/xwmqA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0m0+HErevFYwdpCEspku2mXbnbD7kYooT/DiwdFvPprvPlvTNIgan0w8Hhvhpl5QcyZNrb9aVWWlldW16rrtY3Nre2d+u7evZaJIrRLJJeqH4CmnAnaNcxw2o8VhSjgtBdMrnO/90CVZlLcmWlM/QhGgoWMgMkk16OcDzzg8RgG9YbdtAvgReKUpIFKdAb1D28oSRJRYQgHrV3Hjo2fgjKMcDqreYmmMZAJjKibUQER1X5anDzDR5kyxKFUWQmDC/XnRAqR1tMoyDojMGP918vF/zw3MeGFnzIRJ4YKMl8UJhwbifP/8ZApSgyfZgSIYtmtmIxBATFZSrUihMscZ98vL5L7k6Zz2mzdthrtqzKOKjpAh+gYOegctdEN6qAuIkiiR/SMXixjPVmv1tu8tWKVM/voF6z3L2kkkXo=</latexit>

`�
<latexit sha1_base64="eSVcdsX4KwCWBLeDpEKYlzNcBKQ=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac2oUymN+3QySTMTIQS+hduXCji1r9x5984SYOo9cCFwzn3cu89fsyZ0rb9aZWWlldW18rrlY3Nre2d6u5eR0WJpNCmEY9kzycKOBPQ1kxz6MUSSOhz6PqT68zvPoBULBJ3ehqDF5KRYAGjRBvp3gXOB64PmgyqNbtu58CLxClIDRVoDaof7jCiSQhCU06U6jt2rL2USM0oh1nFTRTEhE7ICPqGChKC8tL84hk+MsoQB5E0JTTO1Z8TKQmVmoa+6QyJHqu/Xib+5/UTHVx4KRNxokHQ+aIg4VhHOHsfD5kEqvnUEEIlM7diOiaSUG1CquQhXGY4+355kXRO6s5pvXHbqDWvijjK6AAdomPkoHPURDeohdqIIoEe0TN6sZT1ZL1ab/PWklXM7KNfsN6/AJ93kQY=</latexit>

`�
<latexit sha1_base64="eSVcdsX4KwCWBLeDpEKYlzNcBKQ=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ac2oUymN+3QySTMTIQS+hduXCji1r9x5984SYOo9cCFwzn3cu89fsyZ0rb9aZWWlldW18rrlY3Nre2d6u5eR0WJpNCmEY9kzycKOBPQ1kxz6MUSSOhz6PqT68zvPoBULBJ3ehqDF5KRYAGjRBvp3gXOB64PmgyqNbtu58CLxClIDRVoDaof7jCiSQhCU06U6jt2rL2USM0oh1nFTRTEhE7ICPqGChKC8tL84hk+MsoQB5E0JTTO1Z8TKQmVmoa+6QyJHqu/Xib+5/UTHVx4KRNxokHQ+aIg4VhHOHsfD5kEqvnUEEIlM7diOiaSUG1CquQhXGY4+355kXRO6s5pvXHbqDWvijjK6AAdomPkoHPURDeohdqIIoEe0TN6sZT1ZL1ab/PWklXM7KNfsN6/AJ93kQY=</latexit>

⌫h
<latexit sha1_base64="Gu7QYDp3RQUvO0Xx0CCYnD4sYKk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VL0VvXisYNpCG8pmu2mXbjZhdyOU0N/gxYMiXv1B3vw3btIgan0w8Hhvhpl5fsyZ0rb9aZVWVtfWN8qbla3tnd296v5BR0WJJNQlEY9kz8eKciaoq5nmtBdLikOf064/vcn87gOVikXiXs9i6oV4LFjACNZGcgciGU6G1Zpdt3OgZeIUpAYF2sPqx2AUkSSkQhOOleo7dqy9FEvNCKfzyiBRNMZkise0b6jAIVVemh87RydGGaEgkqaERrn6cyLFoVKz0DedIdYT9dfLxP+8fqKDSy9lIk40FWSxKEg40hHKPkcjJinRfGYIJpKZWxGZYImJNvlU8hCuMjS/X14mnbO6c15v3DVqresijjIcwTGcggMX0IJbaIMLBBg8wjO8WMJ6sl6tt0VrySpmDuEXrPcv8leO6g==</latexit>

m2
↵�� + m2

↵⌫ + m2
pK�p↵ = m2

K + m2
↵ + m2

miss + m2
��,

<latexit sha1_base64="0Qq3xymh9gAc09HELhoGXxwlxQo="></latexit>

BR(M+ ! `+↵⌫h) = |U↵h|2⇢↵(m⌫h ) BR(M+ ! `+↵⌫↵)
<latexit sha1_base64="vv0LIR2+I1V8ioivVtTr8oOPxXo="></latexit>

Production is still controlled:

Directly measure 
dark state masses
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With perfect resolution this constitutes a zero-background search!

Main challenge comes from pion Dalitz decays at mee < 140 MeV

BR(K+ ! µ+⌫e+e�) = (7.81 ± 0.21 stat.) ⇥ 10�8
<latexit sha1_base64="LYWAB/hsWd2bPS1d4svy8cIKU68="></latexit>

@ NA48/2

mee > 140 MeV

  M. S. Atiya et al., PRL.63, 2177 (1989)

missed soft photon from K+ ! µ+⌫µ(⇡0 ! �e+e�)
<latexit sha1_base64="4SvADzqzURauCnx23jud6Dlcycw="></latexit>

K+ ! (⇡+ ! µ+⌫)e+e�
<latexit sha1_base64="Ot3cn28nUnwJ4UNBGGPH/F26x54="></latexit>

Bkgs such as                                           can be reduced from additional cuts:       

mµ⌫ > 150 MeV
<latexit sha1_base64="Oc5K49ufd37hn5W9N38bfzxfaAQ="></latexit>

BR(K+ ! µ+⌫µ+µ�) < 4.7 ⇥ 10�7
<latexit sha1_base64="fKyv6p9rqvmkkVUtf/hfaSnoul8="></latexit>

@ E787

Ultimately, depends on resolution, but at very small mixing, 
NA62 can also reduced bkgs by searching for  

displaced vertices when 
  

c𝜏 > 10 ps

e.g.

NA48/2 Existing measurements

Both SM process will be measured by NA62.
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NA62 S.E.S. assuming  
background-free search.

pseudo-Dirac 

pseudo-Dirac 

Total of 1.6e12 useful Kaon decays 
(only 30% of NA62 dataset!)

4% acceptance of ee  
8% acceptance for µµ

Assumptions matched to LNV search in  
K+→π−e+e+  and K+→π−µ+µ+ 

NA62 Coll., j.physletb.2019.07.041

• Peak searches relaxed due to visible events 
(very conservative 0.5% inneff.) 

• Upscattering cannot be much larger than nu-
e scattering in the SM 

• Existing bound based on NA48/2 
measurement.

Other bounds:
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If zero-bkg assumption correct, 
provides direct test of 

MiniBooNE explanation with 
light dark photons

E. Bertuzzo et al.,1807.09877
pseudo-Dirac 

pseudo-Dirac 
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Presented a  “harmless” and minimal UV completion for neutrino-phillic interactions.
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Presented a  “harmless” and minimal UV completion for neutrino-phillic interactions.

Interplay of portals offers a fertile ground for phenomenology 
• MiniBooNE explanations from upscattering and decay. 
• Semi-visible dark photons/scalars, poorly constrained parameter space.

Neutrino masses in MRISS. Loop-level masses arise due to new U(1)’ symmetry.

New searches for such dark neutrino sectors at NA62. “Smoking-gun” signature in

K+ ! `+⌫e+e�
<latexit sha1_base64="WmUsymLH3E96PrPSOMycSf4d8sc="></latexit>

CONCLUSIONS


