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Outline

• Sterile neutrinos in the Type-I seesaw. 

• Non-minimal realisations — venturing into dark sectors. 

• Hints from short-baselines? — old data, new approaches.
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Heavy Neutral Leptons

Add a RH singlet lepton to the SM that mixes with massive 
neutrinos — it is then called  “ 

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

(heavy_neutral_lepton == sterile_neutrino == right_handed_neutrino) == True

SM gauge singlet  — trivial and well-motivated extension of the SM

x

Neutrino	mixing

⌫↵
<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>

Dark SectorStandard Model

⇣
LH̃

⌘
N

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

x

⇣
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>
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Heavy Neutral Leptons

Simplest Type-I seesaw Lagrangian:

L � �y⌫
⇣
LH̃

⌘
N � MN

2
N cN + h.c.

<latexit sha1_base64="qLgRsdNzAUZIw0/HWc1OEva/qFg="></latexit>

Naive scaling to roughy reproduce light neutrino masses (~ 0.1 eV): 

Why are neutrino masses small? 

(y⌫)2 ⇡ 3⇥ 10�15 MN
GeV

<latexit sha1_base64="PxTWdGZvKeaV7w51Fswns5ozll0="></latexit>

|U |2 ⇡ 10�10 GeV
MN

<latexit sha1_base64="jhu3VUX5MrDvUdzdPlWnZeTgj6Y="></latexit>

m⌫ ⇡ (y⌫vEW)2

2MN
<latexit sha1_base64="tGFMeVBBpGLqeNGsCTqnT6edn7I="></latexit>
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Heavy Neutral Leptons

Simplest Type-I seesaw Lagrangian:

L � �y⌫
⇣
LH̃

⌘
N � MN

2
N cN + h.c.

<latexit sha1_base64="qLgRsdNzAUZIw0/HWc1OEva/qFg="></latexit>

Naive scaling to roughy reproduce light neutrino masses (~ 0.1 eV): 

Large hierarchy of scales — large Majorana mass leads to tiny neutrino masses, even for  
large couplings (MN >> EW scale)

(y⌫)2 ⇡ 3⇥ 10�15 MN
GeV

<latexit sha1_base64="PxTWdGZvKeaV7w51Fswns5ozll0="></latexit>

|U |2 ⇡ 10�10 GeV
MN

<latexit sha1_base64="jhu3VUX5MrDvUdzdPlWnZeTgj6Y="></latexit>

Why are neutrino masses small? 

m⌫ ⇡ (y⌫vEW)2

2MN
<latexit sha1_base64="tGFMeVBBpGLqeNGsCTqnT6edn7I="></latexit>
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Heavy Neutral Leptons

Simplest Type-I seesaw Lagrangian:

L � �y⌫
⇣
LH̃

⌘
N � MN

2
N cN + h.c.

<latexit sha1_base64="qLgRsdNzAUZIw0/HWc1OEva/qFg="></latexit>

Naive scaling to roughy reproduce light neutrino masses (~ 0.1 eV): 

Large hierarchy of scales — large Majorana mass leads to tiny neutrino masses, even for  
large couplings (MN >> EW scale)

Small couplings — the SM and the hidden HNL are very weakly coupled (MN < EW scale).

Why are neutrino masses small? 

(y⌫)2 ⇡ 3⇥ 10�15 MN
GeV

<latexit sha1_base64="PxTWdGZvKeaV7w51Fswns5ozll0="></latexit>

|U |2 ⇡ 10�10 GeV
MN

<latexit sha1_base64="jhu3VUX5MrDvUdzdPlWnZeTgj6Y="></latexit>

m⌫ ⇡ (y⌫vEW)2

2MN
<latexit sha1_base64="tGFMeVBBpGLqeNGsCTqnT6edn7I="></latexit>
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Heavy Neutral Leptons

Simplest Type-I seesaw Lagrangian:

L � �y⌫
⇣
LH̃

⌘
N � MN

2
N cN + h.c.

<latexit sha1_base64="qLgRsdNzAUZIw0/HWc1OEva/qFg="></latexit>

Naive scaling to roughy reproduce light neutrino masses (~ 0.1 eV): 

Large hierarchy of scales — large Majorana mass leads to tiny neutrino masses, even for  
large couplings (MN >> EW scale)

Small couplings — the SM and the hidden HNL are very weakly coupled (MN < EW scale).

New symmetries — large cancellations in full mass matrix make them come out this way.  
If not “just the way it is”, this suggests new symmetries in Nature (Lepton number).

Why are neutrino masses small? 

(y⌫)2 ⇡ 3⇥ 10�15 MN
GeV

<latexit sha1_base64="PxTWdGZvKeaV7w51Fswns5ozll0="></latexit>

|U |2 ⇡ 10�10 GeV
MN

<latexit sha1_base64="jhu3VUX5MrDvUdzdPlWnZeTgj6Y="></latexit>

m⌫ ⇡ (y⌫vEW)2

2MN
<latexit sha1_base64="tGFMeVBBpGLqeNGsCTqnT6edn7I="></latexit>
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Heavy Neutral Leptons

Simplest Type-I seesaw Lagrangian:

L � �y⌫
⇣
LH̃

⌘
N � MN

2
N cN + h.c.

<latexit sha1_base64="qLgRsdNzAUZIw0/HWc1OEva/qFg="></latexit>

Naive scaling to roughy reproduce light neutrino masses (~ 0.1 eV): 

Large hierarchy of scales — large Majorana mass leads to tiny neutrino masses, even for  
large couplings (MN >> EW scale)

Small couplings — the SM and the hidden HNL are very weakly coupled (MN < EW scale).

New symmetries — large cancellations in full mass matrix make them come out this way.  
If not “just the way it is”, this suggests new symmetries in Nature (Lepton number).

Why are neutrino masses small? We do not know.

(y⌫)2 ⇡ 3⇥ 10�15 MN
GeV

<latexit sha1_base64="PxTWdGZvKeaV7w51Fswns5ozll0="></latexit>

|U |2 ⇡ 10�10 GeV
MN

<latexit sha1_base64="jhu3VUX5MrDvUdzdPlWnZeTgj6Y="></latexit>

m⌫ ⇡ (y⌫vEW)2

2MN
<latexit sha1_base64="tGFMeVBBpGLqeNGsCTqnT6edn7I="></latexit>
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Minimal HNL Phenomenology P. Bolton et al, 1912.03058

ELECTRON

P. Bolton et al, 1912.03058

BIG PICTURE

GUT  
& 

 large yukawas

Theory:

Experiment:

Theory:

Experiment:

Low scales / experimentally accessible
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Minimal HNL Phenomenology P. Bolton et al, 1912.03058

ELECTRON

P. Bolton et al, 1912.03058

eV — short-baseline oscillations 
(LSND, MiniBooNE, …)

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

COMMUNITY

See talks by 
Y. Shitov & D. Lhuillier

Plenty of current&upcoming experiments to test this 

SBN program at FNAL 
Reactors 
IceCube  
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Minimal HNL Phenomenology P. Bolton et al, 1912.03058

P. Bolton et al, 1912.03058

kink searches 

beta decays  
— the only effective bounds —  

Ue4 only!

e.g., KATRIN
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Minimal HNL Phenomenology P. Bolton et al, 1912.03058

P. Bolton et al, 1912.03058

Decay in Flight 
Solar or reactor neutrinos

⌫4 ! ⌫e+e�
<latexit sha1_base64="daOUNDTnSaBDScDccw2s2pWogww=">AAAB/3icbZDLSgMxFIYz9VbrrSq4cRNsBUEs01q87IpuXFawF2inQyY9Y0MzmSHJCGXswldx40IRt76GO9/G9IKo9YfAx3/OIef8XsSZ0rb9aaXm5hcWl9LLmZXVtfWN7OZWXYWxpFCjIQ9l0yMKOBNQ00xzaEYSSOBxaHj9y1G9cQdSsVDc6EEETkBuBfMZJdpYbnYn3xaxW8ZtHWJDGDqH0DnKu9mcXbDHwrNQnEIOTVV1sx/tbkjjAISmnCjVKtqRdhIiNaMchpl2rCAitE9uoWVQkACUk4z3H+J943SxH0rzhMZj9+dEQgKlBoFnOgOie+pvbWT+V2vF2j9zEiaiWIOgk4/8mGNz7CgM3GUSqOYDA4RKZnbFtEckodpElhmHcD7SyffJs1AvFYrHhfJ1KVe5mMaRRrtoDx2gIjpFFXSFqqiGKLpHj+gZvVgP1pP1ar1NWlPWdGYb/ZL1/gVxUJST</latexit>

Ue4 only! Borexino Coll., 1311.5347

Can we improve on Borexino’s bound? 
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Minimal HNL Phenomenology P. Bolton et al, 1912.03058

P. Bolton et al, 1912.03058

Peak searches in  

Very effective for  
long-lived HNL

M± ! `±N
<latexit sha1_base64="ia6hpGF1pNYkLPdMOUkUB+tXzYk=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GWwFVyWp4mNXdONGqWAf0MQymU7aoTNJmJkIJXbhr7hxoYhbf8Odf+MkDaLWAwNnzrmXe+/xIkalsqxPY2Z2bn5hsbBUXF5ZXVs3NzabMowFJg0cslC0PSQJowFpKKoYaUeCIO4x0vKG56nfuiNC0jC4UaOIuBz1A+pTjJSWuuZ2+fLWiTh0VAgdwlj2uSp3zZJVsTLAaWLnpARy1Lvmh9MLccxJoDBDUnZsK1JugoSimJFx0YkliRAeoj7paBogTqSbZPuP4Z5WetAPhX6Bgpn6syNBXMoR93QlR2og/3qp+J/XiZV/4iY0iGJFAjwZ5McM6mPTMGCPCoIVG2mCsKB6V4gHSCCsdGTFLITTFEffJ0+TZrViH1QOr6ul2lkeRwHsgF2wD2xwDGrgAtRBA2BwDx7BM3gxHown49V4m5TOGHnPFvgF4/0LIlaVBg==</latexit>

Only competes with Weak Interactions!

See E. Goudzovski’s  
talk next
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Minimal HNL Phenomenology P. Bolton et al, 1912.03058

P. Bolton et al, 1912.03058

Peak searches in  

Very effective for  
long-lived HNL

M± ! `±N
<latexit sha1_base64="ia6hpGF1pNYkLPdMOUkUB+tXzYk=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GWwFVyWp4mNXdONGqWAf0MQymU7aoTNJmJkIJXbhr7hxoYhbf8Odf+MkDaLWAwNnzrmXe+/xIkalsqxPY2Z2bn5hsbBUXF5ZXVs3NzabMowFJg0cslC0PSQJowFpKKoYaUeCIO4x0vKG56nfuiNC0jC4UaOIuBz1A+pTjJSWuuZ2+fLWiTh0VAgdwlj2uSp3zZJVsTLAaWLnpARy1Lvmh9MLccxJoDBDUnZsK1JugoSimJFx0YkliRAeoj7paBogTqSbZPuP4Z5WetAPhX6Bgpn6syNBXMoR93QlR2og/3qp+J/XiZV/4iY0iGJFAjwZ5McM6mPTMGCPCoIVG2mCsKB6V4gHSCCsdGTFLITTFEffJ0+TZrViH1QOr6ul2lkeRwHsgF2wD2xwDGrgAtRBA2BwDx7BM3gxHown49V4m5TOGHnPFvgF4/0LIlaVBg==</latexit>

Only competes with Weak Interactions!

See E. Goudzovski’s  
talk next

Decay in Flight at accelerator experiments

by T. Boschi

⌫4
<latexit sha1_base64="J584XnnDpOkU+VegKSp3KbXmvwA=">AAACAHicbVDLTsJAFJ3iC/GFunQzkZi4alpoAXdENy4xsUICDZkOU5gwnTYzUxPSsPEH3OofuDNu/RN/wO9wCsSIepKbnJxzb+69J0gYlcqyPozC2vrG5lZxu7Szu7d/UD48upNxKjDxcMxi0Q2QJIxy4imqGOkmgqAoYKQTTK5yv3NPhKQxv1XThPgRGnEaUoyUlrw+TwfOoFyxzIt6zbVdaJluvdloVDWpOpbr2tA2rTkqYIn2oPzZH8Y4jQhXmCEpe7aVKD9DQlHMyKzUTyVJEJ6gEelpylFEpJ/Nj53BM60MYRgLXVzBufpzIkORlNMo0J0RUmP528vF/7xeqsKmn1GepIpwvFgUpgyqGOafwyEVBCs21QRhQfWtEI+RQFjpfFa2BAJNiJqVFsHkqH/H8JfcVU27Zjo3TqV1uYyoCE7AKTgHNmiAFrgGbeABDCh4BE/g2XgwXoxX423RWjCWM8dgBcb7F1HLl28=</latexit>

P. Ballett et al, 1610.08512

P. Ballett et al, 1905.00284

P. Ballett et al, 1905.00284

P. Ballett et al, 1905.00284
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Minimal HNL Phenomenology P. Bolton et al, 1912.03058

P. Bolton et al, 1912.03058

Atre et al, 0901.3589
Pascoli et al, 1812.08750

W.-Y. Keung, PRL 50 1427Mainly DY resonant production

Collider searches
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Minimal HNL Phenomenology P. Bolton et al, 1912.03058

P. Bolton et al, 1912.03058

ELECTRON
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Minimal HNL Phenomenology P. Bolton et al, 1912.03058

P. Bolton et al, 1912.03058

MUON
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Minimal HNL Phenomenology P. Bolton et al, 1912.03058

P. Bolton et al, 1912.03058

TAU
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Low Scale Seesaw Variants

Inverse, Extended and Linear seesaws — Adding more HNLs to the picture…

�L⌫�mass �
1

2

�
⌫L N S

�
0

@
0 m "0

m µ0 ⇤
"0 ⇤ µ

1

A

0

@
⌫cL
N c

Sc

1

A + h.c. (1)

<latexit sha1_base64="wrgK/vUs/lT04hCf4g5Rw4+b7sM="></latexit>

HNL 1

HNL 2
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Low Scale Seesaw Variants

Inverse, Extended and Linear seesaws — Adding more HNLs to the picture…

m1 =
µm2 � 2"0m⇤+ "02µ0

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

�L⌫�mass �
1

2

�
⌫L N S

�
0

@
0 m "0

m µ0 ⇤
"0 ⇤ µ

1

A

0

@
⌫cL
N c

Sc

1

A + h.c. (1)

<latexit sha1_base64="wrgK/vUs/lT04hCf4g5Rw4+b7sM="></latexit>

Light neutrino masses are always proportional to LNV parameters!

Small LNV parameters are technically natural

Smallness of neutrino masses explained due to an approximate LN conservation.

Seesaw limit
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Minimal Radiative Inverse Seesaw

Curious choice of mass matrix texture…

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

�L⌫�mass �
1

2

�
⌫L N S

�
0

@
0 m 0
m µ0 ⇤
0 ⇤ 0

1

A

0

@
⌫cL
N c

Sc

1

A + h.c. (1)

<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

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

m1 = 0
<latexit sha1_base64="N4ALOH24t7df+KY3WGDcy/aazfg=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgqiRafCyEohuXFewD2lAm00k7dCYJMxOhhC79ALf6Ce7ErR/iF/gbTtIg1npg4HDOfc3xIs6Utu1Pq7C0vLK6VlwvbWxube+Ud/daKowloU0S8lB2PKwoZwFtaqY57USSYuFx2vbGN6nffqBSsTC415OIugIPA+YzgrWR2qLvoCtk98sVu2pnQIvEyUkFcjT65a/eICSxoIEmHCvVdexIuwmWmhFOp6VerGiEyRgPadfQAAuq3CQ7d4qOjDJAfijNCzTK1N8dCRZKTYRnKgXWI/XXS8X/vG6s/Qs3YUEUaxqQ2SI/5kiHKP07GjBJieYTQzCRzNyKyAhLTLRJaG5LOlsqX02zZC5TnP3ksEhaJ1XntFq7q1Xq13lGRTiAQzgGB86hDrfQgCYQGMMTPMOL9Wi9Wm/W+6y0YOU9+zAH6+Mb26iX9Q==</latexit>

m4,5 =
µ0 ⌥

p
µ0 2 + 4(⇤2 +m2)

2
<latexit sha1_base64="ZZEThalLPyGOAenpVLJ1st1bH9c="></latexit>

Massless neutrinos at tree-level!  
— Accidental cancellation — 

Let’s build a model for that.

Masses arise from loop-contributions after

SU(2)xU(1)Y gets broken to U(1)QED
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Diving into a HNL Dark Sector



Dark	neutrinos

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>

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

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>

A	low	scale	SEESAW	mechanism	
for	neutrino	masses	

Neutrino	mixing



Dark	neutrinos

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>

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

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>

New	secluded	U(1)’	symmetry	

A	low	scale	SEESAW	mechanism	
for	neutrino	masses	

Neutrino	mixing



Dark	neutrinos

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>

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>

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="GGA1oDmL1RDOPw3gr6f5g8cVw7M="></latexit>

New	secluded	U(1)’	symmetry	

spontaneously	broken	by	dark	scalar	field

A	low	scale	SEESAW	mechanism	
for	neutrino	masses	

Neutrino	mixing



Dark	neutrinos

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>

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>

��HH†H|�|2
<latexit sha1_base64="jrKC/Eu/GwaEzpOrYgyZr73L1+o=">AAACD3icjVC9TsMwGHTKXyl/AUYWixbEVKVlgLGCJWORaIvUpJHjOKlVx4lsB6lK+wYsvAoLAwixsrLxNjhtB0AgcdInne7uk/2dnzIqlWV9GKWl5ZXVtfJ6ZWNza3vH3N3ryiQTmHRwwhJx4yNJGOWko6hi5CYVBMU+Iz1/dFn4vVsiJE34tRqnxI1RxGlIMVJa8szjmsN0OkBe7rSHFNpTe+AEKIqIgDacFNpk0Kx5ZrVRt2aAf5MqWKDtme9OkOAsJlxhhqTsN6xUuTkSimJGphUnkyRFeIQi0teUo5hIN5/dM4VHWglgmAg9XMGZ+nUjR7GU49jXyRipofzpFeJvXj9T4bmbU55minA8fyjMGFQJLMqBARUEKzbWBGFB9V8hHiKBsNIVVv5XQrdZb5zWratmtXWxqKMMDsAhOAENcAZawAZt0AEY3IEH8ASejXvj0XgxXufRkrHY2QffYLx9AhFkm2Q=</latexit>

sin�
2 Bµ⌫Xµ⌫

<latexit sha1_base64="H0Ifg0IA1NtbmcdbSEQCK1TEYLw=">AAACFXicjZBNS8MwHMbT+TbnW9Wjl+AmeJDRzoMex7x4nOBeYK0lzdItLElLkgqj9Et48at48aCIV8Gb38Z020FFwQcCP57n/yfJEyaMKu04H1ZpaXllda28XtnY3NresXf3uipOJSYdHLNY9kOkCKOCdDTVjPQTSRAPGemFk4si790SqWgsrvU0IT5HI0EjipE2VmCf1LxIIpx5iorMw2Oa51kjbwWZx1NPpDns3xQIC64FdtWtOzPBv6EKFmoH9rs3jHHKidCYIaUGrpNoP0NSU8xIXvFSRRKEJ2hEBgYF4kT52exXOTwyzhBGsTRHaDhzv25kiCs15aGZ5EiP1c+sMH/LBqmOzv2MiiTVROD5RVHKoI5hUREcUkmwZlMDCEtq3grxGJmWtCmy8r8Suo26e1p3rhrVZmtRRxkcgENwDFxwBprgErRBB2BwBx7AE3i27q1H68V6nY+WrMXOPvgm6+0TPIifdw==</latexit>

y⌫

⇣
L · H̃

⌘
N c

<latexit sha1_base64="C+hrPq0SZS0ziTGmouei/3BmufI=">AAACIXicjVDLSgMxFM34tr6qLt0EW0E3ZVoXdll040JEwWqhU0smc6cNZpIhuSOUob/ixl9x40IRd+LPmNYuVBQ8EDg559w8TphKYdH337yp6ZnZufmFxcLS8srqWnF949LqzHBoci21aYXMghQKmihQQis1wJJQwlV4czTyr27BWKHVBQ5S6CSsp0QsOEMndYv18qCbByob0kBCjLuBdunRYfmJk3ikkQYoZAT5sdsb0evjHj295uVusVSt+GPQv0mJTHDWLb4GkeZZAgq5ZNa2q36KnZwZFFzCsBBkFlLGb1gP2o4qloDt5OMfDumOUyIaa+OWQjpWv07kLLF2kIQumTDs25/eSPzNa2cY1zu5UGmGoPjnRXEmKWo6qotGwgBHOXCEcSPcWynvM8M4ulIL/yvhslap7lf881qpcTipY4FskW2yS6rkgDTIMTkjTcLJHXkgT+TZu/cevRfv9TM65U1mNsk3eO8fHUqjbg==</latexit>

Scalar	mixing

Kinetic	mixing

Neutrino	mixing

Not	needed	for	𝜈 mass,	
but	comes	for	free! {

<latexit sha1_base64="igSRwjEkNhbORgt3nVXfyDhhfoA=">AAAB6XicjVDLSgNBEOyJrxhfUY9eBoPgKeyqoMegF49RzAOSJcxOZpMhs7PLTK8QlvyBFw+KePWPvPk3Th4HFQULGoqqbrq7wlRJi573QQpLyyura8X10sbm1vZOeXevaZPMcNHgiUpMO2RWKKlFAyUq0U6NYHGoRCscXU391r0wVib6DsepCGI20DKSnKGTbrt5r1zxq94M9G9SgQXqvfJ7t5/wLBYauWLWdnwvxSBnBiVXYlLqZlakjI/YQHQc1SwWNshnl07okVP6NEqMK410pn6dyFls7TgOXWfMcGh/elPxN6+TYXQR5FKnGQrN54uiTFFM6PRt2pdGcFRjRxg30t1K+ZAZxtGFU/pfCM2Tqn9a9W7OKrXLRRxFOIBDOAYfzqEG11CHBnCI4AGe4JmMyCN5Ia/z1gJZzOzDN5C3T6CTjWo=</latexit>

A	low	scale	SEESAW	mechanism	
for	neutrino	masses	



Dark	neutrinos

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>

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>

��HH†H|�|2
<latexit sha1_base64="jrKC/Eu/GwaEzpOrYgyZr73L1+o=">AAACD3icjVC9TsMwGHTKXyl/AUYWixbEVKVlgLGCJWORaIvUpJHjOKlVx4lsB6lK+wYsvAoLAwixsrLxNjhtB0AgcdInne7uk/2dnzIqlWV9GKWl5ZXVtfJ6ZWNza3vH3N3ryiQTmHRwwhJx4yNJGOWko6hi5CYVBMU+Iz1/dFn4vVsiJE34tRqnxI1RxGlIMVJa8szjmsN0OkBe7rSHFNpTe+AEKIqIgDacFNpk0Kx5ZrVRt2aAf5MqWKDtme9OkOAsJlxhhqTsN6xUuTkSimJGphUnkyRFeIQi0teUo5hIN5/dM4VHWglgmAg9XMGZ+nUjR7GU49jXyRipofzpFeJvXj9T4bmbU55minA8fyjMGFQJLMqBARUEKzbWBGFB9V8hHiKBsNIVVv5XQrdZb5zWratmtXWxqKMMDsAhOAENcAZawAZt0AEY3IEH8ASejXvj0XgxXufRkrHY2QffYLx9AhFkm2Q=</latexit>

sin�
2 Bµ⌫Xµ⌫

<latexit sha1_base64="H0Ifg0IA1NtbmcdbSEQCK1TEYLw=">AAACFXicjZBNS8MwHMbT+TbnW9Wjl+AmeJDRzoMex7x4nOBeYK0lzdItLElLkgqj9Et48at48aCIV8Gb38Z020FFwQcCP57n/yfJEyaMKu04H1ZpaXllda28XtnY3NresXf3uipOJSYdHLNY9kOkCKOCdDTVjPQTSRAPGemFk4si790SqWgsrvU0IT5HI0EjipE2VmCf1LxIIpx5iorMw2Oa51kjbwWZx1NPpDns3xQIC64FdtWtOzPBv6EKFmoH9rs3jHHKidCYIaUGrpNoP0NSU8xIXvFSRRKEJ2hEBgYF4kT52exXOTwyzhBGsTRHaDhzv25kiCs15aGZ5EiP1c+sMH/LBqmOzv2MiiTVROD5RVHKoI5hUREcUkmwZlMDCEtq3grxGJmWtCmy8r8Suo26e1p3rhrVZmtRRxkcgENwDFxwBprgErRBB2BwBx7AE3i27q1H68V6nY+WrMXOPvgm6+0TPIifdw==</latexit>

y⌫

⇣
L · H̃

⌘
N c

<latexit sha1_base64="C+hrPq0SZS0ziTGmouei/3BmufI=">AAACIXicjVDLSgMxFM34tr6qLt0EW0E3ZVoXdll040JEwWqhU0smc6cNZpIhuSOUob/ixl9x40IRd+LPmNYuVBQ8EDg559w8TphKYdH337yp6ZnZufmFxcLS8srqWnF949LqzHBoci21aYXMghQKmihQQis1wJJQwlV4czTyr27BWKHVBQ5S6CSsp0QsOEMndYv18qCbByob0kBCjLuBdunRYfmJk3ikkQYoZAT5sdsb0evjHj295uVusVSt+GPQv0mJTHDWLb4GkeZZAgq5ZNa2q36KnZwZFFzCsBBkFlLGb1gP2o4qloDt5OMfDumOUyIaa+OWQjpWv07kLLF2kIQumTDs25/eSPzNa2cY1zu5UGmGoPjnRXEmKWo6qotGwgBHOXCEcSPcWynvM8M4ulIL/yvhslap7lf881qpcTipY4FskW2yS6rkgDTIMTkjTcLJHXkgT+TZu/cevRfv9TM65U1mNsk3eO8fHUqjbg==</latexit>

Scalar	mixing

Kinetic	mixing

Neutrino	mixing

Not	needed	for	𝜈 mass,	
but	comes	for	free! {

<latexit sha1_base64="igSRwjEkNhbORgt3nVXfyDhhfoA=">AAAB6XicjVDLSgNBEOyJrxhfUY9eBoPgKeyqoMegF49RzAOSJcxOZpMhs7PLTK8QlvyBFw+KePWPvPk3Th4HFQULGoqqbrq7wlRJi573QQpLyyura8X10sbm1vZOeXevaZPMcNHgiUpMO2RWKKlFAyUq0U6NYHGoRCscXU391r0wVib6DsepCGI20DKSnKGTbrt5r1zxq94M9G9SgQXqvfJ7t5/wLBYauWLWdnwvxSBnBiVXYlLqZlakjI/YQHQc1SwWNshnl07okVP6NEqMK410pn6dyFls7TgOXWfMcGh/elPxN6+TYXQR5FKnGQrN54uiTFFM6PRt2pdGcFRjRxg30t1K+ZAZxtGFU/pfCM2Tqn9a9W7OKrXLRRxFOIBDOAYfzqEG11CHBnCI4AGe4JmMyCN5Ia/z1gJZzOzDN5C3T6CTjWo=</latexit>

A	low	scale	SEESAW	mechanism	
for	neutrino	masses	�L

<latexit sha1_base64="m6uIG5UUT4ZM4xpf1xy2kJ7dm7U=">AAACH3icbVC7TgJBFJ3BF+ILtLSZCCZWZBcLLYk2FhaYyCOBDZkdZmHC7CMzd41kw0/YauPX2Blb/sbZZQsBTzLJybmvM8eNpNBgWQtc2Nre2d0r7pcODo+OT8qV044OY8V4m4UyVD2Xai5FwNsgQPJepDj1Xcm77vQ+rXdfuNIiDJ5hFnHHp+NAeIJRMFKvNmATMXysDctVq25lIJvEzkkV5WgNKxgPRiGLfR4Ak1Trvm1F4CRUgWCSz0uDWPOIsikd876hAfW5dpLM8JxcGmVEvFCZFwDJ1L8TCfW1nvmu6fQpTPR6LRX/q/Vj8G6dRARRDDxgy0NeLAmEJP09GQnFGciZIZQpYbwSNqGKMjAZrVxJdyvt6TkhKzq8ppYz2YRmr0e0STqNun1dt54a1eZdHl8RnaMLdIVsdIOa6AG1UBsxJNEbekcf+BN/4W/8s2wt4HzmDK0AL34B1LOhWg==</latexit>

�R
<latexit sha1_base64="1DZ6eL5P8H6feL179zUfLDhzGQI=">AAACH3icdVBJTwIxGG1dETfQo5dGMPE06YDocCN68YhGlgQI6ZQONHSWtB0jIfwJr3rx13gzXvk3dgZMxOhLmry8b3t9biS40hjP4dr6xubWdmYnu7u3f3CYyx81VRhLyho0FKFsu0QxwQPW0FwL1o4kI74rWMsd3yT11iOTiofBg55ErOeTYcA9Tok2UrvYpSPevy/2cwVs4cpFFZcQtsq44jgJuaw6uFxFtoVTFMAS9X4ewu4gpLHPAk0FUapj40j3pkRqTgWbZbuxYhGhYzJkHUMD4jPVm6aGZ+jMKAPkhdK8QKNU/TkxJb5SE981nT7RI/W7loh/1Tqx9pzelAdRrFlAF4e8WCAdouT3aMAlo1pMDCFUcuMV0RGRhGqT0cqVZLdUnpohtKLrp8RyKpvQvpNB/5NmybLLFr4rFWrXy/gy4AScgnNggytQA7egDhqAAgGewQt4hW/wHX7Az0XrGlzOHIMVwPkXYt6hsQ==</latexit>

U(1)0 Z2

�L 0 -1
�R Q -1

<latexit sha1_base64="inyMRbS6UUWssXuoaajn9yncFto="></latexit>

Gauge	anomaly:	
Dark	Matter	particles

Neutrino	portal	DM	
Blennow et al, 1903.00006



M. Hostert

Ignoring kinetic and scalar mixing  
(See MiniBooNE discussion)
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Neutrino masses at one-loop level

Lmass �
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N c

⌫cD

1

A

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

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

LNV

After U(1)’ is broken, zeros are no long protected!

m⌫ / µ0
<latexit sha1_base64="+llfiBOOSwKd93xZJAa0ipsd98c=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzKjxceu6MZlBfuAzjhk0kwbmmSGJCOUoW78FTcuFHHrX7jzb0yng6j1QOBwzr3cnBMmjCrtOJ/W3PzC4tJyaaW8ura+sWlvbbdUnEpMmjhmseyESBFGBWlqqhnpJJIgHjLSDoeXE799R6SisbjRo4T4HPUFjShG2kiBvcsDT6TQS2Sc6Bh6PL01nHIS2BWn6uSAs8QtSAUUaAT2h9eLccqJ0Jghpbquk2g/Q1JTzMi47KWKJAgPUZ90DRWIE+VneYIxPDBKD0axNE9omKs/NzLElRrx0ExypAfqrzcR//O6qY7O/IyKJNVE4OmhKGXQZJ3UAXtUEqzZyBCEJTV/hXiAJMLalFbOSzif4OQ78ixpHVXd42rtulapXxR1lMAe2AeHwAWnoA6uQAM0AQb34BE8gxfrwXqyXq236eicVezsgF+w3r8AtXiXMw==</latexit>

Z ,Z 0
<latexit sha1_base64="NtjLd9toLoBT6SCcBoDvc4EqZLE="></latexit>

10�2 10�1 100 101

m5 (GeV)
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10�8
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SHiP

NA62

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

SBN

DUNE

R =
m4

m5
= �U2

↵5

U2
↵4

<latexit sha1_base64="EdHQZ1aRHcqozXvk6xamcqLkRes=">AAACJnicbVDLTgIxFO3gC/E16tJNIzFxI5lBiG5IiG5conGAhMFJp3SgofNI2zEhk/kaN/6KGxcYY9z5KXZgFgiepM2559yb9h43YlRIw/jWCmvrG5tbxe3Szu7e/oF+eNQWYcwxsXDIQt51kSCMBsSSVDLSjThBvstIxx3fZn7nmXBBw+BRTiLS99EwoB7FSCrJ0RsPsAFtjyOc+E4tVVc9VcpFrllOYiMWjRCsp0/VdKGuZbWjl42KMQNcJWZOyiBHy9Gn9iDEsU8CiRkSomcakewniEuKGUlLdixIhPAYDUlP0QD5RPST2ZopPFPKAHohVyeQcKYuTiTIF2Liu6rTR3Iklr1M/M/rxdK77ic0iGJJAjx/yIsZlCHMMoMDygmWbKIIwpyqv0I8QiofqZItqRDM5ZVXSbtaMS8rxn2t3LzJ4yiCE3AKzoEJrkAT3IEWsAAGL+ANTMGH9qq9a5/a17y1oOUzx+APtJ9fHqukXg==</latexit>

1% < R < 99%
<latexit sha1_base64="qs9torR0u+ufcHAnAL2UyZIPHVw=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8FScFUSFbTgoujGZRV7gTaUyXTSDp1MwsykUELfxI0LRdz6Ju58GydtFtr6w4GP/5zDnPn9mDOlHefbKqytb2xuFbdLO7t7+wf24VFLRYkktEkiHsmOjxXlTNCmZprTTiwpDn1O2/74Luu3J1QqFoknPY2pF+KhYAEjWBurb9su6lXQDXo0VasZ7ttlp+rMhVbBzaEMuRp9+6s3iEgSUqEJx0p1XSfWXoqlZoTTWamXKBpjMsZD2jUocEiVl84vn6GKcQYoiKQpodHc/b2R4lCpaeibyRDrkVruZeZ/vW6ig2svZSJONBVk8VCQcKQjlMWABkxSovnUACaSmVsRGWGJiTZhlUwI7vKXV6F1XnUvqs7DZbl+m8dRhBM4hTNw4QrqcA8NaAKBCTzDK7xZqfVivVsfi9GCle8cwx9Znz++LJB8</latexit>

m3 =
q

�m2
atm

<latexit sha1_base64="nRFMGyKBG8EoSkgQKw2ZNkmI4sI=">AAACC3icbVDLSsNAFJ34rPVVdelmaBFclaQVdCMUdeGygn1AE8NkOmmHziRx5kYooXs3/oobF4q49Qfc+TdOHwttPXDhcM693HtPkAiuwba/raXlldW19dxGfnNre2e3sLff1HGqKGvQWMSqHRDNBI9YAzgI1k4UIzIQrBUMLsd+64EpzePoFoYJ8yTpRTzklICR/EJR+lV8jl19ryBzr5gAgqWfuUpiAnJ0V8Ejv1Cyy/YEeJE4M1JCM9T9wpfbjWkqWQRUEK07jp2AlxEFnAo2yrupZgmhA9JjHUMjIpn2sskvI3xklC4OY2UqAjxRf09kRGo9lIHplAT6et4bi/95nRTCMy/jUZICi+h0UZgKDDEeB4O7XDEKYmgIoYqbWzHtE0UomPjyJgRn/uVF0qyUnWrZvjkp1S5mceTQISqiY+SgU1RD16iOGoiiR/SMXtGb9WS9WO/Wx7R1yZrNHKA/sD5/AH6EmhI=</latexit>

Blue	band:

Prediction	of	the	
model:
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Ignoring kinetic and scalar mixing  
(See MiniBooNE discussion)
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Neutrino masses at one-loop level

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>

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

LNV

After U(1)’ is broken, zeros are no long protected!

m⌫ / µ0
<latexit sha1_base64="+llfiBOOSwKd93xZJAa0ipsd98c=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzKjxceu6MZlBfuAzjhk0kwbmmSGJCOUoW78FTcuFHHrX7jzb0yng6j1QOBwzr3cnBMmjCrtOJ/W3PzC4tJyaaW8ura+sWlvbbdUnEpMmjhmseyESBFGBWlqqhnpJJIgHjLSDoeXE799R6SisbjRo4T4HPUFjShG2kiBvcsDT6TQS2Sc6Bh6PL01nHIS2BWn6uSAs8QtSAUUaAT2h9eLccqJ0Jghpbquk2g/Q1JTzMi47KWKJAgPUZ90DRWIE+VneYIxPDBKD0axNE9omKs/NzLElRrx0ExypAfqrzcR//O6qY7O/IyKJNVE4OmhKGXQZJ3UAXtUEqzZyBCEJTV/hXiAJMLalFbOSzif4OQ78ixpHVXd42rtulapXxR1lMAe2AeHwAWnoA6uQAM0AQb34BE8gxfrwXqyXq236eicVezsgF+w3r8AtXiXMw==</latexit>

Z ,Z 0
<latexit sha1_base64="NtjLd9toLoBT6SCcBoDvc4EqZLE="></latexit>

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

R =
m4

m5
= �U2

↵5

U2
↵4

<latexit sha1_base64="EdHQZ1aRHcqozXvk6xamcqLkRes=">AAACJnicbVDLTgIxFO3gC/E16tJNIzFxI5lBiG5IiG5conGAhMFJp3SgofNI2zEhk/kaN/6KGxcYY9z5KXZgFgiepM2559yb9h43YlRIw/jWCmvrG5tbxe3Szu7e/oF+eNQWYcwxsXDIQt51kSCMBsSSVDLSjThBvstIxx3fZn7nmXBBw+BRTiLS99EwoB7FSCrJ0RsPsAFtjyOc+E4tVVc9VcpFrllOYiMWjRCsp0/VdKGuZbWjl42KMQNcJWZOyiBHy9Gn9iDEsU8CiRkSomcakewniEuKGUlLdixIhPAYDUlP0QD5RPST2ZopPFPKAHohVyeQcKYuTiTIF2Liu6rTR3Iklr1M/M/rxdK77ic0iGJJAjx/yIsZlCHMMoMDygmWbKIIwpyqv0I8QiofqZItqRDM5ZVXSbtaMS8rxn2t3LzJ4yiCE3AKzoEJrkAT3IEWsAAGL+ANTMGH9qq9a5/a17y1oOUzx+APtJ9fHqukXg==</latexit>

1% < R < 99%
<latexit sha1_base64="qs9torR0u+ufcHAnAL2UyZIPHVw=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8FScFUSFbTgoujGZRV7gTaUyXTSDp1MwsykUELfxI0LRdz6Ju58GydtFtr6w4GP/5zDnPn9mDOlHefbKqytb2xuFbdLO7t7+wf24VFLRYkktEkiHsmOjxXlTNCmZprTTiwpDn1O2/74Luu3J1QqFoknPY2pF+KhYAEjWBurb9su6lXQDXo0VasZ7ttlp+rMhVbBzaEMuRp9+6s3iEgSUqEJx0p1XSfWXoqlZoTTWamXKBpjMsZD2jUocEiVl84vn6GKcQYoiKQpodHc/b2R4lCpaeibyRDrkVruZeZ/vW6ig2svZSJONBVk8VCQcKQjlMWABkxSovnUACaSmVsRGWGJiTZhlUwI7vKXV6F1XnUvqs7DZbl+m8dRhBM4hTNw4QrqcA8NaAKBCTzDK7xZqfVivVsfi9GCle8cwx9Znz++LJB8</latexit>

m3 =
q

�m2
atm

<latexit sha1_base64="nRFMGyKBG8EoSkgQKw2ZNkmI4sI=">AAACC3icbVDLSsNAFJ34rPVVdelmaBFclaQVdCMUdeGygn1AE8NkOmmHziRx5kYooXs3/oobF4q49Qfc+TdOHwttPXDhcM693HtPkAiuwba/raXlldW19dxGfnNre2e3sLff1HGqKGvQWMSqHRDNBI9YAzgI1k4UIzIQrBUMLsd+64EpzePoFoYJ8yTpRTzklICR/EJR+lV8jl19ryBzr5gAgqWfuUpiAnJ0V8Ejv1Cyy/YEeJE4M1JCM9T9wpfbjWkqWQRUEK07jp2AlxEFnAo2yrupZgmhA9JjHUMjIpn2sskvI3xklC4OY2UqAjxRf09kRGo9lIHplAT6et4bi/95nRTCMy/jUZICi+h0UZgKDDEeB4O7XDEKYmgIoYqbWzHtE0UomPjyJgRn/uVF0qyUnWrZvjkp1S5mceTQISqiY+SgU1RD16iOGoiiR/SMXtGb9WS9WO/Wx7R1yZrNHKA/sD5/AH6EmhI=</latexit>

Blue	band:

Prediction	of	the	
model:

Many other models w/ MULTIPLE PORTALS:

C. Diaz, 171205433  
Generalized	scotogenic,	C. Hagedorn et al, 1804.04117 

E. Bertuzzo et al, 1808.02500 

Mixing x O(1) coupling Kinetic mixing 

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>

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>

Doubly suppressed 

⌫↵

Z 0

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

Very rich interplay between portals:

P. Ballett et al, 1903.07589



ANY HINTS FROM CURRENT DATA?

ANY HINTS FROM CURRENT DATA?
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LSND & MiniBooNE
Liquid Scintillator Neutrino Detector: 1993 - 1998

Inverse 
beta 

decay 
events

Enu = 52 MeV endpoint — 30 m baseline. hE⌫i ⇡ 800 MeV
<latexit sha1_base64="bNLmLnTyEbhTGCriNK2p6dFb08w=">AAACF3icbVDLSgMxFM3UV62vUZdugkVwUcqMCnZZFMGNUME+oCklk962oZnMkGTEMvQv3Pgrblwo4lZ3/o3pY6GtBy6cnHMvufcEseDaeN63k1laXlldy67nNja3tnfc3b2ajhLFoMoiEalGQDUILqFquBHQiBXQMBBQDwaXY79+D0rzSN6ZYQytkPYk73JGjZXabpEIKnsC8FWbyISo6YPQOFbRAy55HiYFUkiJCvEN1EZtN+8VvQnwIvFnJI9mqLTdL9KJWBKCNExQrZu+F5tWSpXhTMAoRxINMWUD2oOmpZKGoFvp5K4RPrJKB3cjZUsaPFF/T6Q01HoYBrYzpKav572x+J/XTEy31Eq5jBMDkk0/6iYCmwiPQ8IdroAZMbSEMsXtrpj1qaLM2ChzNgR//uRFUjsp+qdF7/YsX76YxZFFB+gQHSMfnaMyukYVVEUMPaJn9IrenCfnxXl3PqatGWc2s4/+wPn8Aeb4nnk=</latexit>

818t of CH2
<latexit sha1_base64="Vh2Joy4fgFrrb7ZLTgQhodKQXA8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JUwS6L3XRZwT6gDWUynbRDJ5kwcyPWUPwVNy4Ucet/uPNvnLZZaOuBC4dz7uXee/xYcA2O823l1tY3Nrfy24Wd3b39A/vwqKVloihrUimk6vhEM8Ej1gQOgnVixUjoC9b2x7WZ375nSnMZ3cEkZl5IhhEPOCVgpL59UnErPWAPkAKWAa7Vp/0y7ttFp+TMgVeJm5EiytDo21+9gaRJyCKggmjddZ0YvJQo4FSwaaGXaBYTOiZD1jU0IiHTXjq/forPjTLAgVSmIsBz9fdESkKtJ6FvOkMCI73szcT/vG4CQcVLeRQnwCK6WBQkAoPEsyjwgCtGQUwMIVRxcyumI6IIBRNYwYTgLr+8SlrlkntZcm6vitWbLI48OkVn6AK56BpVUR01UBNR9Iie0St6s56sF+vd+li05qxs5hj9gfX5A4CJk/Q=</latexit>

— 500 m baseline

mostly 
(RES)  
CCQE

MiniBooNE: 2003 - 2019
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The MiniBooNE Low Energy Excess (LEE)

MiniBooNE Collaboration,1805.12028

4.7σ excess observed in neutrino + antineutrino mode 
— data/MC disagreement beyond statistical doubt —

All e-like events
Neutrino mode



M. Hostert 33

The MiniBooNE Low Energy Excess (LEE)

MiniBooNE Collaboration,1805.12028

4.7σ excess observed in neutrino + antineutrino mode 
— data/MC disagreement beyond statistical doubt —

LSND best-fit  
would have  

appeared here.

All e-like events
Neutrino mode
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The MiniBooNE Low Energy Excess (LEE)

MiniBooNE Collaboration,1805.12028

4.7σ excess observed in neutrino + antineutrino mode 
— data/MC disagreement beyond statistical doubt —

LSND best-fit  
would have  

appeared here.

Single-photon 
and other 

mis-ID backgrounds 
accumulate here

For a nice discussion of 
backgrounds, see: 

T. Katori talk at CERN 
https://indico.cern.ch/event/

791940/

All e-like events
Neutrino mode
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eV sterile oscillations 

An appearance signal implies 
electron-  and muon-flavour disappearance 

Large tension between datasets.

Appearance and disappearance probs.

P 3+1
⌫µ!⌫µ

= 1� 4 |Uµ4|2(1� |Uµ4|2) sin2
⇣�m2L

4E

⌘

<latexit sha1_base64="VcDV2/Cn6kT3fAbdoVBx2TLFvRM="></latexit>

P 3+1
⌫µ!⌫e

= 4|Uµ4|2|Ue4|2 sin2
⇣�m2L

4E

⌘

<latexit sha1_base64="acQ6prh/DqZypDLLI0EBVXw9oPw="></latexit>

M. Dentler et al, 1803.10661

excluded

P 3+1
⌫µ!⌫e

= 4|Uµ4|2|Ue4|2 sin2
⇣�m2L

4E

⌘

<latexit sha1_base64="acQ6prh/DqZypDLLI0EBVXw9oPw="></latexit>

MiniBooNE Collaboration,1805.12028
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eV sterile oscillations 

An appearance signal implies 
electron-  and muon-flavour disappearance 

Large tension between datasets.

Appearance and disappearance probs.

P 3+1
⌫µ!⌫µ

= 1� 4 |Uµ4|2(1� |Uµ4|2) sin2
⇣�m2L

4E

⌘

<latexit sha1_base64="VcDV2/Cn6kT3fAbdoVBx2TLFvRM="></latexit>

P 3+1
⌫µ!⌫e

= 4|Uµ4|2|Ue4|2 sin2
⇣�m2L

4E

⌘

<latexit sha1_base64="acQ6prh/DqZypDLLI0EBVXw9oPw="></latexit>

M. Dentler et al, 1803.10661

excluded

P 3+1
⌫µ!⌫e

= 4|Uµ4|2|Ue4|2 sin2
⇣�m2L

4E

⌘

<latexit sha1_base64="acQ6prh/DqZypDLLI0EBVXw9oPw="></latexit>

MiniBooNE Collaboration,1805.12028

IF we are seeing sterile neutrinos, 

they are probably more exotic than we thought… 

1) sterile in upscattering? 

2) decaying steriles? 
Dentler et al, 1911.01427 

de Gouvea et al, 1911.01447 
Palomares-Ruiz et al, 0505216 

3) steriles w/ new matter effects? 
J. Bramante, 1110.4871 

J. Asaadi et al., 1712.08019  
D. Doring H. Päs, 1808.07734 

… 
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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 heavy state, which  
promptly decays into a pair of electrons.

Dark neutrinos @ MiniBoonE

⌫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
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Dark neutrinos @ MiniBoonE

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

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>

⌫⌧
<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

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>

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

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

P. Ballett et al., 1903.07589

P. Ballett et al., 1808.02915

Proton elastic signal 
Isotropic signal

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

⌫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>

E. Bertuzzo et al.,1807.09877

Coherent scattering 
overlapping ee pairs

Fast decays 
Proton elastic signal 

Isotropic signal

mZ0 > m4
<latexit sha1_base64="rwO3JsZfayfq9Wpve6xbH3qf3cI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFVyWpgq6k6MZlBfvANobJ9LYdOpOEmYlQQ/FX3LhQxK3/4c6/cdpmodUDFw7n3Mu99wQxZ0o7zpeVW1hcWl7JrxbW1jc2t+ztnYaKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhpcTv3kPUrEovNGjGDxB+iHrMUq0kXx7ryT89PauE0smYIzPsfBPSr5ddMrOFPgvcTNSRBlqvv3Z6UY0ERBqyolSbdeJtZcSqRnlMC50EgUxoUPSh7ahIRGgvHR6/RgfGqWLe5E0FWo8VX9OpEQoNRKB6RRED9S8NxH/89qJ7p15KQvjRENIZ4t6Ccc6wpMocJdJoJqPDCFUMnMrpgMiCdUmsIIJwZ1/+S9pVMrucdm5rhSrF1kcebSPDtARctEpqqIrVEN1RNEDekIv6NV6tJ6tN+t91pqzspld9AvWxzff5pQu</latexit>

m
Z

0
<
m
4

<latexit sha1_base64="3j1rbvqrNAn471vQ2OEnaCdjXhc=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFVyWpgi5cFN24rGAf2MYwmd62Q2eSMDMRaij+ihsXirj1P9z5N07bLLR64MLhnHu5954g5kxpx/mycguLS8sr+dXC2vrG5pa9vdNQUSIp1GnEI9kKiALOQqhrpjm0YglEBByawfBy4jfvQSoWhTd6FIMnSD9kPUaJNpJv75WEn97edWLJBIzxORb+Scm3i07ZmQL/JW5GiihDzbc/O92IJgJCTTlRqu06sfZSIjWjHMaFTqIgJnRI+tA2NCQClJdOrx/jQ6N0cS+SpkKNp+rPiZQIpUYiMJ2C6IGa9ybif1470b0zL2VhnGgI6WxRL+FYR3gSBe4yCVTzkSGESmZuxXRAJKHaBFYwIbjzL/8ljUrZPS4715Vi9SKLI4/20QE6Qi46RVV0hWqojih6QE/oBb1aj9az9Wa9z1pzVjazi37B+vgG3NSULA==</latexit>

m
Z 0 >

m
4

<latexit sha1_base64="rwO3JsZfayfq9Wpve6xbH3qf3cI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFVyWpgq6k6MZlBfvANobJ9LYdOpOEmYlQQ/FX3LhQxK3/4c6/cdpmodUDFw7n3Mu99wQxZ0o7zpeVW1hcWl7JrxbW1jc2t+ztnYaKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhpcTv3kPUrEovNGjGDxB+iHrMUq0kXx7ryT89PauE0smYIzPsfBPSr5ddMrOFPgvcTNSRBlqvv3Z6UY0ERBqyolSbdeJtZcSqRnlMC50EgUxoUPSh7ahIRGgvHR6/RgfGqWLe5E0FWo8VX9OpEQoNRKB6RRED9S8NxH/89qJ7p15KQvjRENIZ4t6Ccc6wpMocJdJoJqPDCFUMnMrpgMiCdUmsIIJwZ1/+S9pVMrucdm5rhSrF1kcebSPDtARctEpqqIrVEN1RNEDekIv6NV6tJ6tN+t91pqzspld9AvWxzff5pQu</latexit>



M. Hostert 39

Dark neutrinos @ MiniBoonE

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

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>

⌫⌧
<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

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>

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

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

P. Ballett et al., 1903.07589

P. Ballett et al., 1808.02915

Mixing with tau is too large.

More contrived.

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

⌫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>

E. Bertuzzo et al.,1807.09877

Cannot reconcile 
nu-e scattering data 

with angular distribution 
at MB.

C. Arguelles et al, 1812.08768

mZ0 > m4
<latexit sha1_base64="rwO3JsZfayfq9Wpve6xbH3qf3cI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFVyWpgq6k6MZlBfvANobJ9LYdOpOEmYlQQ/FX3LhQxK3/4c6/cdpmodUDFw7n3Mu99wQxZ0o7zpeVW1hcWl7JrxbW1jc2t+ztnYaKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhpcTv3kPUrEovNGjGDxB+iHrMUq0kXx7ryT89PauE0smYIzPsfBPSr5ddMrOFPgvcTNSRBlqvv3Z6UY0ERBqyolSbdeJtZcSqRnlMC50EgUxoUPSh7ahIRGgvHR6/RgfGqWLe5E0FWo8VX9OpEQoNRKB6RRED9S8NxH/89qJ7p15KQvjRENIZ4t6Ccc6wpMocJdJoJqPDCFUMnMrpgMiCdUmsIIJwZ1/+S9pVMrucdm5rhSrF1kcebSPDtARctEpqqIrVEN1RNEDekIv6NV6tJ6tN+t91pqzspld9AvWxzff5pQu</latexit>

m
Z

0
<
m
4

<latexit sha1_base64="3j1rbvqrNAn471vQ2OEnaCdjXhc=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFVyWpgi5cFN24rGAf2MYwmd62Q2eSMDMRaij+ihsXirj1P9z5N07bLLR64MLhnHu5954g5kxpx/mycguLS8sr+dXC2vrG5pa9vdNQUSIp1GnEI9kKiALOQqhrpjm0YglEBByawfBy4jfvQSoWhTd6FIMnSD9kPUaJNpJv75WEn97edWLJBIzxORb+Scm3i07ZmQL/JW5GiihDzbc/O92IJgJCTTlRqu06sfZSIjWjHMaFTqIgJnRI+tA2NCQClJdOrx/jQ6N0cS+SpkKNp+rPiZQIpUYiMJ2C6IGa9ybif1470b0zL2VhnGgI6WxRL+FYR3gSBe4yCVTzkSGESmZuxXRAJKHaBFYwIbjzL/8ljUrZPS4715Vi9SKLI4/20QE6Qi46RVV0hWqojih6QE/oBb1aj9az9Wa9z1pzVjazi37B+vgG3NSULA==</latexit>

m
Z 0 >

m
4

<latexit sha1_base64="rwO3JsZfayfq9Wpve6xbH3qf3cI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFVyWpgq6k6MZlBfvANobJ9LYdOpOEmYlQQ/FX3LhQxK3/4c6/cdpmodUDFw7n3Mu99wQxZ0o7zpeVW1hcWl7JrxbW1jc2t+ztnYaKEkmhTiMeyVZAFHAWQl0zzaEVSyAi4NAMhpcTv3kPUrEovNGjGDxB+iHrMUq0kXx7ryT89PauE0smYIzPsfBPSr5ddMrOFPgvcTNSRBlqvv3Z6UY0ERBqyolSbdeJtZcSqRnlMC50EgUxoUPSh7ahIRGgvHR6/RgfGqWLe5E0FWo8VX9OpEQoNRKB6RRED9S8NxH/89qJ7p15KQvjRENIZ4t6Ccc6wpMocJdJoJqPDCFUMnMrpgMiCdUmsIIJwZ1/+S9pVMrucdm5rhSrF1kcebSPDtARctEpqqIrVEN1RNEDekIv6NV6tJ6tN+t91pqzspld9AvWxzff5pQu</latexit>



M. Hostert
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MiniBooNE — Light dark photon — revisited 
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MiniBooNE LEE m4 = 100 MeV

10 MeV, 3.15 ⇥ 10�9

60 MeV, 2.00 ⇥ 10�7

80 MeV, 5.48 ⇥ 10�7

We revisit this MiniBooNE explanation  
using a better signal definition: 

Too forward!

C. Arguelles et al, 1812.08768
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MiniBooNE
energy fit

> 98%
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> 87%
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> 70%

on axis

mZ0 = 30 MeV, ↵"2 = 2 ⇥ 10�10, ↵D = 1/4

1�

3�

1�

3�

peak searches

MINERvA LE, MINERvA ME, CHARM-II

“Single photons” in nu-e scattering

Cannot reconcile angular dist. 
w/ nu-e data!

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

⌫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>

E. Bertuzzo et al.,1807.09877



M. Hostert 41

Heavy dark photon case

 Signal: Proton + shower(s)  

— single EM shower + some hadronic activity — 

mZ0 > m4
<latexit sha1_base64="udACCNQO4sZXFgc8pi55CTjOvq8=">AAACEXicbVBLSgNBFOyJvxh/8bNz05gIrsJMFHQlQTcuI5gPJuPQ03mTNOmeGbp7hDjkFF7Ard7Anbj1BF7Ac9j5LExiwYOi6j3qUX7MmdK2/W1llpZXVtey67mNza3tnfzuXl1FiaRQoxGPZNMnCjgLoaaZ5tCMJRDhc2j4/euR33gEqVgU3ulBDK4g3ZAFjBJtJC9/UBReev/QjiUTMMSXWHhnRS9fsEv2GHiROFNSQFNUvfxPuxPRRECoKSdKtRw71m5KpGaUwzDXThTEhPZJF1qGhkSActPx90N8bJQODiJpJtR4rP69SIlQaiB8symI7ql5byT+57USHVy4KQvjRENIJ0FBwrGO8KgK3GESqOYDQwiVzPyKaY9IQrUpbCbFl6QPepgzxTjzNSySernknJbs23KhcjWtKIsO0RE6QQ46RxV0g6qohih6Qi/oFb1Zz9a79WF9TlYz1vRmH83A+voFd+aclg==</latexit>

P. Ballett et al, 1808.02915

Decay length is much smaller in 3+2 model and ~ free parameter!

P. Ballett et al, 1903.07589

(invisible at MiniBooNE,  
but visible elsewhere)

⌫↵

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>

p+
<latexit sha1_base64="9vTLcs4fltr0nDgjzTfTP9Jvpl0=">AAACAHicbVDLTgJBEOzFF+IL9ehlIpiYmJBdPOiR6MUjJi6QwEpmhwEmzD4y02tCNlz8Aa/6B96MV//EH/A7HGAPAlbSSaWqO91dfiyFRtv+tnJr6xubW/ntws7u3v5B8fCooaNEMe6ySEaq5VPNpQi5iwIlb8WK08CXvOmPbqd+84krLaLwAccx9wI6CEVfMIpGcsvx40W5WyzZFXsGskqcjJQgQ71b/On0IpYEPEQmqdZtx47RS6lCwSSfFDqJ5jFlIzrgbUNDGnDtpbNjJ+TMKD3Sj5SpEMlM/TuR0kDrceCbzoDiUC97U/E/r51g/9pLRRgnyEM2X9RPJMGITD8nPaE4Qzk2hDIlzK2EDamiDE0+C1t8RUccJwUTjLMcwyppVCvOZcW+r5ZqN1lEeTiBUzgHB66gBndQBxcYCHiBV3iznq1368P6nLfmrGzmGBZgff0C1DmWVQ==</latexit>

C

`dec ⇡ 1m
<latexit sha1_base64="34jefjQ7OUiG9PPxUsx/evz1t6M=">AAACC3icbVBNS8NAEN34WetX1KOXpUXwICVRQY9FLx4r2A9oQthsp+3S3STsbsQSevfiX/HiQRGv/gFv/hu3aQ7a+mDg8d4MM/PChDOlHefbWlpeWV1bL22UN7e2d3btvf2WilNJoUljHstOSBRwFkFTM82hk0ggIuTQDkfXU799D1KxOLrT4wR8QQYR6zNKtJECu+IB50HmSYF7QCfYI0ki4wfseic4V8UksKtOzcmBF4lbkCoq0AjsL68X01RApCknSnVdJ9F+RqRmlMOk7KUKEkJHZABdQyMiQPlZ/ssEHxmlh/uxNBVpnKu/JzIilBqL0HQKoodq3puK/3ndVPcv/YxFSaohorNF/ZRjHeNpMLjHJFDNx4YQKpm5FdMhkYRqE1/ZhODOv7xIWqc196zm3J5X61dFHCV0iCroGLnoAtXRDWqgJqLoET2jV/RmPVkv1rv1MWtdsoqZA/QH1ucP3HqaRw==</latexit>

⌫h
<latexit sha1_base64="NWe9GijU9aKbK5lib9M5HMzlEJQ=">AAACA3icbVC7TgJBFL2LL8QXamkzEUysyC4WWhJtLDGRRwIbMjvMwoTZ2c08TMiG0g+w1U+wM7Z+iF/gbzgLWwh4kklOzrmvOUHCmdKu++0UNja3tneKu6W9/YPDo/LxSVvFRhLaIjGPZTfAinImaEszzWk3kRRHAaedYHKX+Z0nKhWLxaOeJtSP8EiwkBGsrdSp9oUZjKuDcsWtuXOgdeLlpAI5moPyT38YExNRoQnHSvU8N9F+iqVmhNNZqW8UTTCZ4BHtWSpwRJWfzs+doQurDFEYS/uERnP1b0eKI6WmUWArI6zHatXLxP+8ntHhjZ8ykRhNBVksCg1HOkbZ39GQSUo0n1qCiWT2VkTGWGKibUJLW7LZUoVqZpPxVnNYJ+16zbuquQ/1SuM2z6gIZ3AOl+DBNTTgHprQAgITeIFXeHOenXfnw/lclBacvOcUluB8/QLJZZhh</latexit>

⌫h
<latexit sha1_base64="NWe9GijU9aKbK5lib9M5HMzlEJQ=">AAACA3icbVC7TgJBFL2LL8QXamkzEUysyC4WWhJtLDGRRwIbMjvMwoTZ2c08TMiG0g+w1U+wM7Z+iF/gbzgLWwh4kklOzrmvOUHCmdKu++0UNja3tneKu6W9/YPDo/LxSVvFRhLaIjGPZTfAinImaEszzWk3kRRHAaedYHKX+Z0nKhWLxaOeJtSP8EiwkBGsrdSp9oUZjKuDcsWtuXOgdeLlpAI5moPyT38YExNRoQnHSvU8N9F+iqVmhNNZqW8UTTCZ4BHtWSpwRJWfzs+doQurDFEYS/uERnP1b0eKI6WmUWArI6zHatXLxP+8ntHhjZ8ykRhNBVksCg1HOkbZ39GQSUo0n1qCiWT2VkTGWGKibUJLW7LZUoVqZpPxVnNYJ+16zbuquQ/1SuM2z6gIZ3AOl+DBNTTgHprQAgITeIFXeHOenXfnw/lclBacvOcUluB8/QLJZZhh</latexit>

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

|U⌧4| ⇡ 22⇥ |Uµ4|
<latexit sha1_base64="zY5vpqlihQf6lA0vtMl8c+xc49w=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMgFuEuBrQM2lhG8JJALhx7m71kyd4Hu3NiuOQ/2PhXbCwUsbWx89+4uVyhiQ8GHu/NMDPPiwVXYJrfRmFldW19o7hZ2tre2d0r7x+0VJRIymwaiUh2PKKY4CGzgYNgnVgyEniCtb3R9cxv3zOpeBTewThmvYAMQu5zSkBLbvlsYrupAyTB9ekEOySOZfSAazXsAA+YwpkdZK5brphVMwNeJlZOKihH0y1/Of2IJgELgQqiVNcyY+ilRAKngk1LTqJYTOiIDFhX05Dohb00+2mKT7TSx34kdYWAM/X3REoCpcaBpzsDAkO16M3E/7xuAv5lL+VhnAAL6XyRnwgMEZ4FhPtcMgpirAmhkutbMR0SSSjoGEs6BGvx5WXSqlWt86p5W680rvI4iugIHaNTZKEL1EA3qIlsRNEjekav6M14Ml6Md+Nj3low8plD9AfG5w/Uip19</latexit>

⌫4
<latexit sha1_base64="N3FvYyXJqlA/LK6z4EEXCeqQ9Ms=">AAACA3icbVDLSgMxFL3js9ZX1aWbYCu4KjNV0GXRjcsK9gHtUDJppg1NMkOSEcrQpR/gVj/Bnbj1Q/wCf8NMOwvbeiBwOOe+coKYM21c99tZW9/Y3Nou7BR39/YPDktHxy0dJYrQJol4pDoB1pQzSZuGGU47saJYBJy2g/Fd5refqNIsko9mElNf4KFkISPYWKld6cmkf1Xpl8pu1Z0BrRIvJ2XI0eiXfnqDiCSCSkM41rrrubHxU6wMI5xOi71E0xiTMR7SrqUSC6r9dHbuFJ1bZYDCSNknDZqpfztSLLSeiMBWCmxGetnLxP+8bmLCGz9lMk4MlWS+KEw4MhHK/o4GTFFi+MQSTBSztyIywgoTYxNa2JLNVjrUU5uMt5zDKmnVqt5l1X2oleu3eUYFOIUzuAAPrqEO99CAJhAYwwu8wpvz7Lw7H87nvHTNyXtOYAHO1y92HZgt</latexit>

or

Does not show up in nu-e scattering due to hadronic activity!
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Heavy dark photon case

See P. Ballett et al, PRD.99.071701

fit to angular 
spectrum onlyEnergy

Angle

Much better angular fit!
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Sterile Neutrino Decays Dentler et al, 1911.01427 
de Gouvea et al, 1911.01447

Palomares-Ruiz et al, 0505216
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Sterile Neutrino Decays

x

At MB sterile is produced 
through muon-mixing.

⌫4
<latexit sha1_base64="J584XnnDpOkU+VegKSp3KbXmvwA=">AAACAHicbVDLTsJAFJ3iC/GFunQzkZi4alpoAXdENy4xsUICDZkOU5gwnTYzUxPSsPEH3OofuDNu/RN/wO9wCsSIepKbnJxzb+69J0gYlcqyPozC2vrG5lZxu7Szu7d/UD48upNxKjDxcMxi0Q2QJIxy4imqGOkmgqAoYKQTTK5yv3NPhKQxv1XThPgRGnEaUoyUlrw+TwfOoFyxzIt6zbVdaJluvdloVDWpOpbr2tA2rTkqYIn2oPzZH8Y4jQhXmCEpe7aVKD9DQlHMyKzUTyVJEJ6gEelpylFEpJ/Nj53BM60MYRgLXVzBufpzIkORlNMo0J0RUmP528vF/7xeqsKmn1GepIpwvFgUpgyqGOafwyEVBCs21QRhQfWtEI+RQFjpfFa2BAJNiJqVFsHkqH/H8JfcVU27Zjo3TqV1uYyoCE7AKTgHNmiAFrgGbeABDCh4BE/g2XgwXoxX423RWjCWM8dgBcb7F1HLl28=</latexit>

x
x

by I. Esteban

At least one sterile state and one 
“neutrinophilic” scalar 

MB LEE prefers a massive scalar 
that decays on-shell.  

⌫e
<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

⌫e
<latexit sha1_base64="hzUp6EbcwSa+FobhQXl2yr690io=">AAAB+3icbVDLSsNAFJ34rPUV69JNsBVclaSKj13RjcsK9gFNCJPppB06mQkzE7GE/IobF4q49Ufc+TdO0iBqPTBwOOce7p0TxJRIZdufxtLyyuraemWjurm1vbNr7tV6kicC4S7ilItBACWmhOGuIoriQSwwjAKK+8H0Ovf791hIwtmdmsXYi+CYkZAgqLTkm7WGy7Wfx1OXJT7OGr5Zt5t2AWuROCWpgxId3/xwRxwlEWYKUSjl0LFj5aVQKIIozqpuInEM0RSO8VBTBiMsvbS4PbOOtDKyQi70Y8oq1J+JFEZSzqJAT0ZQTeRfLxf/84aJCi+8lLA4UZih+aIwoZbiVl6ENSICI0VnmkAkiL7VQhMoIFK6rmpRwmWOs+8vL5Jeq+mcNE9vW/X2VVlHBRyAQ3AMHHAO2uAGdEAXIPAAHsEzeDEy48l4Nd7mo0tGmdkHv2C8fwERsJSY</latexit>

⌫e
<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

�
<latexit sha1_base64="RqzZ1ROo5F6nHiuxs0XPU6C3PaI=">AAAB63icbVDLSsNAFJ3UV62vqks3g0VwFZK2tnFXdOOygn1AG8pkOmmHzkzCzEQoob/gxoUibv0hd/6Nk7Tg88CFwzn3cu89Qcyo0o7zYRXW1jc2t4rbpZ3dvf2D8uFRV0WJxKSDIxbJfoAUYVSQjqaakX4sCeIBI71gdp35vXsiFY3EnZ7HxOdoImhIMdKZNIyndFSuOHbVqzW8OnTsptO8cBqGeF6jZohrOzkqYIX2qPw+HEc44URozJBSA9eJtZ8iqSlmZFEaJorECM/QhAwMFYgT5af5rQt4ZpQxDCNpSmiYq98nUsSVmvPAdHKkp+q3l4n/eYNEh56fUhEnmgi8XBQmDOoIZo/DMZUEazY3BGFJza0QT5FEWJt4SnkIlxm+Xv5LulXbrdn123qldbWKowhOwCk4By5ogha4AW3QARhMwQN4As8Wtx6tF+t12VqwVjPH4Aest0+qm47O</latexit>

⌫4
<latexit sha1_base64="J584XnnDpOkU+VegKSp3KbXmvwA=">AAACAHicbVDLTsJAFJ3iC/GFunQzkZi4alpoAXdENy4xsUICDZkOU5gwnTYzUxPSsPEH3OofuDNu/RN/wO9wCsSIepKbnJxzb+69J0gYlcqyPozC2vrG5lZxu7Szu7d/UD48upNxKjDxcMxi0Q2QJIxy4imqGOkmgqAoYKQTTK5yv3NPhKQxv1XThPgRGnEaUoyUlrw+TwfOoFyxzIt6zbVdaJluvdloVDWpOpbr2tA2rTkqYIn2oPzZH8Y4jQhXmCEpe7aVKD9DQlHMyKzUTyVJEJ6gEelpylFEpJ/Nj53BM60MYRgLXVzBufpzIkORlNMo0J0RUmP528vF/7xeqsKmn1GepIpwvFgUpgyqGOafwyEVBCs21QRhQfWtEI+RQFjpfFa2BAJNiJqVFsHkqH/H8JfcVU27Zjo3TqV1uYyoCE7AKTgHNmiAFrgGbeABDCh4BE/g2XgwXoxX423RWjCWM8dgBcb7F1HLl28=</latexit>

* Non-trivial cosmology but 
no dedicated analysis performed so far.

Muon disappearance signal is small.

Dentler et al, 1911.01427 
de Gouvea et al, 1911.01447

See I. Esteban talk at CERN 
10.5281/zenodo.3509890.

Palomares-Ruiz et al, 0505216
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Sterile Neutrino Decays Dentler et al, 1911.01427 
de Gouvea et al, 1911.01447

At least one sterile state and one 
“neutrinophilic” scalar 

MB LEE prefers a massive scalar 
that decays on-shell.  

⌫e
<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

⌫e
<latexit sha1_base64="hzUp6EbcwSa+FobhQXl2yr690io=">AAAB+3icbVDLSsNAFJ34rPUV69JNsBVclaSKj13RjcsK9gFNCJPppB06mQkzE7GE/IobF4q49Ufc+TdO0iBqPTBwOOce7p0TxJRIZdufxtLyyuraemWjurm1vbNr7tV6kicC4S7ilItBACWmhOGuIoriQSwwjAKK+8H0Ovf791hIwtmdmsXYi+CYkZAgqLTkm7WGy7Wfx1OXJT7OGr5Zt5t2AWuROCWpgxId3/xwRxwlEWYKUSjl0LFj5aVQKIIozqpuInEM0RSO8VBTBiMsvbS4PbOOtDKyQi70Y8oq1J+JFEZSzqJAT0ZQTeRfLxf/84aJCi+8lLA4UZih+aIwoZbiVl6ENSICI0VnmkAkiL7VQhMoIFK6rmpRwmWOs+8vL5Jeq+mcNE9vW/X2VVlHBRyAQ3AMHHAO2uAGdEAXIPAAHsEzeDEy48l4Nd7mo0tGmdkHv2C8fwERsJSY</latexit>

⌫e
<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

�
<latexit sha1_base64="RqzZ1ROo5F6nHiuxs0XPU6C3PaI=">AAAB63icbVDLSsNAFJ3UV62vqks3g0VwFZK2tnFXdOOygn1AG8pkOmmHzkzCzEQoob/gxoUibv0hd/6Nk7Tg88CFwzn3cu89Qcyo0o7zYRXW1jc2t4rbpZ3dvf2D8uFRV0WJxKSDIxbJfoAUYVSQjqaakX4sCeIBI71gdp35vXsiFY3EnZ7HxOdoImhIMdKZNIyndFSuOHbVqzW8OnTsptO8cBqGeF6jZohrOzkqYIX2qPw+HEc44URozJBSA9eJtZ8iqSlmZFEaJorECM/QhAwMFYgT5af5rQt4ZpQxDCNpSmiYq98nUsSVmvPAdHKkp+q3l4n/eYNEh56fUhEnmgi8XBQmDOoIZo/DMZUEazY3BGFJza0QT5FEWJt4SnkIlxm+Xv5LulXbrdn123qldbWKowhOwCk4By5ogha4AW3QARhMwQN4As8Wtx6tF+t12VqwVjPH4Aest0+qm47O</latexit>

⌫4
<latexit sha1_base64="J584XnnDpOkU+VegKSp3KbXmvwA=">AAACAHicbVDLTsJAFJ3iC/GFunQzkZi4alpoAXdENy4xsUICDZkOU5gwnTYzUxPSsPEH3OofuDNu/RN/wO9wCsSIepKbnJxzb+69J0gYlcqyPozC2vrG5lZxu7Szu7d/UD48upNxKjDxcMxi0Q2QJIxy4imqGOkmgqAoYKQTTK5yv3NPhKQxv1XThPgRGnEaUoyUlrw+TwfOoFyxzIt6zbVdaJluvdloVDWpOpbr2tA2rTkqYIn2oPzZH8Y4jQhXmCEpe7aVKD9DQlHMyKzUTyVJEJ6gEelpylFEpJ/Nj53BM60MYRgLXVzBufpzIkORlNMo0J0RUmP528vF/7xeqsKmn1GepIpwvFgUpgyqGOafwyEVBCs21QRhQfWtEI+RQFjpfFa2BAJNiJqVFsHkqH/H8JfcVU27Zjo3TqV1uYyoCE7AKTgHNmiAFrgGbeABDCh4BE/g2XgwXoxX423RWjCWM8dgBcb7F1HLl28=</latexit>

Palomares-Ruiz et al, 0505216
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Conclusions

We have learned a lot about HNLs — in particular, what they are not!

Exciting new prospects w/ advent of large scale neutrino detectors and intense beams.

Dark sectors and HNL’s go hand in hand  
— plethora of possibilities for “secret/dark/hidden” neutrino physics —  

Renewed interest in MiniBooNE 
— many new models and fresh ideas with non-minimal sectors — 



Thank you!

47
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Neutrino masses at one-loop level

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>

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

LNV

U(1)’	protected

After U(1)’ is broken, zeros are no long protected!

SM													Cik ⌘ g

4cW

⌧X

↵=e

U⇤
↵iU↵k and Dik ⌘ g0

2
U⇤
DiUDk.

<latexit sha1_base64="iNUDwHytzhsUkulnjC8sTZTJ6jQ="></latexit>

mij =
1

4⇡2

5X

k=4

h
CikCjk

m3
k

m2
Z

F (m2
k,m

2
Z ,m

2
h) +DikDjk

m3
k

m2
Z0

F (m2
k,m

2
Z0 ,m2

'0)
i
,

<latexit sha1_base64="v2PnJbbegf9srJCd6oqDL8FY0o4="></latexit>

Cik ⌘ g

4cW

⌧X

↵=e

U⇤
↵iU↵k and Dik ⌘ g0

2
U⇤
DiUDk.

<latexit sha1_base64="iNUDwHytzhsUkulnjC8sTZTJ6jQ="></latexit>

BSM

Gh , G'0
<latexit sha1_base64="muNVMud21NpCe3ZrWbhEYl0P6+8="></latexit>

Z ,Z 0
<latexit sha1_base64="NtjLd9toLoBT6SCcBoDvc4EqZLE="></latexit>

h ,'0
<latexit sha1_base64="+EdeneiuneiJo9Yn8pWeOZvD72I="></latexit>

In	general,	both	contributions	are	important,	but	if	NP	is	light,	it	dominates.

If	both	are	large	=>	two	massive	neutrinos m⌫ / µ0
<latexit sha1_base64="+llfiBOOSwKd93xZJAa0ipsd98c=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzKjxceu6MZlBfuAzjhk0kwbmmSGJCOUoW78FTcuFHHrX7jzb0yng6j1QOBwzr3cnBMmjCrtOJ/W3PzC4tJyaaW8ura+sWlvbbdUnEpMmjhmseyESBFGBWlqqhnpJJIgHjLSDoeXE799R6SisbjRo4T4HPUFjShG2kiBvcsDT6TQS2Sc6Bh6PL01nHIS2BWn6uSAs8QtSAUUaAT2h9eLccqJ0Jghpbquk2g/Q1JTzMi47KWKJAgPUZ90DRWIE+VneYIxPDBKD0axNE9omKs/NzLElRrx0ExypAfqrzcR//O6qY7O/IyKJNVE4OmhKGXQZJ3UAXtUEqzZyBCEJTV/hXiAJMLalFbOSzif4OQ78ixpHVXd42rtulapXxR1lMAe2AeHwAWnoA6uQAM0AQb34BE8gxfrwXqyXq236eicVezsgF+w3r8AtXiXMw==</latexit>
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Bµ⌫
<latexit sha1_base64="6a6jQCjxcpk3clMOJg0W1v/HqVU=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMcQLx4jmAfsLmF2MkmGzMwu8xDCks/w4kERr36NN//GSbIHjRY0FFXddHclGWfa+P6XV1pb39jcKm9Xdnb39g+qh0cdnVpFaJukPFW9BGvKmaRtwwynvUxRLBJOu8nkdu53H6nSLJUPZprRWOCRZENGsHFS2OznkbAoknbWr9b8ur8A+kuCgtSgQKtf/YwGKbGCSkM41joM/MzEOVaGEU5nlchqmmEywSMaOiqxoDrOFyfP0JlTBmiYKlfSoIX6cyLHQuupSFynwGasV725+J8XWjO8iXMmM2uoJMtFQ8uRSdH8fzRgihLDp45gopi7FZExVpgYl1LFhRCsvvyXdC7qwWXdv7+qNZpFHGU4gVM4hwCuoQF30II2EEjhCV7g1TPes/fmvS9bS14xcwy/4H18AxiYkSA=</latexit>

Xµ⌫
<latexit sha1_base64="/q74aygfHUMPAN0KmuO2VUFjdbI=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjJV1GXRjcsK9oGdsWTSTBuaZIYkI5Shf+HGhSJu/Rt3/o2ZdgoqeiDkcM693HtPmHCmDUKfTmlpeWV1rbxe2djc2t6p7u61dZwqQlsk5rHqhlhTziRtGWY47SaKYhFy2gnHV7nfeaBKs1jemklCA4GHkkWMYGOlu+595ovUl+m0X60h9wzlgMitL0iheO7sRzVQoNmvfviDmKSCSkM41rrnocQEGVaGEU6nFT/VNMFkjIe0Z6nEguogm208hUdWGcAoVvZJA2fq944MC60nIrSVApuR/u3l4l9eLzXRRZAxmaSGSjIfFKUcmhjm58MBU5QYPrEEE8XsrpCMsMLE2JAqNoTFpfB/0q673omLbk5rjcsijjI4AIfgGHjgHDTANWiCFiBAgkfwDF4c7Tw5r87bvLTkFD374Aec9y/1MZEZ</latexit>

sin�

2
<latexit sha1_base64="FkCyaGUvoQhKisD9WGyxmhU//jU=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyWpgi6LblxWsA9oQplMJ+3QySTMTIQagr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwprTjfFulldW19Y3yZmVre2d3z94/aKs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGN9M/c4DlYrF4l5PEupHeChYyAjWRurbR14oMck8xUTmkRHL86ye9+2qU3NmQMvELUgVCjT79pc3iEkaUaEJx0r1XCfRfoalZoTTvOKliiaYjPGQ9gwVOKLKz2bX5+jUKAMUxtKU0Gim/p7IcKTUJApMZ4T1SC16U/E/r5fq8MrPmEhSTQWZLwpTjnSMplGgAZOUaD4xBBPJzK2IjLCJQ5vAKiYEd/HlZdKu19zzmnN3UW1cF3GU4RhO4AxcuIQG3EITWkDgEZ7hFd6sJ+vFerc+5q0lq5g5hD+wPn8AQ6WVvQ==</latexit>

For a light boson —> couples only to electric charge (dark photon).

e
c W

�
<latexit sha1_base64="w1vdLPEIVf7fm1AwT/rvkKr7U+g=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBT0WvXisYG2hCWWznbRLN5uwuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwlRwbVz32ymtrK6tb5Q3K1vbO7t71f2DR51kimGLJSJRnZBqFFxiy3AjsJMqpHEosB2Obqd++wmV5ol8MOMUg5gOJI84o8ZKPhL/jPXaxGdD3qvW3Lo7A1kmXkFqUKDZq375/YRlMUrDBNW667mpCXKqDGcCJxU/05hSNqID7FoqaYw6yGc3T8iJVfokSpQtachM/T2R01jrcRzazpiaoV70puJ/Xjcz0XWQc5lmBiWbL4oyQUxCpgGQPlfIjBhbQpni9lbChlRRZmxMFRuCt/jyMnk8r3sXdff+sta4KeIowxEcwyl4cAUNuIMmtIBBCs/wCm9O5rw4787HvLXkFDOH8AfO5w+rlZDK</latexit>

M. Bauer et al., 1803.05466

mZ0(GeV)
<latexit sha1_base64="xjriRTXpA3Yn4eBMTD1jRW0kI8g=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiJewq4Iegx70GME8MIlhdtJJhszMLjOzQljWi7/ixYMiXv0Lb/6Nk8dBEwsaiqpuuruCiDNtPO/bySwsLi2vZFdza+sbm1vu9k5Vh7GiUKEhD1U9IBo4k1AxzHCoRwqICDjUgsHlyK89gNIslLdmGEFLkJ5kXUaJsVLb3RPt5O6+GSkmIMWFpKkEvoJqetR2817RGwPPE39K8miKctv9anZCGguQhnKidcP3ItNKiDKMckhzzVhDROiA9KBhqSQCdCsZf5DiQ6t0cDdUtqTBY/X3REKE1kMR2E5BTF/PeiPxP68Rm+55K2Eyig1IOlnUjTk2IR7FgTtMATV8aAmhitlbMe0TRaixoeVsCP7sy/Okelz0T4rezWm+dDGNI4v20QEqIB+doRK6RmVUQRQ9omf0it6cJ+fFeXc+Jq0ZZzqzi/7A+fwBosOWWA==</latexit>

Dark photon
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Neutrino Portal Dark Matter

�
<latexit sha1_base64="s2f0N+d+KpD3X6GfxnSMRE8q3x4=">AAACFHicdVDLSgMxFL1TX7W+qi7dBIvgqmRatV0W3bisYB/QDiWTZjqhmQdJRixDf8Gl+jHuxK17v8WNmbaCFT0QOJx7b+49x40FVxrjDyu3srq2vpHfLGxt7+zuFfcP2ipKJGUtGolIdl2imOAha2muBevGkpHAFazjjq+yeueOScWj8FZPYuYEZBRyj1OiM6lPfT4olnAZ1y4qdRsZgitVXDPExlUbnyPbKBlKsEBzUPzsDyOaBCzUVBClejaOtZMSqTkVbFroJ4rFhI7JiPUMDUnAlJPObp2iE6MMkRdJ80KNZurPiZQESk0C13QGRPvqdy0T/6r1Eu3VnZSHcaJZSOeLvEQgHaHMOBpyyagWE0MIldzciqhPJKHaxLO0JftbKk8tOUnv5wZMWt+RoP9Ju1K2q2V8c1ZqXC5yy8MRHMMp2FCDBlxDE1pAwYcHeIJn69F6sV6tt3lrzlrMHMISrPcvWjygOw==</latexit>

�
<latexit sha1_base64="ojKZMYvm0vqVJZo22riQJw/CyBo=">AAACIXicdVDLTgIxFO3gC/HBqEs3jcTEFemACkuiG5eYCJIwhHRKBxo67aTtGMmEL3Gpfow74874KW7sACZi9CRNTs65t/feE8ScaYPQu5NbWV1b38hvFra2d3aL7t5+W8tEEdoikkvVCbCmnAnaMsxw2okVxVHA6W0wvsz82zuqNJPixkxi2ovwULCQEWys1HeLvrR21p36ZMSmfbeEyqh2Xql70BJUqaKaJR6qeugMelbJUAILNPvupz+QJImoMIRjrbseik0vxcowwum04CeaxpiM8ZB2LRU4orqXzhafwmOrDGAolX3CwJn6syPFkdaTKLCVETYj/dvLxL+8bmLCei9lIk4MFWQ+KEw4NBJmKcABU5QYPrEEE8XsrpCMsMLE2KyWpmR/Kx3qpUvS+/kBNq3vSOD/pF0pe9Uyuj4tNS4WueXBITgCJ8ADNdAAV6AJWoCABDyAJ/DsPDovzqvzNi/NOYueA7AE5+MLgX6lkg==</latexit>

⌫↵
<latexit sha1_base64="ITrsd7lJm62DHP1KSI4onconS5Q=">AAACGnicdVDLTgIxFL3jE/GFunTTSExckQ6osCS6cYmJPCIQ0ikdaOh0Jm3HSCb8hUv1Y9wZt278Fjd2ABMxepImJ+fe23vP8SLBtcH4w1laXlldW89sZDe3tnd2c3v7DR3GirI6DUWoWh7RTHDJ6oYbwVqRYiTwBGt6o8u03rxjSvNQ3phxxLoBGUjuc0qMlW47Mu51iIiGpJfL4wIunxcrLrIEF0u4bImLSy4+Q65VUuRhjlov99nphzQOmDRUEK3bLo5MNyHKcCrYJNuJNYsIHZEBa1sqScB0N5lePEHHVukjP1T2SYOm6s+JhARajwPPdgbEDPXvWir+VWvHxq90Ey6j2DBJZ4v8WCATotQ+6nPFqBFjSwhV3N6K6JAoQo0NaWFL+rfSvl5wktzPDNi0viNB/5NGseCWCvj6NF+9mOeWgUM4ghNwoQxVuIIa1IGChAd4gmfn0XlxXp23WeuSM585gAU4719eeqLn</latexit>

⌫↵
<latexit sha1_base64="wFIuitNVBpHQKAbd0LxrJgIbF3w="></latexit>

Z 0

M. Blennow et al, 1903.00006

m4 = 2mZ0
<latexit sha1_base64="aNrQMnz+x5ltOw1S0w1eW7g+Cls="></latexit>

�� ! Z 0Z 0
<latexit sha1_base64="OWS9vKcjy7m2Rm/Iw2cgVDvNDrg="></latexit>

Monochromatic	neutrinos	from	the	Galaxy	
can	be	searched	for	in	large	volume	detectors.

h�vri ⇡
g0

8⇡
|U↵4|4

m2
��

4m2
� �m2

Z0

�2
<latexit sha1_base64="Cjyl+o2GSo2BAZtWJXTuLEBVuoc="></latexit>

Neutrino	portal	DM	—	growing		literature,	see,	e.g.,
B. Bertoni et al, 1412.3113 
B. Batell et al, 1709.07001 
M. Blennow et al, 1903.00006
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MiniBooNE Collaboration,1805.12028 MiniBooNE Collaboration,1805.12028

The MiniBooNE Low Energy Excess (LEE)

4.7σ excess observed in neutrino + antineutrino mode 
— data/MC disagreement beyond statistical doubt —

Evis > 140 MeV
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⌫ � e scattering
<latexit sha1_base64="ClFbkHdX/C8b4Gnqo5z+rws2uJE=">AAAB+3icbVDLSgNBEOz1GeNrjUcvg4ngxbAbD3oMevEYwTwgCWF20psMmZ1dZmbFsORXvHhQxKs/4s2/cfI4aGJBQ1HVTXdXkAiujed9O2vrG5tb27md/O7e/sGhe1Ro6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB0O/Wbj6g0j+WDGSfYjehA8pAzaqzUcwuljkwvsES0VQwqLgc9t+iVvRnIKvEXpAgL1HruV6cfszRCaZigWrd9LzHdjCrDmcBJvpNqTCgb0QG2LZU0Qt3NZrdPyJlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvam4n9eOzXhdTfjMkkNSjZfFKaCmJhMgyB9rpAZMbaEMsXtrYQNqaLMpqDzNgR/+eVV0qiU/cuyd18pVm8WceTgBE7hHHy4gircQQ3qwOAJnuEV3pyJ8+K8Ox/z1jVnMXMMf+B8/gAMXZPM</latexit>

NC⇡0, ⌫eCCQE
<latexit sha1_base64="5J1mhU6uHIHBUcIOmLcINx/Q2zQ=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAruCglqQtdFoPgSlqwD2himUwn7dDJJMxMhBLqxl9x40IRt/6FO//GaZuFth64cDjnXu69x48Zlcqyvo3cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkY5aSqqGOnEgqDQZ6Ttj5yp334gQtKI36lxTLwQDTgNKEZKSz3z6NYpuTG9t0pltwxLLk96pOQ4jeueWbQq1gxwmdgZKYIM9Z755fYjnISEK8yQlF3bipWXIqEoZmRScBNJYoRHaEC6mnIUEumlsw8m8FQrfRhEQhdXcKb+nkhRKOU49HVniNRQLnpT8T+vm6jg0kspjxNFOJ4vChIGVQSnccA+FQQrNtYEYUH1rRAPkUBY6dAKOgR78eVl0qpW7POK1agWa1dZHHlwDE7AGbDBBaiBG1AHTYDBI3gGr+DNeDJejHfjY96aM7KZQ/AHxucPqHWUcg==</latexit>

Dark neutrino signal

<latexit sha1_base64="1YgfFVZXs3h/444s9FjjnLCH7iw=">AAAB/XicbVDLSgNBEJyNrxhf6+PmZTAInsJuPOgxqAePEcwDkiXMTmaTIbMzy0yvEJfgr3jxoIhX/8Obf+Mk2YMmFjQUVd10d4WJ4AY879sprKyurW8UN0tb2zu7e+7+QdOoVFPWoEoo3Q6JYYJL1gAOgrUTzUgcCtYKR9dTv/XAtOFK3sM4YUFMBpJHnBKwUs89uiF6hCVLQXOpsOEDSUTPLXsVbwa8TPyclFGOes/96vYVTWMmgQpiTMf3EggyooFTwSalbmpYQuiIDFjHUkliZoJsdv0En1qljyOlbUnAM/X3REZiY8ZxaDtjAkOz6E3F/7xOCtFlkHGZpMAknS+KUoFB4WkUuM81oyDGlhCqub0V0yHRhIINrGRD8BdfXibNasU/r3h31XLtKo+jiI7RCTpDPrpANXSL6qiBKHpEz+gVvTlPzovz7nzMWwtOPnOI/sD5/AFb9pUn</latexit>

dE

dx
<latexit sha1_base64="1DSj+E9ruU17GFxbRRf8M5YtlAg=">AAACGHicbVDLSsNAFL3xWesr2qWbwSK4KokKuiyK4LKCfUATymQyaYdOHsxMxBD6I27c6l+4E7fu/Am/wWmahbU9MMzhnHvg3uMlnEllWd/Gyura+sZmZau6vbO7t28eHHZknApC2yTmseh5WFLOItpWTHHaSwTFocdp1xvfTP3uIxWSxdGDyhLqhngYsYARrLQ0MGtOIDDJHd9Ht5Pie5oMzLrVsAqgRWKXpA4lWgPzx/FjkoY0UoRjKfu2lSg3x0Ixwumk6qSSJpiM8ZD2NY1wSKWbF8tP0IlWfBTEQr9IoUL9m8hxKGUWenoyxGok57xklElG5FJP56biMq+fquDKzVmUpIpGZLZEkHKkYjRtCflMUKJ4pgkmguk7EBlh3ZTSXVZ1Qfb/OhZJ56xhnzes+4t687qsqgJHcAynYMMlNOEOWtAGAhm8wCu8Gc/Gu/FhfM5GV4wyU4M5GF+/9+6gHA==</latexit>

E✓2
<latexit sha1_base64="Lljttlb2EpCThn12OgK5m0muygU=">AAACDXicbVDLSsNAFJ3UV62vqks3g0VwVZIq6LIogssK9oFtLJPppBk6mYSZGyGEfoMbt/oX7sSt3+BP+A1O2yys7YELh3PugXuPFwuuwba/rcLK6tr6RnGztLW9s7tX3j9o6ShRlDVpJCLV8YhmgkvWBA6CdWLFSOgJ1vZG1xO//cSU5pG8hzRmbkiGkvucEjDSww3uQcCAPNb65YpdtafAi8TJSQXlaPTLP71BRJOQSaCCaN117BjcjCjgVLBxqZdoFhM6IkPWNVSSkGk3m148xidGGWA/UmYk4Kn6N5GRUOs09MxmSCDQc14cpJpTvdQzuYm4zOsm4F+6GZdxAkzS2RF+IjBEeFINHnDFKIjUEEIVN39gGhBFKJgCS6Yg538di6RVqzpnVfvuvFK/yqsqoiN0jE6Rgy5QHd2iBmoiiiR6Qa/ozXq23q0P63O2WrDyzCGag/X1C9npm8s=</latexit>

New	physics	shows	up	in	sideband	—	would	benefit	from	full	dataset

Data	usually	shown	in	one	of	2	variables		
—	angle	w.r.t.	the	beam	or	dE/dx	(energy	deposition)	—

Dark neutrino signature

See Carlos Argüelles talk at PONDD:  10.5281/zenodo.2642413

https://zenodo.org/record/2642413#.XZ2i8OdKi3U
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MINERvA Medium Energy results

BUT! MINERvA actually sees an excess at large dE/dx!

… and tunes it away to measure the neutrino flux.

After tuning.
MINERvA Collaboration, 1906.00111 MINERvA Collaboration, 1906.00111

Excess attributed to coherent π0 events — grows with energy. 

— disagreement with GENIE prediction claimed both in NC and CC channels —



M. Hostert 55

Double Bangs at IceCube

P. Coloma, 1906.02106

Prediction: Double-bang events at IceCube. 

 Large rate for large tau mixing (3+1),  
but smaller rate for muon mixing only (3+2). 

~ number of events/year

MiniBooNE r.o.i.


