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✤ “SM” vs. “BSM” in Neutrino Physics

✤ BSM in studying Neutrino Oscillations

✤ BSM Searches at Neutrino Experiments
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Neutrino Physics requires BSM

3

Neutrinos have mass.

The Standard Model, as formulated, has no 
mechanism for generating neutrino masses.

New physics (fields and/or interactions) are 
required to explain this.
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How did we get here?

4

Anomalous neutrino “disappearance” in several 
sectors: atmospheric, solar, reactor…

Only satisfactory explanation of this and other data: 
neutrinos have (distinct) masses and mix.

See Prof. Pascoli’s lecture (June 3rd)



Where are we now?



Oscillations Refresher

Oscillation probabilities depend (predominantly) on 
baseline length divided by neutrino energy.

Amplitudes: 
Mixing

Frequencies: 
Mass differences
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Oscillation probabilities depend (predominantly) on 
baseline length divided by neutrino energy.

Experiments have been/will be performed for a 
variety of baselines and energies.

Amplitudes: 
Mixing

Frequencies: 
Mass differences
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Requirements for Oscillations: Mixing and Mass Differences
Mixing between mass and flavor eigenstates: 3x3 unitary matrix (PMNS Matrix)
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(cij ⌘ cos ✓ij , sij ⌘ sin ✓ij)
<latexit sha1_base64="O2dyQh2yFqBAAmqM4peMMzyNXs0="></latexit>



Requirements for Oscillations: Mixing and Mass Differences
Mixing between mass and flavor eigenstates: 3x3 unitary matrix (PMNS Matrix)

Differences between masses: relative phase acquired between different eigenstates during propagation.
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✤ Because oscillations to date always involve ultrarelativistic 
neutrinos, we can only access their mass-squared differences.

“Normal” “Inverted”
m2

3
<latexit sha1_base64="LXUxnS/si2xdyjGOccp35H2JYx4=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFfLS1l3RjcsKpi20sUymk3boZBJmJkIJ/QY3LhRx6we582+ctBVU9MCFwzn3cu89YcqoVJb1YZRWVtfWN8qbla3tnd296v5BWyaZwMTHCUtEN0SSMMqJr6hipJsKguKQkU44uSr8zj0Rkib8Vk1TEsRoxGlEMVJa8uOBe+cMqjXLtL1z58KDlunYZ3WrIK5db3gutE1rjhpYojWovveHCc5iwhVmSMqebaUqyJFQFDMyq/QzSVKEJ2hEeppyFBMZ5PNjZ/BEK0MYJUIXV3Cufp/IUSzlNA51Z4zUWP72CvEvr5epqBHklKeZIhwvFkUZgyqBxedwSAXBik01QVhQfSvEYyQQVjqfig7h61P4P2k7pu2azo1Xa14u4yiDI3AMToEN6qAJrkEL+AADCh7AE3g2uPFovBivi9aSsZw5BD9gvH0CjGyOhg==</latexit>

m2
3

<latexit sha1_base64="LXUxnS/si2xdyjGOccp35H2JYx4=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFfLS1l3RjcsKpi20sUymk3boZBJmJkIJ/QY3LhRx6we582+ctBVU9MCFwzn3cu89YcqoVJb1YZRWVtfWN8qbla3tnd296v5BWyaZwMTHCUtEN0SSMMqJr6hipJsKguKQkU44uSr8zj0Rkib8Vk1TEsRoxGlEMVJa8uOBe+cMqjXLtL1z58KDlunYZ3WrIK5db3gutE1rjhpYojWovveHCc5iwhVmSMqebaUqyJFQFDMyq/QzSVKEJ2hEeppyFBMZ5PNjZ/BEK0MYJUIXV3Cufp/IUSzlNA51Z4zUWP72CvEvr5epqBHklKeZIhwvFkUZgyqBxedwSAXBik01QVhQfSvEYyQQVjqfig7h61P4P2k7pu2azo1Xa14u4yiDI3AMToEN6qAJrkEL+AADCh7AE3g2uPFovBivi9aSsZw5BD9gvH0CjGyOhg==</latexit>

m2
1

<latexit sha1_base64="6q3ONQS+ZILV0hKCKzi1NKKFFiA=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU8im0dZb0YvHCqYttLFstpt26WYTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0w5U9pxPqzCyura+kZxs7S1vbO7V94/aKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1e5376nUrFE3OpJSoMYDwWLGMHaSH7cR3duv1xxbOSduxcedGwXndWcnFRRre5VIbKdOSpgiWa//N4bJCSLqdCEY6W6yEl1MMVSM8LprNTLFE0xGeMh7RoqcExVMJ0fO4MnRhnAKJGmhIZz9fvEFMdKTeLQdMZYj9RvLxf/8rqZjurBlIk001SQxaIo41AnMP8cDpikRPOJIZhIZm6FZIQlJtrkUzIhfH0K/yct10ZV273xKo3LZRxFcASOwSlAoAYa4Bo0gQ8IYOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniWCOhA==</latexit>

m2
1

<latexit sha1_base64="6q3ONQS+ZILV0hKCKzi1NKKFFiA=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU8im0dZb0YvHCqYttLFstpt26WYTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0w5U9pxPqzCyura+kZxs7S1vbO7V94/aKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1e5376nUrFE3OpJSoMYDwWLGMHaSH7cR3duv1xxbOSduxcedGwXndWcnFRRre5VIbKdOSpgiWa//N4bJCSLqdCEY6W6yEl1MMVSM8LprNTLFE0xGeMh7RoqcExVMJ0fO4MnRhnAKJGmhIZz9fvEFMdKTeLQdMZYj9RvLxf/8rqZjurBlIk001SQxaIo41AnMP8cDpikRPOJIZhIZm6FZIQlJtrkUzIhfH0K/yct10ZV273xKo3LZRxFcASOwSlAoAYa4Bo0gQ8IYOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniWCOhA==</latexit>

m2
2

<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

m2
2

<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

(cij ⌘ cos ✓ij , sij ⌘ sin ✓ij)
<latexit sha1_base64="O2dyQh2yFqBAAmqM4peMMzyNXs0="></latexit>



Current Mixing Angle Knowledge

8Ellis, KJK, Li [2008.01088]Black regions: Combined fit of current data.

https://arxiv.org/abs/2008.01088
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Masses/Mass ordering
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“Normal” “Inverted”

✤ Combination of solar experiments/reactor 
antineutrino experiments measure 

✤ Atmospheric/long-baseline muon disappearance/
short-baseline reactor experiments measure m2
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“Normal” “Inverted”

✤ Combination of solar experiments/reactor 
antineutrino experiments measure 

✤ Atmospheric/long-baseline muon disappearance/
short-baseline reactor experiments measure m2
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<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

�m2
21 ⌘ m2

2 �m2
1

<latexit sha1_base64="ao+daTJgYANWxrUg8JJP6OnDKCM="></latexit>

�m2
31 ⌘

��m2
3 �m2

1

��
<latexit sha1_base64="d/0SbFww16ojnbJoL+/wrKk447I="></latexit>

✤ One way to determine the mass ordering: measure electron neutrino 
appearance after muon neutrinos propagate through matter

e�
<latexit sha1_base64="H+TTPxiHLNu+3OYKom1XPJF89KQ=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgxWU3WU28Bb14jGgekKxhdjKbDJl9MDMrhCWf4MWDIl79Im/+jbNJBBUtaCiquunu8mLOpLKsDyO3tLyyupZfL2xsbm3vFHf3WjJKBKFNEvFIdDwsKWchbSqmOO3EguLA47TtjS8zv31PhWRReKsmMXUDPAyZzwhWWrqhdyf9YskybeesfO4gyyzbp1UrIxW7WnMqyDatGUqwQKNffO8NIpIENFSEYym7thUrN8VCMcLptNBLJI0xGeMh7Woa4oBKN52dOkVHWhkgPxK6QoVm6veJFAdSTgJPdwZYjeRvLxP/8rqJ8mtuysI4UTQk80V+wpGKUPY3GjBBieITTTARTN+KyAgLTJROp6BD+PoU/U9aZdOumOVrp1S/WMSRhwM4hGOwoQp1uIIGNIHAEB7gCZ4NbjwaL8brvDVnLGb24QeMt09PIo3T</latexit>

e�
<latexit sha1_base64="H+TTPxiHLNu+3OYKom1XPJF89KQ=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgxWU3WU28Bb14jGgekKxhdjKbDJl9MDMrhCWf4MWDIl79Im/+jbNJBBUtaCiquunu8mLOpLKsDyO3tLyyupZfL2xsbm3vFHf3WjJKBKFNEvFIdDwsKWchbSqmOO3EguLA47TtjS8zv31PhWRReKsmMXUDPAyZzwhWWrqhdyf9YskybeesfO4gyyzbp1UrIxW7WnMqyDatGUqwQKNffO8NIpIENFSEYym7thUrN8VCMcLptNBLJI0xGeMh7Woa4oBKN52dOkVHWhkgPxK6QoVm6veJFAdSTgJPdwZYjeRvLxP/8rqJ8mtuysI4UTQk80V+wpGKUPY3GjBBieITTTARTN+KyAgLTJROp6BD+PoU/U9aZdOumOVrp1S/WMSRhwM4hGOwoQp1uIIGNIHAEB7gCZ4NbjwaL8brvDVnLGb24QeMt09PIo3T</latexit>

⌫e,µ,⌧
<latexit sha1_base64="3kAzVp9EVbRISZIo+8XACN0STzM=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwUULSVlt3RTcuK9gHNCFMptN26GQS5lEooX/ixoUibv0Td/6N04egogcuHM65l3vviVJGpXLdDyu3tr6xuZXfLuzs7u0f2IdHbZlogUkLJywR3QhJwignLUUVI91UEBRHjHSi8c3c70yIkDTh92qakiBGQ04HFCNlpNC2fa7DjJT8WJd8hfQstIuu41Uvy1dV6Dpl76LmzknFq9WrFeg57gJFsEIztN/9foJ1TLjCDEnZ89xUBRkSimJGZgVfS5IiPEZD0jOUo5jIIFtcPoNnRunDQSJMcQUX6veJDMVSTuPIdMZIjeRvby7+5fW0GtSDjPJUK8LxctFAM6gSOI8B9qkgWLGpIQgLam6FeIQEwsqEVTAhfH0K/yftsuNVnPJdtdi4XsWRByfgFJwDD9RAA9yCJmgBDCbgATyBZyuzHq0X63XZmrNWM8fgB6y3T9Rwk80=</latexit>

⌫e,µ,⌧
<latexit sha1_base64="3kAzVp9EVbRISZIo+8XACN0STzM=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwUULSVlt3RTcuK9gHNCFMptN26GQS5lEooX/ixoUibv0Td/6N04egogcuHM65l3vviVJGpXLdDyu3tr6xuZXfLuzs7u0f2IdHbZlogUkLJywR3QhJwignLUUVI91UEBRHjHSi8c3c70yIkDTh92qakiBGQ04HFCNlpNC2fa7DjJT8WJd8hfQstIuu41Uvy1dV6Dpl76LmzknFq9WrFeg57gJFsEIztN/9foJ1TLjCDEnZ89xUBRkSimJGZgVfS5IiPEZD0jOUo5jIIFtcPoNnRunDQSJMcQUX6veJDMVSTuPIdMZIjeRvby7+5fW0GtSDjPJUK8LxctFAM6gSOI8B9qkgWLGpIQgLam6FeIQEwsqEVTAhfH0K/yftsuNVnPJdtdi4XsWRByfgFJwDD9RAA9yCJmgBDCbgATyBZyuzHq0X63XZmrNWM8fgB6y3T9Rwk80=</latexit>

⌫e,µ,⌧
<latexit sha1_base64="3kAzVp9EVbRISZIo+8XACN0STzM=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwUULSVlt3RTcuK9gHNCFMptN26GQS5lEooX/ixoUibv0Td/6N04egogcuHM65l3vviVJGpXLdDyu3tr6xuZXfLuzs7u0f2IdHbZlogUkLJywR3QhJwignLUUVI91UEBRHjHSi8c3c70yIkDTh92qakiBGQ04HFCNlpNC2fa7DjJT8WJd8hfQstIuu41Uvy1dV6Dpl76LmzknFq9WrFeg57gJFsEIztN/9foJ1TLjCDEnZ89xUBRkSimJGZgVfS5IiPEZD0jOUo5jIIFtcPoNnRunDQSJMcQUX6veJDMVSTuPIdMZIjeRvby7+5fW0GtSDjPJUK8LxctFAM6gSOI8B9qkgWLGpIQgLam6FeIQEwsqEVTAhfH0K/yftsuNVnPJdtdi4XsWRByfgFJwDD9RAA9yCJmgBDCbgATyBZyuzHq0X63XZmrNWM8fgB6y3T9Rwk80=</latexit>

⌫e,µ,⌧
<latexit sha1_base64="3kAzVp9EVbRISZIo+8XACN0STzM=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwUULSVlt3RTcuK9gHNCFMptN26GQS5lEooX/ixoUibv0Td/6N04egogcuHM65l3vviVJGpXLdDyu3tr6xuZXfLuzs7u0f2IdHbZlogUkLJywR3QhJwignLUUVI91UEBRHjHSi8c3c70yIkDTh92qakiBGQ04HFCNlpNC2fa7DjJT8WJd8hfQstIuu41Uvy1dV6Dpl76LmzknFq9WrFeg57gJFsEIztN/9foJ1TLjCDEnZ89xUBRkSimJGZgVfS5IiPEZD0jOUo5jIIFtcPoNnRunDQSJMcQUX6veJDMVSTuPIdMZIjeRvby7+5fW0GtSDjPJUK8LxctFAM6gSOI8B9qkgWLGpIQgLam6FeIQEwsqEVTAhfH0K/yftsuNVnPJdtdi4XsWRByfgFJwDD9RAA9yCJmgBDCbgATyBZyuzHq0X63XZmrNWM8fgB6y3T9Rwk80=</latexit>

p, n
<latexit sha1_base64="XBJZNSXHJ+3puWuUFMO41hmiXJw=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4kJC00dZb0YvHivYD2lA22027dLMJuxuhlP4ELx4U8eov8ua/cdNWUNEHA4/3ZpiZFyScKe04H9bS8srq2npuI7+5tb2zW9jbb6o4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF1lfuueSsVicafHCfUjPBAsZARrI90mp6JXKDq2652XLjzk2CX3rOJkpOxWql4ZubYzQxEWqPcK791+TNKICk04VqrjOon2J1hqRjid5rupogkmIzygHUMFjqjyJ7NTp+jYKH0UxtKU0Gimfp+Y4EipcRSYzgjrofrtZeJfXifVYdWfMJGkmgoyXxSmHOkYZX+jPpOUaD42BBPJzK2IDLHERJt08iaEr0/R/6RZst2yXbrxirXLRRw5OIQjOAEXKlCDa6hDAwgM4AGe4Nni1qP1Yr3OW5esxcwB/ID19gl2bo3t</latexit>

p, n
<latexit sha1_base64="XBJZNSXHJ+3puWuUFMO41hmiXJw=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4kJC00dZb0YvHivYD2lA22027dLMJuxuhlP4ELx4U8eov8ua/cdNWUNEHA4/3ZpiZFyScKe04H9bS8srq2npuI7+5tb2zW9jbb6o4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF1lfuueSsVicafHCfUjPBAsZARrI90mp6JXKDq2652XLjzk2CX3rOJkpOxWql4ZubYzQxEWqPcK791+TNKICk04VqrjOon2J1hqRjid5rupogkmIzygHUMFjqjyJ7NTp+jYKH0UxtKU0Gimfp+Y4EipcRSYzgjrofrtZeJfXifVYdWfMJGkmgoyXxSmHOkYZX+jPpOUaD42BBPJzK2IDLHERJt08iaEr0/R/6RZst2yXbrxirXLRRw5OIQjOAEXKlCDa6hDAwgM4AGe4Nni1qP1Yr3OW5esxcwB/ID19gl2bo3t</latexit>
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✤ For a fixed baseline length and 
neutrino energy, fix the mixing 
angles and mass-squared 
splittings to their best-fit values.

✤ Black line: generated by varying 
the CP-violating phase for 
vacuum oscillations.
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✤ For a fixed baseline length and 
neutrino energy, fix the mixing 
angles and mass-squared 
splittings to their best-fit values.

✤ Black line: generated by varying 
the CP-violating phase for 
vacuum oscillations.

✤ Red/blue lines: generated 
considering oscillations in matter 
assuming the inverted/normal 
orderings.

✤ For similar L/E, this separation 
increases for larger L and E.

Normal Ordering

Inverted Ordering



Other Prevailing Unknown: CP Violation
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CP Violation causes
P (⌫µ ! ⌫e) 6= P (⌫µ ! ⌫e)

<latexit sha1_base64="DVTDJQTa1xkBkaE0N9KNNr8Z7Rw="></latexit>
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11

CP Violation causes
P (⌫µ ! ⌫e) 6= P (⌫µ ! ⌫e)
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✤ Matter effects themselves are CP-violating. Because of this and degeneracy with other 
parameters, CP-violation is better measured with wide-energy beams.

L = 1300 km

Oscillations through Matter



Unitarity Triangles as a Probe of CP Violation
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Ellis, KJK, Li [2004.13719]

All Current Data
Disappearance Data 95/99% CL

NuFit, [2007.14792]
See also Capozzi et al [2107.00532]

https://arxiv.org/abs/2004.13719
htttps://arxiv.org/abs/2007.14792
https://arxiv.org/abs/2107.00532


Unitarity Triangles as a Probe of CP Violation

12

Ellis, KJK, Li [2004.13719]

Current data: compatible with no CP violation 
and maximal CP violation at 95% CL.

All Current Data
Disappearance Data 95/99% CL

NuFit, [2007.14792]
See also Capozzi et al [2107.00532]

https://arxiv.org/abs/2004.13719
htttps://arxiv.org/abs/2007.14792
https://arxiv.org/abs/2107.00532


So, what constitutes “SM” and “BSM”?
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*Note: this is a subjective distinction!

For neutrino physics, SM includes
✤ Massive neutrinos (3, with two non-zero mass-squared splittings)
✤ Mixing (3 well-measured mixing angles, possibility of CP violation)
✤ Interactions via the SM weak interactions (charged- and neutral-current)
✤ Oscillations can be calculated exactly (numerically) from the above ingredients



So, what constitutes “SM” and “BSM”?

13

*Note: this is a subjective distinction!

For neutrino physics, SM includes
✤ Massive neutrinos (3, with two non-zero mass-squared splittings)
✤ Mixing (3 well-measured mixing angles, possibility of CP violation)
✤ Interactions via the SM weak interactions (charged- and neutral-current)
✤ Oscillations can be calculated exactly (numerically) from the above ingredients

BSM includes any effect beyond this, and how it can impact our 
measurements from laboratory/cosmological/astrophysical observations.
✤ Additional light and/or heavy neutrino states
✤ New interactions among neutrinos or with other particles
✤ …



BSM with Neutrino Oscillations
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What can Oscillations Teach Us?
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⌫↵
<latexit sha1_base64="axpTV2O8vl69UxQN8PaR/M32xwI=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiRptXVXdOOygn1gE8pkOmmHTiZhZiKU0r9w40IRt/6NO//G6UNQ0QMXDufcy733hClnSjvOh5VbWV1b38hvFra2d3b3ivsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2Ho6uZ376nUrFE3OpxSoMYDwSLGMHaSHe+yHo+5ukQ94olx3Yr595FBTm2555VnRkpu9VapYxc25mjBEs0esV3v5+QLKZCE46V6rpOqoMJlpoRTqcFP1M0xWSEB7RrqMAxVcFkfvEUnRilj6JEmhIazdXvExMcKzWOQ9MZYz1Uv72Z+JfXzXRUCyZMpJmmgiwWRRlHOkGz91GfSUo0HxuCiWTmVkSGWGKiTUgFE8LXp+h/0vJst2x7N5VS/XIZRx6O4BhOwYUq1OEaGtAEAgIe4AmeLWU9Wi/W66I1Zy1nDuEHrLdPBwuRKQ==</latexit>

⌫�
<latexit sha1_base64="i4v7/opCJ9jDYCR/pTRJcX6dkgc=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZI02rorunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//G6UNQ0QMXDufcy733RCmjSjvOh1VYWV1b3yhulra2d3b3yvsHbZVkEpMWTlgiuxFShFFBWppqRrqpJIhHjHSi8dXM79wTqWgibvUkJSFHQ0FjipE20l0gsn4QEY365Ypju/65d+FDx/bcs5ozI1W3Vver0LWdOSpgiWa//B4MEpxxIjRmSKme66Q6zJHUFDMyLQWZIinCYzQkPUMF4kSF+fzgKTwxygDGiTQlNJyr3ydyxJWa8Mh0cqRH6rc3E//yepmO62FORZppIvBiUZwxqBM4+x4OqCRYs4khCEtqboV4hCTC2mRUMiF8fQr/J23Pdqu2d+NXGpfLOIrgCByDU+CCGmiAa9AELYABBw/gCTxb0nq0XqzXRWvBWs4cgh+w3j4BPbqQtQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

✤ Do neutrinos have any additional (CP-
violating? flavor-changing?) interactions?
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⌫�
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f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

✤ Do neutrinos have any additional (CP-
violating? flavor-changing?) interactions?

m2
3

<latexit sha1_base64="LXUxnS/si2xdyjGOccp35H2JYx4=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFfLS1l3RjcsKpi20sUymk3boZBJmJkIJ/QY3LhRx6we582+ctBVU9MCFwzn3cu89YcqoVJb1YZRWVtfWN8qbla3tnd296v5BWyaZwMTHCUtEN0SSMMqJr6hipJsKguKQkU44uSr8zj0Rkib8Vk1TEsRoxGlEMVJa8uOBe+cMqjXLtL1z58KDlunYZ3WrIK5db3gutE1rjhpYojWovveHCc5iwhVmSMqebaUqyJFQFDMyq/QzSVKEJ2hEeppyFBMZ5PNjZ/BEK0MYJUIXV3Cufp/IUSzlNA51Z4zUWP72CvEvr5epqBHklKeZIhwvFkUZgyqBxedwSAXBik01QVhQfSvEYyQQVjqfig7h61P4P2k7pu2azo1Xa14u4yiDI3AMToEN6qAJrkEL+AADCh7AE3g2uPFovBivi9aSsZw5BD9gvH0CjGyOhg==</latexit>

m2
1

<latexit sha1_base64="6q3ONQS+ZILV0hKCKzi1NKKFFiA=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU8im0dZb0YvHCqYttLFstpt26WYTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0w5U9pxPqzCyura+kZxs7S1vbO7V94/aKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1e5376nUrFE3OpJSoMYDwWLGMHaSH7cR3duv1xxbOSduxcedGwXndWcnFRRre5VIbKdOSpgiWa//N4bJCSLqdCEY6W6yEl1MMVSM8LprNTLFE0xGeMh7RoqcExVMJ0fO4MnRhnAKJGmhIZz9fvEFMdKTeLQdMZYj9RvLxf/8rqZjurBlIk001SQxaIo41AnMP8cDpikRPOJIZhIZm6FZIQlJtrkUzIhfH0K/yct10ZV273xKo3LZRxFcASOwSlAoAYa4Bo0gQ8IYOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniWCOhA==</latexit>

m2
2

<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

m2
4

<latexit sha1_base64="lZIKLHwaJO5XR54Nv0oNxabmi50=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD7/p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsnjfKOhw==</latexit>

✤ Are there additional light neutrinos? eV-scale 
or otherwise?
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⌫↵
<latexit sha1_base64="axpTV2O8vl69UxQN8PaR/M32xwI=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiRptXVXdOOygn1gE8pkOmmHTiZhZiKU0r9w40IRt/6NO//G6UNQ0QMXDufcy733hClnSjvOh5VbWV1b38hvFra2d3b3ivsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2Ho6uZ376nUrFE3OpxSoMYDwSLGMHaSHe+yHo+5ukQ94olx3Yr595FBTm2555VnRkpu9VapYxc25mjBEs0esV3v5+QLKZCE46V6rpOqoMJlpoRTqcFP1M0xWSEB7RrqMAxVcFkfvEUnRilj6JEmhIazdXvExMcKzWOQ9MZYz1Uv72Z+JfXzXRUCyZMpJmmgiwWRRlHOkGz91GfSUo0HxuCiWTmVkSGWGKiTUgFE8LXp+h/0vJst2x7N5VS/XIZRx6O4BhOwYUq1OEaGtAEAgIe4AmeLWU9Wi/W66I1Zy1nDuEHrLdPBwuRKQ==</latexit>

⌫�
<latexit sha1_base64="i4v7/opCJ9jDYCR/pTRJcX6dkgc=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZI02rorunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//G6UNQ0QMXDufcy733RCmjSjvOh1VYWV1b3yhulra2d3b3yvsHbZVkEpMWTlgiuxFShFFBWppqRrqpJIhHjHSi8dXM79wTqWgibvUkJSFHQ0FjipE20l0gsn4QEY365Ypju/65d+FDx/bcs5ozI1W3Vver0LWdOSpgiWa//B4MEpxxIjRmSKme66Q6zJHUFDMyLQWZIinCYzQkPUMF4kSF+fzgKTwxygDGiTQlNJyr3ydyxJWa8Mh0cqRH6rc3E//yepmO62FORZppIvBiUZwxqBM4+x4OqCRYs4khCEtqboV4hCTC2mRUMiF8fQr/J23Pdqu2d+NXGpfLOIrgCByDU+CCGmiAa9AELYABBw/gCTxb0nq0XqzXRWvBWs4cgh+w3j4BPbqQtQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

✤ Do neutrinos have any additional (CP-
violating? flavor-changing?) interactions?

m2
3

<latexit sha1_base64="LXUxnS/si2xdyjGOccp35H2JYx4=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFfLS1l3RjcsKpi20sUymk3boZBJmJkIJ/QY3LhRx6we582+ctBVU9MCFwzn3cu89YcqoVJb1YZRWVtfWN8qbla3tnd296v5BWyaZwMTHCUtEN0SSMMqJr6hipJsKguKQkU44uSr8zj0Rkib8Vk1TEsRoxGlEMVJa8uOBe+cMqjXLtL1z58KDlunYZ3WrIK5db3gutE1rjhpYojWovveHCc5iwhVmSMqebaUqyJFQFDMyq/QzSVKEJ2hEeppyFBMZ5PNjZ/BEK0MYJUIXV3Cufp/IUSzlNA51Z4zUWP72CvEvr5epqBHklKeZIhwvFkUZgyqBxedwSAXBik01QVhQfSvEYyQQVjqfig7h61P4P2k7pu2azo1Xa14u4yiDI3AMToEN6qAJrkEL+AADCh7AE3g2uPFovBivi9aSsZw5BD9gvH0CjGyOhg==</latexit>

m2
1

<latexit sha1_base64="6q3ONQS+ZILV0hKCKzi1NKKFFiA=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU8im0dZb0YvHCqYttLFstpt26WYTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0w5U9pxPqzCyura+kZxs7S1vbO7V94/aKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1e5376nUrFE3OpJSoMYDwWLGMHaSH7cR3duv1xxbOSduxcedGwXndWcnFRRre5VIbKdOSpgiWa//N4bJCSLqdCEY6W6yEl1MMVSM8LprNTLFE0xGeMh7RoqcExVMJ0fO4MnRhnAKJGmhIZz9fvEFMdKTeLQdMZYj9RvLxf/8rqZjurBlIk001SQxaIo41AnMP8cDpikRPOJIZhIZm6FZIQlJtrkUzIhfH0K/yct10ZV273xKo3LZRxFcASOwSlAoAYa4Bo0gQ8IYOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniWCOhA==</latexit>

m2
2

<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

m2
4

<latexit sha1_base64="lZIKLHwaJO5XR54Nv0oNxabmi50=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD7/p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsnjfKOhw==</latexit>

✤ Are there additional light neutrinos? eV-scale 
or otherwise?

(   ) ✤ How well do we know that the leptonic mixing 
matrix is actually unitary?
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⌫↵
<latexit sha1_base64="axpTV2O8vl69UxQN8PaR/M32xwI=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiRptXVXdOOygn1gE8pkOmmHTiZhZiKU0r9w40IRt/6NO//G6UNQ0QMXDufcy733hClnSjvOh5VbWV1b38hvFra2d3b3ivsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2Ho6uZ376nUrFE3OpxSoMYDwSLGMHaSHe+yHo+5ukQ94olx3Yr595FBTm2555VnRkpu9VapYxc25mjBEs0esV3v5+QLKZCE46V6rpOqoMJlpoRTqcFP1M0xWSEB7RrqMAxVcFkfvEUnRilj6JEmhIazdXvExMcKzWOQ9MZYz1Uv72Z+JfXzXRUCyZMpJmmgiwWRRlHOkGz91GfSUo0HxuCiWTmVkSGWGKiTUgFE8LXp+h/0vJst2x7N5VS/XIZRx6O4BhOwYUq1OEaGtAEAgIe4AmeLWU9Wi/W66I1Zy1nDuEHrLdPBwuRKQ==</latexit>

⌫�
<latexit sha1_base64="i4v7/opCJ9jDYCR/pTRJcX6dkgc=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZI02rorunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//G6UNQ0QMXDufcy733RCmjSjvOh1VYWV1b3yhulra2d3b3yvsHbZVkEpMWTlgiuxFShFFBWppqRrqpJIhHjHSi8dXM79wTqWgibvUkJSFHQ0FjipE20l0gsn4QEY365Ypju/65d+FDx/bcs5ozI1W3Vver0LWdOSpgiWa//B4MEpxxIjRmSKme66Q6zJHUFDMyLQWZIinCYzQkPUMF4kSF+fzgKTwxygDGiTQlNJyr3ydyxJWa8Mh0cqRH6rc3E//yepmO62FORZppIvBiUZwxqBM4+x4OqCRYs4khCEtqboV4hCTC2mRUMiF8fQr/J23Pdqu2d+NXGpfLOIrgCByDU+CCGmiAa9AELYABBw/gCTxb0nq0XqzXRWvBWs4cgh+w3j4BPbqQtQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

✤ Do neutrinos have any additional (CP-
violating? flavor-changing?) interactions?

m2
3

<latexit sha1_base64="LXUxnS/si2xdyjGOccp35H2JYx4=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFfLS1l3RjcsKpi20sUymk3boZBJmJkIJ/QY3LhRx6we582+ctBVU9MCFwzn3cu89YcqoVJb1YZRWVtfWN8qbla3tnd296v5BWyaZwMTHCUtEN0SSMMqJr6hipJsKguKQkU44uSr8zj0Rkib8Vk1TEsRoxGlEMVJa8uOBe+cMqjXLtL1z58KDlunYZ3WrIK5db3gutE1rjhpYojWovveHCc5iwhVmSMqebaUqyJFQFDMyq/QzSVKEJ2hEeppyFBMZ5PNjZ/BEK0MYJUIXV3Cufp/IUSzlNA51Z4zUWP72CvEvr5epqBHklKeZIhwvFkUZgyqBxedwSAXBik01QVhQfSvEYyQQVjqfig7h61P4P2k7pu2azo1Xa14u4yiDI3AMToEN6qAJrkEL+AADCh7AE3g2uPFovBivi9aSsZw5BD9gvH0CjGyOhg==</latexit>

m2
1

<latexit sha1_base64="6q3ONQS+ZILV0hKCKzi1NKKFFiA=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU8im0dZb0YvHCqYttLFstpt26WYTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0w5U9pxPqzCyura+kZxs7S1vbO7V94/aKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1e5376nUrFE3OpJSoMYDwWLGMHaSH7cR3duv1xxbOSduxcedGwXndWcnFRRre5VIbKdOSpgiWa//N4bJCSLqdCEY6W6yEl1MMVSM8LprNTLFE0xGeMh7RoqcExVMJ0fO4MnRhnAKJGmhIZz9fvEFMdKTeLQdMZYj9RvLxf/8rqZjurBlIk001SQxaIo41AnMP8cDpikRPOJIZhIZm6FZIQlJtrkUzIhfH0K/yct10ZV273xKo3LZRxFcASOwSlAoAYa4Bo0gQ8IYOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniWCOhA==</latexit>

m2
2

<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

m2
4

<latexit sha1_base64="lZIKLHwaJO5XR54Nv0oNxabmi50=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD7/p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsnjfKOhw==</latexit>

✤ Are there additional light neutrinos? eV-scale 
or otherwise?

(   ) ✤ How well do we know that the leptonic mixing 
matrix is actually unitary?

and much, much more…
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⌫↵
<latexit sha1_base64="axpTV2O8vl69UxQN8PaR/M32xwI=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiRptXVXdOOygn1gE8pkOmmHTiZhZiKU0r9w40IRt/6NO//G6UNQ0QMXDufcy733hClnSjvOh5VbWV1b38hvFra2d3b3ivsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2Ho6uZ376nUrFE3OpxSoMYDwSLGMHaSHe+yHo+5ukQ94olx3Yr595FBTm2555VnRkpu9VapYxc25mjBEs0esV3v5+QLKZCE46V6rpOqoMJlpoRTqcFP1M0xWSEB7RrqMAxVcFkfvEUnRilj6JEmhIazdXvExMcKzWOQ9MZYz1Uv72Z+JfXzXRUCyZMpJmmgiwWRRlHOkGz91GfSUo0HxuCiWTmVkSGWGKiTUgFE8LXp+h/0vJst2x7N5VS/XIZRx6O4BhOwYUq1OEaGtAEAgIe4AmeLWU9Wi/W66I1Zy1nDuEHrLdPBwuRKQ==</latexit>

⌫�
<latexit sha1_base64="i4v7/opCJ9jDYCR/pTRJcX6dkgc=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZI02rorunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//G6UNQ0QMXDufcy733RCmjSjvOh1VYWV1b3yhulra2d3b3yvsHbZVkEpMWTlgiuxFShFFBWppqRrqpJIhHjHSi8dXM79wTqWgibvUkJSFHQ0FjipE20l0gsn4QEY365Ypju/65d+FDx/bcs5ozI1W3Vver0LWdOSpgiWa//B4MEpxxIjRmSKme66Q6zJHUFDMyLQWZIinCYzQkPUMF4kSF+fzgKTwxygDGiTQlNJyr3ydyxJWa8Mh0cqRH6rc3E//yepmO62FORZppIvBiUZwxqBM4+x4OqCRYs4khCEtqboV4hCTC2mRUMiF8fQr/J23Pdqu2d+NXGpfLOIrgCByDU+CCGmiAa9AELYABBw/gCTxb0nq0XqzXRWvBWs4cgh+w3j4BPbqQtQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>Neutrino interactions via the SM W- and Z-bosons have been observed, but what 

if there are additional interactions, potentially flavor- or CP-violating?
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⌫↵
<latexit sha1_base64="axpTV2O8vl69UxQN8PaR/M32xwI=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiRptXVXdOOygn1gE8pkOmmHTiZhZiKU0r9w40IRt/6NO//G6UNQ0QMXDufcy733hClnSjvOh5VbWV1b38hvFra2d3b3ivsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2Ho6uZ376nUrFE3OpxSoMYDwSLGMHaSHe+yHo+5ukQ94olx3Yr595FBTm2555VnRkpu9VapYxc25mjBEs0esV3v5+QLKZCE46V6rpOqoMJlpoRTqcFP1M0xWSEB7RrqMAxVcFkfvEUnRilj6JEmhIazdXvExMcKzWOQ9MZYz1Uv72Z+JfXzXRUCyZMpJmmgiwWRRlHOkGz91GfSUo0HxuCiWTmVkSGWGKiTUgFE8LXp+h/0vJst2x7N5VS/XIZRx6O4BhOwYUq1OEaGtAEAgIe4AmeLWU9Wi/W66I1Zy1nDuEHrLdPBwuRKQ==</latexit>

⌫�
<latexit sha1_base64="i4v7/opCJ9jDYCR/pTRJcX6dkgc=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZI02rorunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//G6UNQ0QMXDufcy733RCmjSjvOh1VYWV1b3yhulra2d3b3yvsHbZVkEpMWTlgiuxFShFFBWppqRrqpJIhHjHSi8dXM79wTqWgibvUkJSFHQ0FjipE20l0gsn4QEY365Ypju/65d+FDx/bcs5ozI1W3Vver0LWdOSpgiWa//B4MEpxxIjRmSKme66Q6zJHUFDMyLQWZIinCYzQkPUMF4kSF+fzgKTwxygDGiTQlNJyr3ydyxJWa8Mh0cqRH6rc3E//yepmO62FORZppIvBiUZwxqBM4+x4OqCRYs4khCEtqboV4hCTC2mRUMiF8fQr/J23Pdqu2d+NXGpfLOIrgCByDU+CCGmiAa9AELYABBw/gCTxb0nq0XqzXRWvBWs4cgh+w3j4BPbqQtQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>Neutrino interactions via the SM W- and Z-bosons have been observed, but what 

if there are additional interactions, potentially flavor- or CP-violating?

Impact on Neutrino Oscillations
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⌫↵
<latexit sha1_base64="axpTV2O8vl69UxQN8PaR/M32xwI=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiRptXVXdOOygn1gE8pkOmmHTiZhZiKU0r9w40IRt/6NO//G6UNQ0QMXDufcy733hClnSjvOh5VbWV1b38hvFra2d3b3ivsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2Ho6uZ376nUrFE3OpxSoMYDwSLGMHaSHe+yHo+5ukQ94olx3Yr595FBTm2555VnRkpu9VapYxc25mjBEs0esV3v5+QLKZCE46V6rpOqoMJlpoRTqcFP1M0xWSEB7RrqMAxVcFkfvEUnRilj6JEmhIazdXvExMcKzWOQ9MZYz1Uv72Z+JfXzXRUCyZMpJmmgiwWRRlHOkGz91GfSUo0HxuCiWTmVkSGWGKiTUgFE8LXp+h/0vJst2x7N5VS/XIZRx6O4BhOwYUq1OEaGtAEAgIe4AmeLWU9Wi/W66I1Zy1nDuEHrLdPBwuRKQ==</latexit>

⌫�
<latexit sha1_base64="i4v7/opCJ9jDYCR/pTRJcX6dkgc=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZI02rorunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//G6UNQ0QMXDufcy733RCmjSjvOh1VYWV1b3yhulra2d3b3yvsHbZVkEpMWTlgiuxFShFFBWppqRrqpJIhHjHSi8dXM79wTqWgibvUkJSFHQ0FjipE20l0gsn4QEY365Ypju/65d+FDx/bcs5ozI1W3Vver0LWdOSpgiWa//B4MEpxxIjRmSKme66Q6zJHUFDMyLQWZIinCYzQkPUMF4kSF+fzgKTwxygDGiTQlNJyr3ydyxJWa8Mh0cqRH6rc3E//yepmO62FORZppIvBiUZwxqBM4+x4OqCRYs4khCEtqboV4hCTC2mRUMiF8fQr/J23Pdqu2d+NXGpfLOIrgCByDU+CCGmiAa9AELYABBw/gCTxb0nq0XqzXRWvBWs4cgh+w3j4BPbqQtQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>Neutrino interactions via the SM W- and Z-bosons have been observed, but what 

if there are additional interactions, potentially flavor- or CP-violating?

Impact on Neutrino Oscillations Impact on Neutrino Scattering

Modifies the cross section for coherent elastic 
neutrino-nucleus scattering
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Recent review: [1907.00991]

⌫↵
<latexit sha1_base64="axpTV2O8vl69UxQN8PaR/M32xwI=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiRptXVXdOOygn1gE8pkOmmHTiZhZiKU0r9w40IRt/6NO//G6UNQ0QMXDufcy733hClnSjvOh5VbWV1b38hvFra2d3b3ivsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2Ho6uZ376nUrFE3OpxSoMYDwSLGMHaSHe+yHo+5ukQ94olx3Yr595FBTm2555VnRkpu9VapYxc25mjBEs0esV3v5+QLKZCE46V6rpOqoMJlpoRTqcFP1M0xWSEB7RrqMAxVcFkfvEUnRilj6JEmhIazdXvExMcKzWOQ9MZYz1Uv72Z+JfXzXRUCyZMpJmmgiwWRRlHOkGz91GfSUo0HxuCiWTmVkSGWGKiTUgFE8LXp+h/0vJst2x7N5VS/XIZRx6O4BhOwYUq1OEaGtAEAgIe4AmeLWU9Wi/W66I1Zy1nDuEHrLdPBwuRKQ==</latexit>

⌫�
<latexit sha1_base64="i4v7/opCJ9jDYCR/pTRJcX6dkgc=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZI02rorunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//G6UNQ0QMXDufcy733RCmjSjvOh1VYWV1b3yhulra2d3b3yvsHbZVkEpMWTlgiuxFShFFBWppqRrqpJIhHjHSi8dXM79wTqWgibvUkJSFHQ0FjipE20l0gsn4QEY365Ypju/65d+FDx/bcs5ozI1W3Vver0LWdOSpgiWa//B4MEpxxIjRmSKme66Q6zJHUFDMyLQWZIinCYzQkPUMF4kSF+fzgKTwxygDGiTQlNJyr3ydyxJWa8Mh0cqRH6rc3E//yepmO62FORZppIvBiUZwxqBM4+x4OqCRYs4khCEtqboV4hCTC2mRUMiF8fQr/J23Pdqu2d+NXGpfLOIrgCByDU+CCGmiAa9AELYABBw/gCTxb0nq0XqzXRWvBWs4cgh+w3j4BPbqQtQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

Denton et al [2008.01110]

Mild preference for new 
interactions to reduce tension 
between T2K and NOvA results

https://arxiv.org/abs/1907.00991
https://arxiv.org/abs/2008.01110
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Recent review: [1907.00991]

⌫↵
<latexit sha1_base64="axpTV2O8vl69UxQN8PaR/M32xwI=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiRptXVXdOOygn1gE8pkOmmHTiZhZiKU0r9w40IRt/6NO//G6UNQ0QMXDufcy733hClnSjvOh5VbWV1b38hvFra2d3b3ivsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2Ho6uZ376nUrFE3OpxSoMYDwSLGMHaSHe+yHo+5ukQ94olx3Yr595FBTm2555VnRkpu9VapYxc25mjBEs0esV3v5+QLKZCE46V6rpOqoMJlpoRTqcFP1M0xWSEB7RrqMAxVcFkfvEUnRilj6JEmhIazdXvExMcKzWOQ9MZYz1Uv72Z+JfXzXRUCyZMpJmmgiwWRRlHOkGz91GfSUo0HxuCiWTmVkSGWGKiTUgFE8LXp+h/0vJst2x7N5VS/XIZRx6O4BhOwYUq1OEaGtAEAgIe4AmeLWU9Wi/W66I1Zy1nDuEHrLdPBwuRKQ==</latexit>

⌫�
<latexit sha1_base64="i4v7/opCJ9jDYCR/pTRJcX6dkgc=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZI02rorunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//G6UNQ0QMXDufcy733RCmjSjvOh1VYWV1b3yhulra2d3b3yvsHbZVkEpMWTlgiuxFShFFBWppqRrqpJIhHjHSi8dXM79wTqWgibvUkJSFHQ0FjipE20l0gsn4QEY365Ypju/65d+FDx/bcs5ozI1W3Vver0LWdOSpgiWa//B4MEpxxIjRmSKme66Q6zJHUFDMyLQWZIinCYzQkPUMF4kSF+fzgKTwxygDGiTQlNJyr3ydyxJWa8Mh0cqRH6rc3E//yepmO62FORZppIvBiUZwxqBM4+x4OqCRYs4khCEtqboV4hCTC2mRUMiF8fQr/J23Pdqu2d+NXGpfLOIrgCByDU+CCGmiAa9AELYABBw/gCTxb0nq0XqzXRWvBWs4cgh+w3j4BPbqQtQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

Denton et al [2008.01110]

Mild preference for new 
interactions to reduce tension 
between T2K and NOvA results

CP-violating!

https://arxiv.org/abs/1907.00991
https://arxiv.org/abs/2008.01110


Non-Standard Interactions (NSI)

17

Recent review: [1907.00991]

⌫↵
<latexit sha1_base64="axpTV2O8vl69UxQN8PaR/M32xwI=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiRptXVXdOOygn1gE8pkOmmHTiZhZiKU0r9w40IRt/6NO//G6UNQ0QMXDufcy733hClnSjvOh5VbWV1b38hvFra2d3b3ivsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2Ho6uZ376nUrFE3OpxSoMYDwSLGMHaSHe+yHo+5ukQ94olx3Yr595FBTm2555VnRkpu9VapYxc25mjBEs0esV3v5+QLKZCE46V6rpOqoMJlpoRTqcFP1M0xWSEB7RrqMAxVcFkfvEUnRilj6JEmhIazdXvExMcKzWOQ9MZYz1Uv72Z+JfXzXRUCyZMpJmmgiwWRRlHOkGz91GfSUo0HxuCiWTmVkSGWGKiTUgFE8LXp+h/0vJst2x7N5VS/XIZRx6O4BhOwYUq1OEaGtAEAgIe4AmeLWU9Wi/W66I1Zy1nDuEHrLdPBwuRKQ==</latexit>

⌫�
<latexit sha1_base64="i4v7/opCJ9jDYCR/pTRJcX6dkgc=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZI02rorunFZwT6kCWUynbRDZyZhZiKU0K9w40IRt36OO//G6UNQ0QMXDufcy733RCmjSjvOh1VYWV1b3yhulra2d3b3yvsHbZVkEpMWTlgiuxFShFFBWppqRrqpJIhHjHSi8dXM79wTqWgibvUkJSFHQ0FjipE20l0gsn4QEY365Ypju/65d+FDx/bcs5ozI1W3Vver0LWdOSpgiWa//B4MEpxxIjRmSKme66Q6zJHUFDMyLQWZIinCYzQkPUMF4kSF+fzgKTwxygDGiTQlNJyr3ydyxJWa8Mh0cqRH6rc3E//yepmO62FORZppIvBiUZwxqBM4+x4OqCRYs4khCEtqboV4hCTC2mRUMiF8fQr/J23Pdqu2d+NXGpfLOIrgCByDU+CCGmiAa9AELYABBw/gCTxb0nq0XqzXRWvBWs4cgh+w3j4BPbqQtQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

f
<latexit sha1_base64="7hYEC8TMFCa5ltCLJyfLYkoKdDw=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSNtu6Kbly2YB/QhjKZTtqxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MFZW19Y3Ngtbxe2d3b390sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8yXXud+6pkCyObtU0oV6IRxELGMFKS81gUCpbpu1eOJcuskzHPq9aOanY1ZpbQbZpzVGGJRqD0nt/GJM0pJEiHEvZs61EeRkWihFOZ8V+KmmCyQSPaE/TCIdUetn80Bk61coQBbHQFSk0V79PZDiUchr6ujPEaix/e7n4l9dLVVDzMhYlqaIRWSwKUo5UjPKv0ZAJShSfaoKJYPpWRMZYYKJ0NkUdwten6H/Sdky7YjpNt1y/WsZRgGM4gTOwoQp1uIEGtIAAhQd4gmfjzng0XozXReuKsZw5gh8w3j4BMvmNNQ==</latexit>

Denton et al [2008.01110]

Mild preference for new 
interactions to reduce tension 
between T2K and NOvA results

CP-violating!

Flavor-violating!

https://arxiv.org/abs/1907.00991
https://arxiv.org/abs/2008.01110


How many neutrinos are there?

18

m2
3

<latexit sha1_base64="LXUxnS/si2xdyjGOccp35H2JYx4=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFfLS1l3RjcsKpi20sUymk3boZBJmJkIJ/QY3LhRx6we582+ctBVU9MCFwzn3cu89YcqoVJb1YZRWVtfWN8qbla3tnd296v5BWyaZwMTHCUtEN0SSMMqJr6hipJsKguKQkU44uSr8zj0Rkib8Vk1TEsRoxGlEMVJa8uOBe+cMqjXLtL1z58KDlunYZ3WrIK5db3gutE1rjhpYojWovveHCc5iwhVmSMqebaUqyJFQFDMyq/QzSVKEJ2hEeppyFBMZ5PNjZ/BEK0MYJUIXV3Cufp/IUSzlNA51Z4zUWP72CvEvr5epqBHklKeZIhwvFkUZgyqBxedwSAXBik01QVhQfSvEYyQQVjqfig7h61P4P2k7pu2azo1Xa14u4yiDI3AMToEN6qAJrkEL+AADCh7AE3g2uPFovBivi9aSsZw5BD9gvH0CjGyOhg==</latexit>

m2
1

<latexit sha1_base64="6q3ONQS+ZILV0hKCKzi1NKKFFiA=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU8im0dZb0YvHCqYttLFstpt26WYTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0w5U9pxPqzCyura+kZxs7S1vbO7V94/aKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1e5376nUrFE3OpJSoMYDwWLGMHaSH7cR3duv1xxbOSduxcedGwXndWcnFRRre5VIbKdOSpgiWa//N4bJCSLqdCEY6W6yEl1MMVSM8LprNTLFE0xGeMh7RoqcExVMJ0fO4MnRhnAKJGmhIZz9fvEFMdKTeLQdMZYj9RvLxf/8rqZjurBlIk001SQxaIo41AnMP8cDpikRPOJIZhIZm6FZIQlJtrkUzIhfH0K/yct10ZV273xKo3LZRxFcASOwSlAoAYa4Bo0gQ8IYOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniWCOhA==</latexit>

m2
2

<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

m2
4

<latexit sha1_base64="lZIKLHwaJO5XR54Nv0oNxabmi50=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD7/p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsnjfKOhw==</latexit>

Three neutrinos means two 
distinct mass-squared 
splittings — any additional 
splittings implies the 
existence of more states!



Enter: LSND (Liquid Scintillator Neutrino Detector)

19

Designed to study the neutrinos that come out of muon decay-at-rest:
⇡+ ! µ+⌫µ

<latexit sha1_base64="xgxFfJGzbg62NkXqkWdMEkSNkX0=">AAACAHicdVDLSgMxFM34rPU16sKFm2ARBGGYmba2y6IblxXsAzq1ZNJMG5pkhiQjlKEbf8WNC0Xc+hnu/BvTh6CiBwKHc+7l5pwwYVRp1/2wlpZXVtfWcxv5za3tnV17b7+p4lRi0sAxi2U7RIowKkhDU81IO5EE8ZCRVji6nPqtOyIVjcWNHieky9FA0IhipI3Usw+DhN6ewUDHMODplIm0Z1jPLriOVyqfl13oOr5X9queIUWv4pfK0HPcGQpggXrPfg/6MU45ERozpFTHcxPdzZDUFDMyyQepIgnCIzQgHUMF4kR1s1mACTwxSh9GsTRPaDhTv29kiCs15qGZ5EgP1W9vKv7ldVIdVbsZFUmqicDzQ1HKoIk7bQP2qSRYs7EhCEtq/grxEEmEteksb0r4Sgr/J03f8YqOf10q1C4WdeTAETgGp8ADFVADV6AOGgCDCXgAT+DZurcerRfrdT66ZC12DsAPWG+fp3SV0w==</latexit>

µ+ ! e+⌫e⌫µ
<latexit sha1_base64="z6wNF9H7exakyNMrD88zANDi0Xk="></latexit>

Note — no electron antineutrinos expected from this chain.

https://slidetodoc.com/lecture-1-history-of-the-neutrino-r-d/

Liquid scintillator — capable of observing neutron capture after an 
antineutrino scatters, and identifying the appearance of any electron 
antineutrinos.

https://slidetodoc.com/lecture-1-history-of-the-neutrino-r-d/


Enter: LSND (Liquid Scintillator Neutrino Detector)

19

Designed to study the neutrinos that come out of muon decay-at-rest:
⇡+ ! µ+⌫µ

<latexit sha1_base64="xgxFfJGzbg62NkXqkWdMEkSNkX0=">AAACAHicdVDLSgMxFM34rPU16sKFm2ARBGGYmba2y6IblxXsAzq1ZNJMG5pkhiQjlKEbf8WNC0Xc+hnu/BvTh6CiBwKHc+7l5pwwYVRp1/2wlpZXVtfWcxv5za3tnV17b7+p4lRi0sAxi2U7RIowKkhDU81IO5EE8ZCRVji6nPqtOyIVjcWNHieky9FA0IhipI3Usw+DhN6ewUDHMODplIm0Z1jPLriOVyqfl13oOr5X9queIUWv4pfK0HPcGQpggXrPfg/6MU45ERozpFTHcxPdzZDUFDMyyQepIgnCIzQgHUMF4kR1s1mACTwxSh9GsTRPaDhTv29kiCs15qGZ5EgP1W9vKv7ldVIdVbsZFUmqicDzQ1HKoIk7bQP2qSRYs7EhCEtq/grxEEmEteksb0r4Sgr/J03f8YqOf10q1C4WdeTAETgGp8ADFVADV6AOGgCDCXgAT+DZurcerRfrdT66ZC12DsAPWG+fp3SV0w==</latexit>

µ+ ! e+⌫e⌫µ
<latexit sha1_base64="z6wNF9H7exakyNMrD88zANDi0Xk="></latexit>

Note — no electron antineutrinos expected from this chain.

https://slidetodoc.com/lecture-1-history-of-the-neutrino-r-d/

Liquid scintillator — capable of observing neutron capture after an 
antineutrino scatters, and identifying the appearance of any electron 
antineutrinos.

P (⌫µ ! ⌫e) ⇡ 0.3%
<latexit sha1_base64="bKkQGkCqycFrPNr9c3S8QmdpG0g="></latexit>

https://slidetodoc.com/lecture-1-history-of-the-neutrino-r-d/


A sterile neutrino for LSND (and MiniBooNE)?

20

P (⌫↵ ! ⌫�) = sin2 (2✓) sin2
✓
�m2L

4E⌫

◆

<latexit sha1_base64="8YYqEbldtD0YPDUMMU0/0iI4t7k="></latexit>

Assume only two neutrinos exist, vacuum oscillations:



A sterile neutrino for LSND (and MiniBooNE)?

20

P (⌫↵ ! ⌫�) = sin2 (2✓) sin2
✓
�m2L

4E⌫

◆

<latexit sha1_base64="8YYqEbldtD0YPDUMMU0/0iI4t7k="></latexit>

Assume only two neutrinos exist, vacuum oscillations:

P (⌫↵ ! ⌫�) = sin2 (2✓) sin2
✓
1.27

�m2

1 eV2 ⇥ L

1 m
⇥ 1 MeV

E⌫

◆

<latexit sha1_base64="stLEIl96kFWp3vWqTyQrhr9Lgpw="></latexit>

In more useful units, (can also swap meters to kilometers and MeV to GeV)



A sterile neutrino for LSND (and MiniBooNE)?

20

P (⌫↵ ! ⌫�) = sin2 (2✓) sin2
✓
�m2L

4E⌫

◆

<latexit sha1_base64="8YYqEbldtD0YPDUMMU0/0iI4t7k="></latexit>

Assume only two neutrinos exist, vacuum oscillations:

P (⌫↵ ! ⌫�) = sin2 (2✓) sin2
✓
1.27

�m2

1 eV2 ⇥ L

1 m
⇥ 1 MeV

E⌫

◆

<latexit sha1_base64="stLEIl96kFWp3vWqTyQrhr9Lgpw="></latexit>

In more useful units, (can also swap meters to kilometers and MeV to GeV)

LSND & MiniBooNE had different L, E, but similar L/E — 
simultaneous explanation with a common mass-squared splitting?



Latest & Greatest Results

21
MiniBooNE, [2006.16883]

https://arxiv.org/abs/2006.16883


Latest & Greatest Results

21
MiniBooNE, [2006.16883]

MiniBooNE, [2006.16883]

https://arxiv.org/abs/2006.16883
https://arxiv.org/abs/2006.16883


Latest & Greatest Results

21
MiniBooNE, [2006.16883]

MiniBooNE, [2006.16883]

Large mass splitting implies a new neutrino state. 

https://arxiv.org/abs/2006.16883
https://arxiv.org/abs/2006.16883


New State, Bigger Mixing Matrix

22

m2
3

<latexit sha1_base64="LXUxnS/si2xdyjGOccp35H2JYx4=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFfLS1l3RjcsKpi20sUymk3boZBJmJkIJ/QY3LhRx6we582+ctBVU9MCFwzn3cu89YcqoVJb1YZRWVtfWN8qbla3tnd296v5BWyaZwMTHCUtEN0SSMMqJr6hipJsKguKQkU44uSr8zj0Rkib8Vk1TEsRoxGlEMVJa8uOBe+cMqjXLtL1z58KDlunYZ3WrIK5db3gutE1rjhpYojWovveHCc5iwhVmSMqebaUqyJFQFDMyq/QzSVKEJ2hEeppyFBMZ5PNjZ/BEK0MYJUIXV3Cufp/IUSzlNA51Z4zUWP72CvEvr5epqBHklKeZIhwvFkUZgyqBxedwSAXBik01QVhQfSvEYyQQVjqfig7h61P4P2k7pu2azo1Xa14u4yiDI3AMToEN6qAJrkEL+AADCh7AE3g2uPFovBivi9aSsZw5BD9gvH0CjGyOhg==</latexit>

m2
1

<latexit sha1_base64="6q3ONQS+ZILV0hKCKzi1NKKFFiA=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU8im0dZb0YvHCqYttLFstpt26WYTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0w5U9pxPqzCyura+kZxs7S1vbO7V94/aKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1e5376nUrFE3OpJSoMYDwWLGMHaSH7cR3duv1xxbOSduxcedGwXndWcnFRRre5VIbKdOSpgiWa//N4bJCSLqdCEY6W6yEl1MMVSM8LprNTLFE0xGeMh7RoqcExVMJ0fO4MnRhnAKJGmhIZz9fvEFMdKTeLQdMZYj9RvLxf/8rqZjurBlIk001SQxaIo41AnMP8cDpikRPOJIZhIZm6FZIQlJtrkUzIhfH0K/yct10ZV273xKo3LZRxFcASOwSlAoAYa4Bo0gQ8IYOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniWCOhA==</latexit>

m2
2

<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

m2
4

<latexit sha1_base64="lZIKLHwaJO5XR54Nv0oNxabmi50=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD7/p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsnjfKOhw==</latexit>

3 mixing angles, 1 CP-violating phase



New State, Bigger Mixing Matrix

22

m2
3

<latexit sha1_base64="LXUxnS/si2xdyjGOccp35H2JYx4=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFfLS1l3RjcsKpi20sUymk3boZBJmJkIJ/QY3LhRx6we582+ctBVU9MCFwzn3cu89YcqoVJb1YZRWVtfWN8qbla3tnd296v5BWyaZwMTHCUtEN0SSMMqJr6hipJsKguKQkU44uSr8zj0Rkib8Vk1TEsRoxGlEMVJa8uOBe+cMqjXLtL1z58KDlunYZ3WrIK5db3gutE1rjhpYojWovveHCc5iwhVmSMqebaUqyJFQFDMyq/QzSVKEJ2hEeppyFBMZ5PNjZ/BEK0MYJUIXV3Cufp/IUSzlNA51Z4zUWP72CvEvr5epqBHklKeZIhwvFkUZgyqBxedwSAXBik01QVhQfSvEYyQQVjqfig7h61P4P2k7pu2azo1Xa14u4yiDI3AMToEN6qAJrkEL+AADCh7AE3g2uPFovBivi9aSsZw5BD9gvH0CjGyOhg==</latexit>

m2
1

<latexit sha1_base64="6q3ONQS+ZILV0hKCKzi1NKKFFiA=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU8im0dZb0YvHCqYttLFstpt26WYTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0w5U9pxPqzCyura+kZxs7S1vbO7V94/aKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1e5376nUrFE3OpJSoMYDwWLGMHaSH7cR3duv1xxbOSduxcedGwXndWcnFRRre5VIbKdOSpgiWa//N4bJCSLqdCEY6W6yEl1MMVSM8LprNTLFE0xGeMh7RoqcExVMJ0fO4MnRhnAKJGmhIZz9fvEFMdKTeLQdMZYj9RvLxf/8rqZjurBlIk001SQxaIo41AnMP8cDpikRPOJIZhIZm6FZIQlJtrkUzIhfH0K/yct10ZV273xKo3LZRxFcASOwSlAoAYa4Bo0gQ8IYOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniWCOhA==</latexit>

m2
2

<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

m2
4

<latexit sha1_base64="lZIKLHwaJO5XR54Nv0oNxabmi50=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD7/p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsnjfKOhw==</latexit>

3 mixing angles, 1 CP-violating phase

0

BB@

Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

U⌧1 U⌧2 U⌧3 U⌧4

Us1 Us2 Us3 Us4

1

CCA

<latexit sha1_base64="mufh7obWTY6UbfZhI7k0J4/JOgs="></latexit>

6 mixing angles, 3 CP-violating phases
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22

m2
3

<latexit sha1_base64="LXUxnS/si2xdyjGOccp35H2JYx4=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFfLS1l3RjcsKpi20sUymk3boZBJmJkIJ/QY3LhRx6we582+ctBVU9MCFwzn3cu89YcqoVJb1YZRWVtfWN8qbla3tnd296v5BWyaZwMTHCUtEN0SSMMqJr6hipJsKguKQkU44uSr8zj0Rkib8Vk1TEsRoxGlEMVJa8uOBe+cMqjXLtL1z58KDlunYZ3WrIK5db3gutE1rjhpYojWovveHCc5iwhVmSMqebaUqyJFQFDMyq/QzSVKEJ2hEeppyFBMZ5PNjZ/BEK0MYJUIXV3Cufp/IUSzlNA51Z4zUWP72CvEvr5epqBHklKeZIhwvFkUZgyqBxedwSAXBik01QVhQfSvEYyQQVjqfig7h61P4P2k7pu2azo1Xa14u4yiDI3AMToEN6qAJrkEL+AADCh7AE3g2uPFovBivi9aSsZw5BD9gvH0CjGyOhg==</latexit>

m2
1

<latexit sha1_base64="6q3ONQS+ZILV0hKCKzi1NKKFFiA=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU8im0dZb0YvHCqYttLFstpt26WYTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0w5U9pxPqzCyura+kZxs7S1vbO7V94/aKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1e5376nUrFE3OpJSoMYDwWLGMHaSH7cR3duv1xxbOSduxcedGwXndWcnFRRre5VIbKdOSpgiWa//N4bJCSLqdCEY6W6yEl1MMVSM8LprNTLFE0xGeMh7RoqcExVMJ0fO4MnRhnAKJGmhIZz9fvEFMdKTeLQdMZYj9RvLxf/8rqZjurBlIk001SQxaIo41AnMP8cDpikRPOJIZhIZm6FZIQlJtrkUzIhfH0K/yct10ZV273xKo3LZRxFcASOwSlAoAYa4Bo0gQ8IYOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniWCOhA==</latexit>

m2
2

<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

m2
4

<latexit sha1_base64="lZIKLHwaJO5XR54Nv0oNxabmi50=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD7/p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsnjfKOhw==</latexit>

3 mixing angles, 1 CP-violating phase

P (⌫↵ ! ⌫�) = sin2 (2✓) sin2
✓
�m2L

4E⌫

◆

<latexit sha1_base64="8YYqEbldtD0YPDUMMU0/0iI4t7k="></latexit>

0

BB@

Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

U⌧1 U⌧2 U⌧3 U⌧4

Us1 Us2 Us3 Us4

1

CCA

<latexit sha1_base64="mufh7obWTY6UbfZhI7k0J4/JOgs="></latexit>

6 mixing angles, 3 CP-violating phases
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22

m2
3

<latexit sha1_base64="LXUxnS/si2xdyjGOccp35H2JYx4=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFfLS1l3RjcsKpi20sUymk3boZBJmJkIJ/QY3LhRx6we582+ctBVU9MCFwzn3cu89YcqoVJb1YZRWVtfWN8qbla3tnd296v5BWyaZwMTHCUtEN0SSMMqJr6hipJsKguKQkU44uSr8zj0Rkib8Vk1TEsRoxGlEMVJa8uOBe+cMqjXLtL1z58KDlunYZ3WrIK5db3gutE1rjhpYojWovveHCc5iwhVmSMqebaUqyJFQFDMyq/QzSVKEJ2hEeppyFBMZ5PNjZ/BEK0MYJUIXV3Cufp/IUSzlNA51Z4zUWP72CvEvr5epqBHklKeZIhwvFkUZgyqBxedwSAXBik01QVhQfSvEYyQQVjqfig7h61P4P2k7pu2azo1Xa14u4yiDI3AMToEN6qAJrkEL+AADCh7AE3g2uPFovBivi9aSsZw5BD9gvH0CjGyOhg==</latexit>

m2
1

<latexit sha1_base64="6q3ONQS+ZILV0hKCKzi1NKKFFiA=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU8im0dZb0YvHCqYttLFstpt26WYTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0w5U9pxPqzCyura+kZxs7S1vbO7V94/aKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1e5376nUrFE3OpJSoMYDwWLGMHaSH7cR3duv1xxbOSduxcedGwXndWcnFRRre5VIbKdOSpgiWa//N4bJCSLqdCEY6W6yEl1MMVSM8LprNTLFE0xGeMh7RoqcExVMJ0fO4MnRhnAKJGmhIZz9fvEFMdKTeLQdMZYj9RvLxf/8rqZjurBlIk001SQxaIo41AnMP8cDpikRPOJIZhIZm6FZIQlJtrkUzIhfH0K/yct10ZV273xKo3LZRxFcASOwSlAoAYa4Bo0gQ8IYOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniWCOhA==</latexit>

m2
2

<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

m2
4

<latexit sha1_base64="lZIKLHwaJO5XR54Nv0oNxabmi50=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD7/p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsnjfKOhw==</latexit>

3 mixing angles, 1 CP-violating phase

P (⌫↵ ! ⌫�) = sin2 (2✓) sin2
✓
�m2L

4E⌫

◆

<latexit sha1_base64="8YYqEbldtD0YPDUMMU0/0iI4t7k="></latexit>

0

BB@

Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

U⌧1 U⌧2 U⌧3 U⌧4

Us1 Us2 Us3 Us4

1

CCA

<latexit sha1_base64="mufh7obWTY6UbfZhI7k0J4/JOgs="></latexit>

6 mixing angles, 3 CP-violating phases

P (⌫µ ! ⌫e) = 4 |Ue4|2 |Uµ4|2 sin2
✓
�m2

41L

4E⌫

◆

<latexit sha1_base64="l1/ROTMM8kAjEcf97SEucmp6PG0="></latexit>
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22

m2
3

<latexit sha1_base64="LXUxnS/si2xdyjGOccp35H2JYx4=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFfLS1l3RjcsKpi20sUymk3boZBJmJkIJ/QY3LhRx6we582+ctBVU9MCFwzn3cu89YcqoVJb1YZRWVtfWN8qbla3tnd296v5BWyaZwMTHCUtEN0SSMMqJr6hipJsKguKQkU44uSr8zj0Rkib8Vk1TEsRoxGlEMVJa8uOBe+cMqjXLtL1z58KDlunYZ3WrIK5db3gutE1rjhpYojWovveHCc5iwhVmSMqebaUqyJFQFDMyq/QzSVKEJ2hEeppyFBMZ5PNjZ/BEK0MYJUIXV3Cufp/IUSzlNA51Z4zUWP72CvEvr5epqBHklKeZIhwvFkUZgyqBxedwSAXBik01QVhQfSvEYyQQVjqfig7h61P4P2k7pu2azo1Xa14u4yiDI3AMToEN6qAJrkEL+AADCh7AE3g2uPFovBivi9aSsZw5BD9gvH0CjGyOhg==</latexit>

m2
1

<latexit sha1_base64="6q3ONQS+ZILV0hKCKzi1NKKFFiA=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU8im0dZb0YvHCqYttLFstpt26WYTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0w5U9pxPqzCyura+kZxs7S1vbO7V94/aKkkk4T6JOGJ7IRYUc4E9TXTnHZSSXEcctoOx1e5376nUrFE3OpJSoMYDwWLGMHaSH7cR3duv1xxbOSduxcedGwXndWcnFRRre5VIbKdOSpgiWa//N4bJCSLqdCEY6W6yEl1MMVSM8LprNTLFE0xGeMh7RoqcExVMJ0fO4MnRhnAKJGmhIZz9fvEFMdKTeLQdMZYj9RvLxf/8rqZjurBlIk001SQxaIo41AnMP8cDpikRPOJIZhIZm6FZIQlJtrkUzIhfH0K/yct10ZV273xKo3LZRxFcASOwSlAoAYa4Bo0gQ8IYOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniWCOhA==</latexit>

m2
2

<latexit sha1_base64="R7r/ZRnmeHbtytc5wVhI/DnL5EQ=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD73p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsniuaOhQ==</latexit>

m2
4

<latexit sha1_base64="lZIKLHwaJO5XR54Nv0oNxabmi50=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jSaOut6MVjBdMW2lg22027dHcTdjdCKf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0oZVdpxPqzCyura+kZxs7S1vbO7V94/aKkkk5gEOGGJ7ERIEUYFCTTVjHRSSRCPGGlH46vcb98TqWgibvUkJSFHQ0FjipE2UsD7/p3XL1cc2/XPvQsfOrbnntWcnFTdWt2vQtd25qiAJZr98ntvkOCME6ExQ0p1XSfV4RRJTTEjs1IvUyRFeIyGpGuoQJyocDo/dgZPjDKAcSJNCQ3n6veJKeJKTXhkOjnSI/Xby8W/vG6m43o4pSLNNBF4sSjOGNQJzD+HAyoJ1mxiCMKSmlshHiGJsDb5lEwIX5/C/0nLs92q7d34lcblMo4iOALH4BS4oAYa4Bo0QQAwoOABPIFnS1iP1ov1umgtWMuZQ/AD1tsnjfKOhw==</latexit>

3 mixing angles, 1 CP-violating phase

P (⌫↵ ! ⌫�) = sin2 (2✓) sin2
✓
�m2L

4E⌫

◆

<latexit sha1_base64="8YYqEbldtD0YPDUMMU0/0iI4t7k="></latexit>

0

BB@

Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

U⌧1 U⌧2 U⌧3 U⌧4

Us1 Us2 Us3 Us4

1

CCA

<latexit sha1_base64="mufh7obWTY6UbfZhI7k0J4/JOgs="></latexit>

6 mixing angles, 3 CP-violating phases

P (⌫µ ! ⌫e) = 4 |Ue4|2 |Uµ4|2 sin2
✓
�m2

41L

4E⌫

◆

<latexit sha1_base64="l1/ROTMM8kAjEcf97SEucmp6PG0="></latexit>

Appearance (MiniBooNE/LSND) requires two new mixing angles to be nonzero.



Appearance requires Disappearance

23

P (⌫µ ! ⌫e) = 4 |Ue4|2 |Uµ4|2 sin2
✓
�m2

41L

4E⌫

◆

<latexit sha1_base64="l1/ROTMM8kAjEcf97SEucmp6PG0="></latexit>



Appearance requires Disappearance

23

P (⌫µ ! ⌫e) = 4 |Ue4|2 |Uµ4|2 sin2
✓
�m2

41L

4E⌫

◆

<latexit sha1_base64="l1/ROTMM8kAjEcf97SEucmp6PG0="></latexit>

P (⌫µ ! ⌫µ) = 1� 4 |Uµ4|2 (1� |Uµ4|2) sin2
✓
�m2

41L

4E⌫

◆

<latexit sha1_base64="3l94DhvmBy0qeDWbfQrdBjQbX+g="></latexit>

P (⌫e ! ⌫e) = 1� 4 |Ue4|2 (1� |Ue4|2) sin2
✓
�m2

41L

4E⌫

◆

<latexit sha1_base64="kzLEhMIKMAbtGWOZ3ynqDWb1a6M="></latexit>



Appearance requires Disappearance

23

P (⌫µ ! ⌫e) = 4 |Ue4|2 |Uµ4|2 sin2
✓
�m2

41L

4E⌫

◆

<latexit sha1_base64="l1/ROTMM8kAjEcf97SEucmp6PG0="></latexit>

P (⌫µ ! ⌫µ) = 1� 4 |Uµ4|2 (1� |Uµ4|2) sin2
✓
�m2

41L

4E⌫

◆

<latexit sha1_base64="3l94DhvmBy0qeDWbfQrdBjQbX+g="></latexit>

P (⌫e ! ⌫e) = 1� 4 |Ue4|2 (1� |Ue4|2) sin2
✓
�m2

41L

4E⌫

◆

<latexit sha1_base64="kzLEhMIKMAbtGWOZ3ynqDWb1a6M="></latexit>

If LSND/MiniBooNE are coming from a new, oscillating sterile neutrino, we should see 
electron- and muon-neutrino disappearance at the same L/E.



Appearance requires Disappearance

23

P (⌫µ ! ⌫e) = 4 |Ue4|2 |Uµ4|2 sin2
✓
�m2

41L

4E⌫
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If LSND/MiniBooNE are coming from a new, oscillating sterile neutrino, we should see 
electron- and muon-neutrino disappearance at the same L/E.

So, are there signals of electron- and muon-neutrino disappearance consistent with what’s 
observed at LSND/MiniBooNE…?

😞 

Dentler et al, [1803.10661]

https://arxiv.org/abs/1803.10661
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What if it’s not a sterile neutrino…?
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Given the tension between searches for appearance and null results for disappearance, what if 
LSND and/or MiniBooNE are seeing some “other” new physics?

Nice overviews of possible types of models that can explain MiniBooNE:
Jordan et al, [1810.07185], Brdar et al, [2007.14411] 

Bertuzzo et al [1807.09877]
See also Ballett et al [1808.02915]

https://arxiv.org/abs/1810.07185
https://arxiv.org/abs/2007.14411
https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1808.02915
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What does the next generation of experiments have to offer?
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MiniBooNE

MicroBooNE

Excellent particle ID will allow next-generation 
experiments to test MiniBooNE anomaly 
explanations and search for even more new physics!



A sampling of new scattering to be tested…

27

Various new-physics 
scenarios that give rise to 
photon or electron/positron 
pairs in the SBN detectors

Courtesy of Pedro Machado
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Experiments

[1907.08311]

https://arxiv.org/abs/1907.08311


BSM Prospects with Neutrino Experiments

29

Millicharged Particles

Harnik et al, [1902.03246] 
See also Magill et al, [1806.03310]

https://arxiv.org/abs/1902.03246
https://arxiv.org/abs/1806.03310
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Dark Matter annihilation into Neutrinos
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Millicharged Particles

Harnik et al, [1902.03246] 
See also Magill et al, [1806.03310]

MiniBooNE-DM Collaboration, [1807.06137]

Dark Matter annihilation into Neutrinos

Sub-GeV Dark Matter

https://arxiv.org/abs/1912.09486
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MiniBooNE-DM Collaboration, [1807.06137]
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Berryman et al, [1912.07622]

Dark Matter annihilation into Neutrinos

Sub-GeV Dark Matter

https://arxiv.org/abs/1912.09486
https://arxiv.org/abs/1902.03246
https://arxiv.org/abs/1806.03310
https://arxiv.org/abs/1807.06137
https://arxiv.org/abs/1912.07622
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If this is the main interaction between dark matter and the standard model, then
✤ in the early universe, DM can freeze-out to its present-day abundance (WIMP miracle) via 

this process.
✤ in the present day, regions of space that are over-dense with DM can lead to annihilation of 

DM pairs, generating an over-abundance of neutrinos coming from those regions.

Best place to look for this? Large neutrino detectors!
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Argüelles et al, [1912.09486]

https://arxiv.org/abs/1912.09486


Neutrinophilic Dark Matter Annihilation

31

Argüelles et al, [1912.09486]

DM mass
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Argüelles et al, [1912.09486]

Strength of neutrino/
DM interaction

DM mass

Theoretical target — 
explains the current 

density of dark matter 
via “freeze-out”

https://arxiv.org/abs/1912.09486
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Theorist’s view of a neutrino beam & near detector facility
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1) Charged and Neutral 
Mesons are produced in 
the high-energy/high-
intensity proton collisions.
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The DUNE Near Detector Complex

34DUNE Collaboration, [2103.13910]

✤ Near Detector design is to meet 
neutrino oscillation-based goals.

✤ Various detector components can 
also allow for rich new physics 
searches.

https://arxiv.org/abs/2103.13910
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<latexit sha1_base64="uL8wA2jiDM1H1xJnqtvIPtlN3RY=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA0z09HWXdGNIEgF+4BOWzJppg1NZoYkI5RSN/6KGxeKuPUv3Pk3pg9BRQ8EDufcy805QcKoVLb9YWQWFpeWV7KrubX1jc0tc3unJuNUYFLFMYtFI0CSMBqRqqKKkUYiCOIBI/VgcD7x67dESBpHN2qYkBZHvYiGFCOlpY65d9n2Ew59FUM/oW3b5+lUuOqYedtyvBP31IO25TrHRXtCCk6x5BWgY9lT5MEclY757ndjnHISKcyQlE3HTlRrhISimJFxzk8lSRAeoB5pahohTmRrNE0whoda6cIwFvpFCk7V7xsjxKUc8kBPcqT68rc3Ef/ymqkKS60RjZJUkQjPDoUpgzrvpA7YpYJgxYaaICyo/ivEfSQQVrq0nC7hKyn8n9RcyylY7rWXL5/N68iCfXAAjoADiqAMLkAFVAEGd+ABPIFn4954NF6M19loxpjv7IIfMN4+AYG0lk0=</latexit>

D± ! ⇡0µ±N
<latexit sha1_base64="JdFeA0LEXuKHHuQOD7hy9DpcxGw=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA0z09HWXVEXrqSCfUCnLZk004YmM0OSEUqpG3/FjQtF3PoX7vwb04egogcCh3Pu5eacIGFUKtv+MDILi0vLK9nV3Nr6xuaWub1Tk3EqMKnimMWiESBJGI1IVVHFSCMRBPGAkXowOJ/49VsiJI2jGzVMSIujXkRDipHSUsfcu2j7CYe+iqGf0Lbt83QqXHXMvG053ol76kHbcp3joj0hBadY8grQsewp8mCOSsd897sxTjmJFGZIyqZjJ6o1QkJRzMg456eSJAgPUI80NY0QJ7I1miYYw0OtdGEYC/0iBafq940R4lIOeaAnOVJ9+dubiH95zVSFpdaIRkmqSIRnh8KUQZ13UgfsUkGwYkNNEBZU/xXiPhIIK11aTpfwlRT+T2qu5RQs99rLl8/mdWTBPjgAR8ABRVAGl6ACqgCDO/AAnsCzcW88Gi/G62w0Y8x3dsEPGG+fdneWRg==</latexit>

D±
(s) ! µ±N

<latexit sha1_base64="FUESSjzobju1cKSVFZC9b/2jppU=">AAACAHicdVDLSsNAFJ3UV62vqgsXbgaLUDchaautu6IuXEkF+4Amhsl02g6dScLMRCihG3/FjQtF3PoZ7vwbJ20FFT1w4XDOvdx7jx8xKpVlfRiZhcWl5ZXsam5tfWNzK7+905JhLDBp4pCFouMjSRgNSFNRxUgnEgRxn5G2PzpP/fYdEZKGwY0aR8TlaBDQPsVIacnL7114SVEeTW6diDsqdHicMnjl5QuWaVdOSqcVaJkl+7hqpaRsV2uVMrRNa4oCmKPh5d+dXohjTgKFGZKya1uRchMkFMWMTHJOLEmE8AgNSFfTAHEi3WT6wAQeaqUH+6HQFSg4Vb9PJIhLOea+7uRIDeVvLxX/8rqx6tfchAZRrEiAZ4v6MYMqhGkasEcFwYqNNUFYUH0rxEMkEFY6s5wO4etT+D9plUy7bJauK4X62TyOLNgHB6AIbFAFdXAJGqAJMJiAB/AEno1749F4MV5nrRljPrMLfsB4+wRx/JZU</latexit>

Production Modes 
Considered:



Example: Heavy Neutral Leptons

35

From pions

From kaons

From D/Ds

⇡± ! µ±N
<latexit sha1_base64="UM/p45chFm1kiobE1l/t4A3QBbM=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgaphpR1t3RTeupIJ9QKeWTJq2oclMSDJCGQr+ihsXirj1O9z5N6bTCip64MLhnHu5955QMKq0635YC4tLyyurubX8+sbm1ra9s9tQcSIxqeOYxbIVIkUYjUhdU81IS0iCeMhIMxxdTP3mHZGKxtGNHgvS4WgQ0T7FSBupa+8Hgt4GgsNAxzDgScavunbBdTz/tHjmQ9cpeidld0pKXrnil6DnuBkKYI5a134PejFOOIk0ZkiptucK3UmR1BQzMskHiSIC4REakLahEeJEddLs/Ak8MkoP9mNpKtIwU79PpIgrNeah6eRID9Vvbyr+5bUT3a90UhqJRJMIzxb1EwbNq9MsYI9KgjUbG4KwpOZWiIdIIqxNYnkTwten8H/SKDpeySle+4Xq+TyOHDgAh+AYeKAMquAS1EAdYJCCB/AEnq1769F6sV5nrQvWfGYP/ID19gm2F5VW</latexit>

K± ! µ±N
<latexit sha1_base64="K01enU5GBX1xz2iHC8a50iKbH0w=">AAAB/HicdVDLSsNAFJ3UV62vapduBovgKiRptXVXdCMIUsE+oIllMp20Q2eSMDMRQqi/4saFIm79EHf+jdOHoKIHLhzOuZd77/FjRqWyrA8jt7S8srqWXy9sbG5t7xR399oySgQmLRyxSHR9JAmjIWkpqhjpxoIg7jPS8cfnU79zR4SkUXij0ph4HA1DGlCMlJb6xdLlrRtz6KoIujyZ8at+sWyZdvXEOa1Cy3Ts45o1JRW7Vq9WoG1aM5TBAs1+8d0dRDjhJFSYISl7thUrL0NCUczIpOAmksQIj9GQ9DQNESfSy2bHT+ChVgYwiISuUMGZ+n0iQ1zKlPu6kyM1kr+9qfiX10tUUPcyGsaJIiGeLwoSBvWr0yTggAqCFUs1QVhQfSvEIyQQVjqvgg7h61P4P2k7pl0xnetquXG2iCMP9sEBOAI2qIEGuABN0AIYpOABPIFn4954NF6M13lrzljMlMAPGG+f92WUWA==</latexit>

K± ! ⇡0µ±N
<latexit sha1_base64="uL8wA2jiDM1H1xJnqtvIPtlN3RY=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA0z09HWXdGNIEgF+4BOWzJppg1NZoYkI5RSN/6KGxeKuPUv3Pk3pg9BRQ8EDufcy805QcKoVLb9YWQWFpeWV7KrubX1jc0tc3unJuNUYFLFMYtFI0CSMBqRqqKKkUYiCOIBI/VgcD7x67dESBpHN2qYkBZHvYiGFCOlpY65d9n2Ew59FUM/oW3b5+lUuOqYedtyvBP31IO25TrHRXtCCk6x5BWgY9lT5MEclY757ndjnHISKcyQlE3HTlRrhISimJFxzk8lSRAeoB5pahohTmRrNE0whoda6cIwFvpFCk7V7xsjxKUc8kBPcqT68rc3Ef/ymqkKS60RjZJUkQjPDoUpgzrvpA7YpYJgxYaaICyo/ivEfSQQVrq0nC7hKyn8n9RcyylY7rWXL5/N68iCfXAAjoADiqAMLkAFVAEGd+ABPIFn4954NF6M19loxpjv7IIfMN4+AYG0lk0=</latexit>

D± ! ⇡0µ±N
<latexit sha1_base64="JdFeA0LEXuKHHuQOD7hy9DpcxGw=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA0z09HWXVEXrqSCfUCnLZk004YmM0OSEUqpG3/FjQtF3PoX7vwb04egogcCh3Pu5eacIGFUKtv+MDILi0vLK9nV3Nr6xuaWub1Tk3EqMKnimMWiESBJGI1IVVHFSCMRBPGAkXowOJ/49VsiJI2jGzVMSIujXkRDipHSUsfcu2j7CYe+iqGf0Lbt83QqXHXMvG053ol76kHbcp3joj0hBadY8grQsewp8mCOSsd897sxTjmJFGZIyqZjJ6o1QkJRzMg456eSJAgPUI80NY0QJ7I1miYYw0OtdGEYC/0iBafq940R4lIOeaAnOVJ9+dubiH95zVSFpdaIRkmqSIRnh8KUQZ13UgfsUkGwYkNNEBZU/xXiPhIIK11aTpfwlRT+T2qu5RQs99rLl8/mdWTBPjgAR8ABRVAGl6ACqgCDO/AAnsCzcW88Gi/G62w0Y8x3dsEPGG+fdneWRg==</latexit>

D±
(s) ! µ±N

<latexit sha1_base64="FUESSjzobju1cKSVFZC9b/2jppU=">AAACAHicdVDLSsNAFJ3UV62vqgsXbgaLUDchaautu6IuXEkF+4Amhsl02g6dScLMRCihG3/FjQtF3PoZ7vwbJ20FFT1w4XDOvdx7jx8xKpVlfRiZhcWl5ZXsam5tfWNzK7+905JhLDBp4pCFouMjSRgNSFNRxUgnEgRxn5G2PzpP/fYdEZKGwY0aR8TlaBDQPsVIacnL7114SVEeTW6diDsqdHicMnjl5QuWaVdOSqcVaJkl+7hqpaRsV2uVMrRNa4oCmKPh5d+dXohjTgKFGZKya1uRchMkFMWMTHJOLEmE8AgNSFfTAHEi3WT6wAQeaqUH+6HQFSg4Vb9PJIhLOea+7uRIDeVvLxX/8rqx6tfchAZRrEiAZ4v6MYMqhGkasEcFwYqNNUFYUH0rxEMkEFY6s5wO4etT+D9plUy7bJauK4X62TyOLNgHB6AIbFAFdXAJGqAJMJiAB/AEno1749F4MV5nrRljPrMLfsB4+wRx/JZU</latexit>

Production Modes 
Considered:

Flux at Near Detector, 5 years of Operation



Signals of rare decays

36

✤ Portal particles can decay inside of 
the gaseous argon detector and 
produce a signal that is difficult for 
the neutrino source to mimic.

✤ This includes sets of charged 
leptons, pions, etc.

✤ Low backgrounds in gaseous argon 
provide an ideal site to search for the 
rare decays.

Signal / Volume
<latexit sha1_base64="jjmgU8UzuAzKYJ51cykvcp7Wi48=">AAACDnicdVDLSgMxFM3UV62vqks3wVJwNcy01dZd0Y3LivYBnVIyadqGZpIhyQhlmC9w46+4caGIW9fu/BszfYCKHggczrmH3Hv8kFGlHefTyqysrq1vZDdzW9s7u3v5/YOWEpHEpIkFE7LjI0UY5aSpqWakE0qCAp+Rtj+5TP32HZGKCn6rpyHpBWjE6ZBipI3Uzxe9AOmxDOIbOuKIJV4oRajFUm0JFgUk6ecLju1WzkrnFejYJfe06qSk7FZrlTJ0bWeGAlig0c9/eAOBTZRrzJBSXdcJdS9GUlPMSJLzIkVChCdoRLqGchQQ1Ytn5ySwaJQBHAppHtdwpn5PxChQahr4ZjJdU/32UvEvrxvpYa0XUx5GmnA8/2gYMagFTLuBAyoJ1mxqCMKSml0hHiOJsDYN5kwJy0vh/6RVst2yXbquFOoXizqy4AgcgxPggiqogyvQAE2AwT14BM/gxXqwnqxX620+mrEWmUPwA9b7F/Tynfg=</latexit>

Background / Mass
<latexit sha1_base64="4QG850QKwM8QBkVJtWQlNyNSZ70="></latexit>



Existing Constraints: Muon-Coupled HNL
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DUNE Sensitivity: Muon-Coupled HNL
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Berrym
an, de G

ouvêa, Fox, K
ayser, K

JK
, Raaf, [1912.07622]

https://arxiv.org/abs/1912.07622


Going Beyond Discovery?

39

Berryman, KJK, et al, [1912.07622]
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µ°coupled HNL

✤ Significant parameter space where 
next-generation experiments can 
discover these Heavy Neutral 
Leptons.

✤ If discovered, then what?

✤ Search for Lepton Number 
Violation!

More on HNLs at DUNE? Ballett et al [1905.00284],  Coloma et al [2007.03701], Breitbach et al [2102.03383]

https://arxiv.org/abs/1912.07622
https://arxiv.org/abs/1905.00284
https://arxiv.org/abs/2007.03701
https://arxiv.org/abs/2102.03383


Going Beyond Discovery?
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Berryman, KJK, et al, [1912.07622]
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µ°coupled HNL

✤ Significant parameter space where 
next-generation experiments can 
discover these Heavy Neutral 
Leptons.

✤ If discovered, then what?

✤ Search for Lepton Number 
Violation!

Is Lepton Number 
Conserved?

Are the HNLs their 
own antiparticles?

Are the SM Neutrinos 
their own 

antiparticles?

More on HNLs at DUNE? Ballett et al [1905.00284],  Coloma et al [2007.03701], Breitbach et al [2102.03383]

https://arxiv.org/abs/1912.07622
https://arxiv.org/abs/1905.00284
https://arxiv.org/abs/2007.03701
https://arxiv.org/abs/2102.03383


What if We Discover an HNL?

40

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>

µ+
<latexit sha1_base64="eXmArG8M11yGrrg/S98n/vlJb7A=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK+ix6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slq1qlev1u4vK42bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3sLjnc=</latexit>

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

Only positively-charged kaons 
decaying — negatively-charged 
ones are not produced, deflected, 
or absorbed, etc.

✤ See if its decays conserve/violate Lepton Number

Assume a “pure” beam:



What if We Discover an HNL?

40

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>

µ+
<latexit sha1_base64="eXmArG8M11yGrrg/S98n/vlJb7A=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK+ix6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slq1qlev1u4vK42bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3sLjnc=</latexit>

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

Only positively-charged kaons 
decaying — negatively-charged 
ones are not produced, deflected, 
or absorbed, etc.

If the HNL is a Dirac 
fermion, it carries lepton 
number and its decays 
must conserve LN

✤ See if its decays conserve/violate Lepton Number

Assume a “pure” beam:



What if We Discover an HNL?

40

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>

µ+
<latexit sha1_base64="eXmArG8M11yGrrg/S98n/vlJb7A=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK+ix6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slq1qlev1u4vK42bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3sLjnc=</latexit>

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

Only positively-charged kaons 
decaying — negatively-charged 
ones are not produced, deflected, 
or absorbed, etc.

If the HNL is a Dirac 
fermion, it carries lepton 
number and its decays 
must conserve LN

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

µ�
<latexit sha1_base64="v5PwCCHTSLU5QiS/tRYTsPddY3M=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbILJnokevGIiQsksJJu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hYye+J9PGiX664VXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa1a1atXa/eXlcZNHkcRTuAUzsGDK2jAHTTBBwIMnuEV3hzpvDjvzseiteDkM8fwB87nD34Tjnk=</latexit>

⇡+
<latexit sha1_base64="bBhuqlD1Iyq8e60NwYHWQfizqNU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYZJMM+6zRCa6FVLDpVDcR4GSt1LNaRxK3gyHt1O/+cS1EYl6wFHKg5j2lYgEo2glv5OKx/NuqexW3BnIMvFyUoYc9W7pq9NLWBZzhUxSY9qem2IwphoFk3xS7GSGp5QNaZ+3LVU05iYYz46dkFOr9EiUaFsKyUz9PTGmsTGjOLSdMcWBWfSm4n9eO8PoOhgLlWbIFZsvijJJMCHTz0lPaM5QjiyhTAt7K2EDqilDm0/RhuAtvrxMGtWKd1Gp3l+Wazd5HAU4hhM4Aw+uoAZ3UAcfGAh4hld4c5Tz4rw7H/PWFSefOYI/cD5/AG1Yjm4=</latexit>

✤ See if its decays conserve/violate Lepton Number

Assume a “pure” beam:



What if We Discover an HNL?

40

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>

µ+
<latexit sha1_base64="eXmArG8M11yGrrg/S98n/vlJb7A=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK+ix6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slq1qlev1u4vK42bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3sLjnc=</latexit>

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

Only positively-charged kaons 
decaying — negatively-charged 
ones are not produced, deflected, 
or absorbed, etc.

If the HNL is a Dirac 
fermion, it carries lepton 
number and its decays 
must conserve LN

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

µ�
<latexit sha1_base64="v5PwCCHTSLU5QiS/tRYTsPddY3M=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbILJnokevGIiQsksJJu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hYye+J9PGiX664VXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa1a1atXa/eXlcZNHkcRTuAUzsGDK2jAHTTBBwIMnuEV3hzpvDjvzseiteDkM8fwB87nD34Tjnk=</latexit>

⇡+
<latexit sha1_base64="bBhuqlD1Iyq8e60NwYHWQfizqNU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYZJMM+6zRCa6FVLDpVDcR4GSt1LNaRxK3gyHt1O/+cS1EYl6wFHKg5j2lYgEo2glv5OKx/NuqexW3BnIMvFyUoYc9W7pq9NLWBZzhUxSY9qem2IwphoFk3xS7GSGp5QNaZ+3LVU05iYYz46dkFOr9EiUaFsKyUz9PTGmsTGjOLSdMcWBWfSm4n9eO8PoOhgLlWbIFZsvijJJMCHTz0lPaM5QjiyhTAt7K2EDqilDm0/RhuAtvrxMGtWKd1Gp3l+Wazd5HAU4hhM4Aw+uoAZ3UAcfGAh4hld4c5Tz4rw7H/PWFSefOYI/cD5/AG1Yjm4=</latexit>

If the HNL is a Majorana 
fermion, then it can 
decay into the opposite-
charge final state with 
equal probability

✤ See if its decays conserve/violate Lepton Number

Assume a “pure” beam:



What if We Discover an HNL?

40

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>

µ+
<latexit sha1_base64="eXmArG8M11yGrrg/S98n/vlJb7A=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK+ix6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slq1qlev1u4vK42bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3sLjnc=</latexit>

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

Only positively-charged kaons 
decaying — negatively-charged 
ones are not produced, deflected, 
or absorbed, etc.

If the HNL is a Dirac 
fermion, it carries lepton 
number and its decays 
must conserve LN

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

µ�
<latexit sha1_base64="v5PwCCHTSLU5QiS/tRYTsPddY3M=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbILJnokevGIiQsksJJu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hYye+J9PGiX664VXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa1a1atXa/eXlcZNHkcRTuAUzsGDK2jAHTTBBwIMnuEV3hzpvDjvzseiteDkM8fwB87nD34Tjnk=</latexit>

⇡+
<latexit sha1_base64="bBhuqlD1Iyq8e60NwYHWQfizqNU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYZJMM+6zRCa6FVLDpVDcR4GSt1LNaRxK3gyHt1O/+cS1EYl6wFHKg5j2lYgEo2glv5OKx/NuqexW3BnIMvFyUoYc9W7pq9NLWBZzhUxSY9qem2IwphoFk3xS7GSGp5QNaZ+3LVU05iYYz46dkFOr9EiUaFsKyUz9PTGmsTGjOLSdMcWBWfSm4n9eO8PoOhgLlWbIFZsvijJJMCHTz0lPaM5QjiyhTAt7K2EDqilDm0/RhuAtvrxMGtWKd1Gp3l+Wazd5HAU4hhM4Aw+uoAZ3UAcfGAh4hld4c5Tz4rw7H/PWFSefOYI/cD5/AG1Yjm4=</latexit>

If the HNL is a Majorana 
fermion, then it can 
decay into the opposite-
charge final state with 
equal probability

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

⇡�
<latexit sha1_base64="aVjOWdz1oEkSyByrleNoVJ7XGBc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRV0GPRi8cKpi20sWy2m3bpZhN2J0Ip/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nZXVtfWNzcJWcXtnd2+/dHDYMEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bD26nffOLaiEQ94CjlQUz7SkSCUbSS30nF43m3VHYr7gxkmXg5KUOOerf01eklLIu5QiapMW3PTTEYU42CST4pdjLDU8qGtM/blioacxOMZ8dOyKlVeiRKtC2FZKb+nhjT2JhRHNrOmOLALHpT8T+vnWF0HYyFSjPkis0XRZkkmJDp56QnNGcoR5ZQpoW9lbAB1ZShzadoQ/AWX14mjWrFu6hU7y/LtZs8jgIcwwmcgQdXUIM7qIMPDAQ8wyu8Ocp5cd6dj3nripPPHMEfOJ8/cGCOcA==</latexit>

µ+
<latexit sha1_base64="eXmArG8M11yGrrg/S98n/vlJb7A=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK+ix6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slq1qlev1u4vK42bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3sLjnc=</latexit>

✤ See if its decays conserve/violate Lepton Number

Assume a “pure” beam:



What if We Discover an HNL?

40

K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>

µ+
<latexit sha1_base64="eXmArG8M11yGrrg/S98n/vlJb7A=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK+ix6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slq1qlev1u4vK42bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3sLjnc=</latexit>

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

Only positively-charged kaons 
decaying — negatively-charged 
ones are not produced, deflected, 
or absorbed, etc.

If the HNL is a Dirac 
fermion, it carries lepton 
number and its decays 
must conserve LN

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

µ�
<latexit sha1_base64="v5PwCCHTSLU5QiS/tRYTsPddY3M=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbILJnokevGIiQsksJJu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hYye+J9PGiX664VXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa1a1atXa/eXlcZNHkcRTuAUzsGDK2jAHTTBBwIMnuEV3hzpvDjvzseiteDkM8fwB87nD34Tjnk=</latexit>

⇡+
<latexit sha1_base64="bBhuqlD1Iyq8e60NwYHWQfizqNU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYZJMM+6zRCa6FVLDpVDcR4GSt1LNaRxK3gyHt1O/+cS1EYl6wFHKg5j2lYgEo2glv5OKx/NuqexW3BnIMvFyUoYc9W7pq9NLWBZzhUxSY9qem2IwphoFk3xS7GSGp5QNaZ+3LVU05iYYz46dkFOr9EiUaFsKyUz9PTGmsTGjOLSdMcWBWfSm4n9eO8PoOhgLlWbIFZsvijJJMCHTz0lPaM5QjiyhTAt7K2EDqilDm0/RhuAtvrxMGtWKd1Gp3l+Wazd5HAU4hhM4Aw+uoAZ3UAcfGAh4hld4c5Tz4rw7H/PWFSefOYI/cD5/AG1Yjm4=</latexit>

If the HNL is a Majorana 
fermion, then it can 
decay into the opposite-
charge final state with 
equal probability

N
<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

⇡�
<latexit sha1_base64="aVjOWdz1oEkSyByrleNoVJ7XGBc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRV0GPRi8cKpi20sWy2m3bpZhN2J0Ip/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nZXVtfWNzcJWcXtnd2+/dHDYMEmmGfdZIhPdCqnhUijuo0DJW6nmNA4lb4bD26nffOLaiEQ94CjlQUz7SkSCUbSS30nF43m3VHYr7gxkmXg5KUOOerf01eklLIu5QiapMW3PTTEYU42CST4pdjLDU8qGtM/blioacxOMZ8dOyKlVeiRKtC2FZKb+nhjT2JhRHNrOmOLALHpT8T+vnWF0HYyFSjPkis0XRZkkmJDp56QnNGcoR5ZQpoW9lbAB1ZShzadoQ/AWX14mjWrFu6hU7y/LtZs8jgIcwwmcgQdXUIM7qIMPDAQ8wyu8Ocp5cd6dj3nripPPHMEfOJ8/cGCOcA==</latexit>

µ+
<latexit sha1_base64="eXmArG8M11yGrrg/S98n/vlJb7A=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK+ix6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slq1qlev1u4vK42bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3sLjnc=</latexit>

Measure the ratio of these final states in your 
detector (assuming you can identify the charges/
particles on an event-by-event basis)

✤ See if its decays conserve/violate Lepton Number

Assume a “pure” beam:
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Toy Example: Identify Every Decay Perfectly

42Berryman, de Gouvêa, Fox, Kayser, KJK, Raaf, [1912.07622]

https://arxiv.org/abs/1912.07622


Broader Picture: Muon-Coupled HNL
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Broader Picture: Muon-Coupled HNL

45Berryman, de Gouvêa, Fox, Kayser, KJK, Raaf, [1912.07622]

https://arxiv.org/abs/1912.07622


Axions & Axion-Like-Particles: Distinct Phenomenology

46

KJK, Kumar, and Liu [2011.05995]: “Heavy Axion”

Production via mixing with SM mesons or 
gluon/gluon fusion.

Decay into pairs of (high energy) photons/
hadrons.

https://arxiv.org/abs/2011.05995
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KJK, Kumar, and Liu [2011.05995]: “Heavy Axion”

Brdar et al [2011.07054]: “Axion-Like Particle”

Production via mixing with SM mesons or 
gluon/gluon fusion.

Decay into pairs of (high energy) photons/
hadrons.

Production via decays of SM mesons or 
Primakoff scattering.

Decay into pairs of photons or Primakoff 
scattering off targets in detector.

https://arxiv.org/abs/2011.05995
https://arxiv.org/abs/2011.07054


Heavy Axion Search

47

Production: either via mixing with SM mesons or gluon-
gluon fusion. Peaks here are due to resonant mixing.

Axion decay constant

Detector Signature: A pair of high-energy 
photons or hadrons with a relatively small 
opening angle.

Energy spectrum depends strongly on the 
lifetime of the Axion.



Heavy Axion Sensitivity

48
Kelly, Kumar, Liu [2011.05995]

https://arxiv.org/abs/2011.05995


ALP Spectra & Sensitivity

49

Brdar, Dutta, Jang, Kim, Shoemaker, Tabrizi, Thompson, Yu [2011.07054]

https://arxiv.org/abs/2011.07054


Summary

50



Summary

50

✤ We’re making great stride towards understanding neutrinos and how 
leptons mix within the three-neutrino framework, but there’s still the 
possibility that further BSM physics exists.



Summary

50

✤ We’re making great stride towards understanding neutrinos and how 
leptons mix within the three-neutrino framework, but there’s still the 
possibility that further BSM physics exists.

✤ This includes new physics that impacts oscillations — sterile 
neutrinos, non-standard neutrino interactions, etc.



Summary

50

✤ We’re making great stride towards understanding neutrinos and how 
leptons mix within the three-neutrino framework, but there’s still the 
possibility that further BSM physics exists.

✤ This includes new physics that impacts oscillations — sterile 
neutrinos, non-standard neutrino interactions, etc.

✤ Motivated by anomalies, “non-oscillation” new physics can be sought 
at neutrino facilities as well.



Summary

50

✤ We’re making great stride towards understanding neutrinos and how 
leptons mix within the three-neutrino framework, but there’s still the 
possibility that further BSM physics exists.

✤ This includes new physics that impacts oscillations — sterile 
neutrinos, non-standard neutrino interactions, etc.

✤ Motivated by anomalies, “non-oscillation” new physics can be sought 
at neutrino facilities as well.

✤ Key in these new-physics searches is the great detector capabilities 
that the future has to offer!



Summary

50

✤ We’re making great stride towards understanding neutrinos and how 
leptons mix within the three-neutrino framework, but there’s still the 
possibility that further BSM physics exists.

✤ This includes new physics that impacts oscillations — sterile 
neutrinos, non-standard neutrino interactions, etc.

✤ Motivated by anomalies, “non-oscillation” new physics can be sought 
at neutrino facilities as well.

✤ Key in these new-physics searches is the great detector capabilities 
that the future has to offer!

Thank you!


