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Outline
✤ Where are we now?

✤ The neutrino mass ordering
✤ CP Violation in the Lepton Sector

✤ Where are we going?
✤ The next generation of oscillations
✤ Non-neutrino prospects with upcoming experiments

(what we know now)

(what we will likely find out)

(what we will hopefully discover)
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Why neutrinos for 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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Anomalous neutrino “disappearance” in several 
sectors: atmospheric, solar, reactor…



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.



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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Oscillations Refresher
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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
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Current Mixing Angle Knowledge

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

https://arxiv.org/abs/2008.01088


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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✤ Combination of solar experiments/reactor 
antineutrino experiments measure 

✤ Atmospheric/long-baseline muon disappearance/
short-baseline reactor experiments measure m2
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✤ One way to determine the mass ordering: measure electron neutrino 
appearance after muon neutrinos propagate through matter
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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.



Long-baseline Electron Neutrino Appearance

10

0.00 0.02 0.04 0.06 0.08 0.10
P (∫µ ! ∫e)

0.00

0.02

0.04

0.06

0.08

0.10
P

(∫
µ

!
∫

e)

✤ 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
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KJK et al, [2007.08526]

Previous data from T2K/NOvA preferred the NO strongly, but 2020 
data have pushed the preference down significantly.

https://arxiv.org/abs/2007.08526


Long-baseline Preference for Mass Ordering
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On their own, T2K and NOvA each prefer the Normal Ordering, but their combination 
prefers Inverted. Global preference for NO is now significantly reduced.

KJK et al, [2007.08526]Consistent with other global fits, e.g., [2007.14792]

https://arxiv.org/abs/2007.08526
https://arxiv.org/abs/2007.14792


Other Prevailing Unknown: CP Violation
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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



Unitarity Triangles as a Probe of CP Violation

14Ellis, KJK, Li [2004.13719]

All Current Data
Disappearance Data 95/99% CL

https://arxiv.org/abs/2004.13719


Unitarity Triangles as a Probe of CP Violation

14Ellis, 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

https://arxiv.org/abs/2004.13719


Where are we going?
Perspectives on the upcoming decade
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✤ IceCube Upgrade/IceCube Gen2: improved 
sensitivity to atmospheric neutrinos/tau 
neutrino appearance (as well as its 
astrophysical neutrino program)

JUNO
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✤ IceCube Upgrade/IceCube Gen2: improved 
sensitivity to atmospheric neutrinos/tau 
neutrino appearance (as well as its 
astrophysical neutrino program)

✤ DUNE/T2HK: Long-baseline, broad-energy 
beam-based experiments, suited for 
measuring muon disappearance/electron 
appearance. Both have promising 
atmospheric neutrino capabilities as well.

JUNO
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✤ IceCube Upgrade/IceCube Gen2: improved 
sensitivity to atmospheric neutrinos/tau 
neutrino appearance (as well as its 
astrophysical neutrino program)

✤ DUNE/T2HK: Long-baseline, broad-energy 
beam-based experiments, suited for 
measuring muon disappearance/electron 
appearance. Both have promising 
atmospheric neutrino capabilities as well.

✤ JUNO: Medium-baseline reactor 
antineutrino experiment, designed to 
measure the mass ordering robustly.

JUNO
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DUNE Collaboration, 
[2002.03005]

https://arxiv.org/abs/1911.06745
https://arxiv.org/abs/2002.03005
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DUNE Collaboration, 
[2002.03005]

https://arxiv.org/abs/2002.03005


The Next Generation and CP Violation
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All Current Data
Disappearance
Appearance
Joint Fit

Future:

Ellis, KJK, Li [2004.13719]

DUNE Collaboration, 
[2002.03005]

https://arxiv.org/abs/2004.13719
https://arxiv.org/abs/2002.03005


Assuming “standard” oscillation physics,
DUNE, Hyper-Kamiokande, JUNO, IceCube-Gen2 will 
resolve all current unknowns.

“Normal” “Inverted”
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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>
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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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⌫↵
<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?
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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>
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✤ 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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✤ Do neutrinos have any additional (CP-
violating? flavor-changing?) interactions?
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✤ 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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✤ Unitarity of the PMNS Matrix Requires U †U = UU† = I
<latexit sha1_base64="brD8zm617jr0tpFkmwjZI0QRtJc="></latexit>
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✤ Unitarity of the PMNS Matrix Requires U †U = UU† = I
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✤ Over-complete set of constraints:
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Row/Column Normalizations
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Row/Column Normalizations Triangle Closures



How well can we constrain the Normalizations?
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How well can we constrain the Triangle Closures?
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Individual matrix-elements-squared?
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Individual matrix-elements-squared?
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Full Comparison
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Experiments

[1907.08311]

https://arxiv.org/abs/1907.08311


BSM Prospects with Neutrino Experiments

30

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


BSM Prospects with Neutrino Experiments
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Argüelles et al, [1912.09486]

Millicharged Particles

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

Dark Matter annihilation into Neutrinos

https://arxiv.org/abs/1912.09486
https://arxiv.org/abs/1902.03246
https://arxiv.org/abs/1806.03310
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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
https://arxiv.org/abs/1902.03246
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Millicharged Particles
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MiniBooNE-DM Collaboration, [1807.06137]

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

⇡+
<latexit sha1_base64="Pn8OQUUpcFeIhuwxqIB8OEJvl0o=">AAAB7HicbZDLSgMxFIbPeK3jrerSTbAIglBm6kI3YtGNywpOW2jHkknTNjSTCUlGKEOfwY0LRVwJvop7N+LbmF4W2vpD4OP/zyHnnEhypo3nfTsLi0vLK6u5NXd9Y3NrO7+zW9VJqggNSMITVY+wppwJGhhmOK1LRXEccVqL+lejvHZPlWaJuDUDScMYdwXrMIKNtYKmZHfHrXzBK3pjoXnwp1C4+HDP5duXW2nlP5vthKQxFYZwrHXD96QJM6wMI5wO3WaqqcSkj7u0YVHgmOowGw87RIfWaaNOouwTBo3d3x0ZjrUexJGtjLHp6dlsZP6XNVLTOQszJmRqqCCTjzopRyZBo81RmylKDB9YwEQxOysiPawwMfY+rj2CP7vyPFRLRf+kWLrxCuVLmCgH+3AAR+DDKZThGioQAAEGD/AEz45wHp0X53VSuuBMe/bgj5z3H8zfkas=</latexit> ⌫µ

<latexit sha1_base64="COukwJ0+r0oemB43zZN3CepiJrQ=">AAAB7nicbVC7SgNBFL3rMyY+opY2i1GwCrux0DJoYxnBPCC7hNnJbDJkZnaZRyAs+QgbC0Vs/QJ/wD+w80O0dvIoNPHAhcM593LvPVHKqNKe9+msrK6tb2zmtvKF7Z3dveL+QUMlRmJSxwlLZCtCijAqSF1TzUgrlQTxiJFmNLie+M0hkYom4k6PUhJy1BM0phhpKzUDYToBN51iySt7U7jLxJ+TUvXk6+19WPiudYofQTfBhhOhMUNKtX0v1WGGpKaYkXE+MIqkCA9Qj7QtFYgTFWbTc8fuqVW6bpxIW0K7U/X3RIa4UiMe2U6OdF8tehPxP69tdHwZZlSkRhOBZ4tiw1yduJPf3S6VBGs2sgRhSe2tLu4jibC2CeVtCP7iy8ukUSn75+XKrU3jCmbIwREcwxn4cAFVuIEa1AHDAO7hEZ6c1Hlwnp2XWeuKM585hD9wXn8ALwyT5Q==</latexit>

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

⇡+
<latexit sha1_base64="Pn8OQUUpcFeIhuwxqIB8OEJvl0o=">AAAB7HicbZDLSgMxFIbPeK3jrerSTbAIglBm6kI3YtGNywpOW2jHkknTNjSTCUlGKEOfwY0LRVwJvop7N+LbmF4W2vpD4OP/zyHnnEhypo3nfTsLi0vLK6u5NXd9Y3NrO7+zW9VJqggNSMITVY+wppwJGhhmOK1LRXEccVqL+lejvHZPlWaJuDUDScMYdwXrMIKNtYKmZHfHrXzBK3pjoXnwp1C4+HDP5duXW2nlP5vthKQxFYZwrHXD96QJM6wMI5wO3WaqqcSkj7u0YVHgmOowGw87RIfWaaNOouwTBo3d3x0ZjrUexJGtjLHp6dlsZP6XNVLTOQszJmRqqCCTjzopRyZBo81RmylKDB9YwEQxOysiPawwMfY+rj2CP7vyPFRLRf+kWLrxCuVLmCgH+3AAR+DDKZThGioQAAEGD/AEz45wHp0X53VSuuBMe/bgj5z3H8zfkas=</latexit>

N
<latexit sha1_base64="POWSqR0d1EaeCwyLHgwMNxEECA0=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIXdWGgjBm2sJAFzgWQJs5OzyZjZCzOzQgh5AhsLRWz1YextxLdxcik08YeBj/8/hznn+IngSjvOt5VZWl5ZXcuu2xubW9s7ud29mopTybDKYhHLhk8VCh5hVXMtsJFIpKEvsO73r8Z5/R6l4nF0qwcJeiHtRjzgjGpjVW7aubxTcCYii+DOIH/xYZ8n7192uZ37bHViloYYaSaoUk3XSbQ3pFJzJnBkt1KFCWV92sWmwYiGqLzhZNAROTJOhwSxNC/SZOL+7hjSUKlB6JvKkOqems/G5n9ZM9XBmTfkUZJqjNj0oyAVRMdkvDXpcIlMi4EByiQ3sxLWo5IybW5jmyO48ysvQq1YcE8KxYqTL13CVFk4gEM4BhdOoQTXUIYqMEB4gCd4tu6sR+vFep2WZqxZzz78kfX2Awd1kBM=</latexit>
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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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<latexit sha1_base64="eXmArG8M11yGrrg/S98n/vlJb7A=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuK+ix6MVjBbcttGvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkt8T6eNFv1xxq+4caJV4OalAjma//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPNjp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMTXQcZk0lqqCSLRVHKkYnR7HM0YIoSwyeWYKKYvRWREVaYGJtPyYbgLb+8Slq1qlev1u4vK42bPI4inMApnIMHV9CAO2iCDwQYPMMrvDnSeXHenY9Fa8HJZ47hD5zPH3sLjnc=</latexit>

⇡+
<latexit sha1_base64="Pn8OQUUpcFeIhuwxqIB8OEJvl0o=">AAAB7HicbZDLSgMxFIbPeK3jrerSTbAIglBm6kI3YtGNywpOW2jHkknTNjSTCUlGKEOfwY0LRVwJvop7N+LbmF4W2vpD4OP/zyHnnEhypo3nfTsLi0vLK6u5NXd9Y3NrO7+zW9VJqggNSMITVY+wppwJGhhmOK1LRXEccVqL+lejvHZPlWaJuDUDScMYdwXrMIKNtYKmZHfHrXzBK3pjoXnwp1C4+HDP5duXW2nlP5vthKQxFYZwrHXD96QJM6wMI5wO3WaqqcSkj7u0YVHgmOowGw87RIfWaaNOouwTBo3d3x0ZjrUexJGtjLHp6dlsZP6XNVLTOQszJmRqqCCTjzopRyZBo81RmylKDB9YwEQxOysiPawwMfY+rj2CP7vyPFRLRf+kWLrxCuVLmCgH+3AAR+DDKZThGioQAAEGD/AEz45wHp0X53VSuuBMe/bgj5z3H8zfkas=</latexit>

⌫µ
<latexit sha1_base64="pU3ByVYHR8GVHB0ab54VD1qSTfY=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84DsEmYns8mQmdllHkJY8hFePCji1e/x5t84SfagiQUNRVU33V1xxpk2vv/tra1vbG5tl3bKu3v7B4eVo+O2Tq0itEVSnqpujDXlTNKWYYbTbqYoFjGnnXh8N/M7T1RplspHM8loJPBQsoQRbJzUCaXth8L2K1W/5s+BVklQkCoUaPYrX+EgJVZQaQjHWvcCPzNRjpVhhNNpObSaZpiM8ZD2HJVYUB3l83On6NwpA5SkypU0aK7+nsix0HoiYtcpsBnpZW8m/uf1rEluopzJzBoqyWJRYjkyKZr9jgZMUWL4xBFMFHO3IjLCChPjEiq7EILll1dJu14LLmv1h6tq47aIowSncAYXEMA1NOAemtACAmN4hld48zLvxXv3Phata14xcwJ/4H3+AG08j6A=</latexit> DetectorShielding

Lederman, Steinberger, Schwartz 1962

Many present-day experiments operate similar to the original method used to 
discover the muon neutrino: 
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Ta
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Protons µ+

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

⇡+
<latexit sha1_base64="Pn8OQUUpcFeIhuwxqIB8OEJvl0o=">AAAB7HicbZDLSgMxFIbPeK3jrerSTbAIglBm6kI3YtGNywpOW2jHkknTNjSTCUlGKEOfwY0LRVwJvop7N+LbmF4W2vpD4OP/zyHnnEhypo3nfTsLi0vLK6u5NXd9Y3NrO7+zW9VJqggNSMITVY+wppwJGhhmOK1LRXEccVqL+lejvHZPlWaJuDUDScMYdwXrMIKNtYKmZHfHrXzBK3pjoXnwp1C4+HDP5duXW2nlP5vthKQxFYZwrHXD96QJM6wMI5wO3WaqqcSkj7u0YVHgmOowGw87RIfWaaNOouwTBo3d3x0ZjrUexJGtjLHp6dlsZP6XNVLTOQszJmRqqCCTjzopRyZBo81RmylKDB9YwEQxOysiPawwMfY+rj2CP7vyPFRLRf+kWLrxCuVLmCgH+3AAR+DDKZThGioQAAEGD/AEz45wHp0X53VSuuBMe/bgj5z3H8zfkas=</latexit>

⌫µ
<latexit sha1_base64="pU3ByVYHR8GVHB0ab54VD1qSTfY=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84DsEmYns8mQmdllHkJY8hFePCji1e/x5t84SfagiQUNRVU33V1xxpk2vv/tra1vbG5tl3bKu3v7B4eVo+O2Tq0itEVSnqpujDXlTNKWYYbTbqYoFjGnnXh8N/M7T1RplspHM8loJPBQsoQRbJzUCaXth8L2K1W/5s+BVklQkCoUaPYrX+EgJVZQaQjHWvcCPzNRjpVhhNNpObSaZpiM8ZD2HJVYUB3l83On6NwpA5SkypU0aK7+nsix0HoiYtcpsBnpZW8m/uf1rEluopzJzBoqyWJRYjkyKZr9jgZMUWL4xBFMFHO3IjLCChPjEiq7EILll1dJu14LLmv1h6tq47aIowSncAYXEMA1NOAemtACAmN4hld48zLvxXv3Phata14xcwJ/4H3+AG08j6A=</latexit> DetectorShielding

Lederman, Steinberger, Schwartz 1962

✤ Near detector and far detector measurements of flavor composition…

Far 
Detector

Near 
Detector

L
<latexit sha1_base64="PCR0K3L8vxU8dI3p7LY/I/QmRsY=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadlNVhNvQS8ePCRgHpAsYXYym4yZfTAzK4QlX+DFgyJe/SRv/o2zSQQVLWgoqrrp7vJizqSyrA8jt7K6tr6R3yxsbe/s7hX3D9oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0402uMr9zT4VkUXirpjF1AzwKmc8IVlpq3gyKJcu0nfPyhYMss2yfVa2MVOxqzakg27TmKMESjUHxvT+MSBLQUBGOpezZVqzcFAvFCKezQj+RNMZkgke0p2mIAyrddH7oDJ1oZYj8SOgKFZqr3ydSHEg5DTzdGWA1lr+9TPzL6yXKr7kpC+NE0ZAsFvkJRypC2ddoyAQlik81wUQwfSsiYywwUTqbgg7h61P0P2mXTbtilptOqX65jCMPR3AMp2BDFepwDQ1oAQEKD/AEz8ad8Wi8GK+L1pyxnDmEHzDePgELkY0b</latexit>

⌫µ
<latexit sha1_base64="84x0SEWseBIGsodGYMxFyT7SlY0=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQpJGW3dFNy4r2Ac0oUymk3boZBLmIZTQj3DjQhG3fo87/8ZJW0FFD1w4nHMv994TZYxK5Tgf1srq2vrGZmmrvL2zu7dfOTjsyFQLTNo4ZanoRUgSRjlpK6oY6WWCoCRipBtNrgu/e0+EpCm/U9OMhAkacRpTjJSRugHXgyDRg0rVsV3/wrv0oWN77nndKUjNrTf8GnRtZ44qWKI1qLwHwxTrhHCFGZKy7zqZCnMkFMWMzMqBliRDeIJGpG8oRwmRYT4/dwZPjTKEcSpMcQXn6veJHCVSTpPIdCZIjeVvrxD/8vpaxY0wpzzTinC8WBRrBlUKi9/hkAqCFZsagrCg5laIx0ggrExCZRPC16fwf9LxbLdme7d+tXm1jKMEjsEJOAMuqIMmuAEt0AYYTMADeALPVmY9Wi/W66J1xVrOHIEfsN4+AdPnj+c=</latexit>

⌫µ + ⌫e?
<latexit sha1_base64="RD8wpxTG1vfnN2G+fBRCTA7hkA4=">AAAB+3icdZDLSsNAFIYn9VbrLdalm8EiCEJIom3TlUU3LivYC7QlTKaTduhkEmYmYgl9FTcuFHHri7jzbZxeBBX9YeDjP+dwzvxBwqhUtv1h5FZW19Y38puFre2d3T1zv9iScSowaeKYxaITIEkY5aSpqGKkkwiCooCRdjC+mtXbd0RIGvNbNUlIP0JDTkOKkdKWbxZ7PPV7UQpP4YwyMr3wzZJt1dxyrVaBGhy3XHE0eJ7rVW3oWPZcJbBUwzffe4MYpxHhCjMkZdexE9XPkFAUMzIt9FJJEoTHaEi6GjmKiOxn89un8Fg7AxjGQj+u4Nz9PpGhSMpJFOjOCKmR/F2bmX/VuqkKvX5GeZIqwvFiUZgyqGI4CwIOqCBYsYkGhAXVt0I8QgJhpeMq6BC+fgr/h5ZrOWeWe3Neql8u48iDQ3AEToADqqAOrkEDNAEG9+ABPIFnY2o8Gi/G66I1ZyxnDsAPGW+fvh6URQ==</latexit>

Many present-day experiments operate similar to the original method used to 
discover the muon neutrino: 
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Far 
Detector

Near 
Detector

L
<latexit sha1_base64="PCR0K3L8vxU8dI3p7LY/I/QmRsY=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadlNVhNvQS8ePCRgHpAsYXYym4yZfTAzK4QlX+DFgyJe/SRv/o2zSQQVLWgoqrrp7vJizqSyrA8jt7K6tr6R3yxsbe/s7hX3D9oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0402uMr9zT4VkUXirpjF1AzwKmc8IVlpq3gyKJcu0nfPyhYMss2yfVa2MVOxqzakg27TmKMESjUHxvT+MSBLQUBGOpezZVqzcFAvFCKezQj+RNMZkgke0p2mIAyrddH7oDJ1oZYj8SOgKFZqr3ydSHEg5DTzdGWA1lr+9TPzL6yXKr7kpC+NE0ZAsFvkJRypC2ddoyAQlik81wUQwfSsiYywwUTqbgg7h61P0P2mXTbtilptOqX65jCMPR3AMp2BDFepwDQ1oAQEKD/AEz8ad8Wi8GK+L1pyxnDmEHzDePgELkY0b</latexit>

⌫µ
<latexit sha1_base64="84x0SEWseBIGsodGYMxFyT7SlY0=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQpJGW3dFNy4r2Ac0oUymk3boZBLmIZTQj3DjQhG3fo87/8ZJW0FFD1w4nHMv994TZYxK5Tgf1srq2vrGZmmrvL2zu7dfOTjsyFQLTNo4ZanoRUgSRjlpK6oY6WWCoCRipBtNrgu/e0+EpCm/U9OMhAkacRpTjJSRugHXgyDRg0rVsV3/wrv0oWN77nndKUjNrTf8GnRtZ44qWKI1qLwHwxTrhHCFGZKy7zqZCnMkFMWMzMqBliRDeIJGpG8oRwmRYT4/dwZPjTKEcSpMcQXn6veJHCVSTpPIdCZIjeVvrxD/8vpaxY0wpzzTinC8WBRrBlUKi9/hkAqCFZsagrCg5laIx0ggrExCZRPC16fwf9LxbLdme7d+tXm1jKMEjsEJOAMuqIMmuAEt0AYYTMADeALPVmY9Wi/W66J1xVrOHIEfsN4+AdPnj+c=</latexit>

⌫µ + ⌫e?
<latexit sha1_base64="RD8wpxTG1vfnN2G+fBRCTA7hkA4=">AAAB+3icdZDLSsNAFIYn9VbrLdalm8EiCEJIom3TlUU3LivYC7QlTKaTduhkEmYmYgl9FTcuFHHri7jzbZxeBBX9YeDjP+dwzvxBwqhUtv1h5FZW19Y38puFre2d3T1zv9iScSowaeKYxaITIEkY5aSpqGKkkwiCooCRdjC+mtXbd0RIGvNbNUlIP0JDTkOKkdKWbxZ7PPV7UQpP4YwyMr3wzZJt1dxyrVaBGhy3XHE0eJ7rVW3oWPZcJbBUwzffe4MYpxHhCjMkZdexE9XPkFAUMzIt9FJJEoTHaEi6GjmKiOxn89un8Fg7AxjGQj+u4Nz9PpGhSMpJFOjOCKmR/F2bmX/VuqkKvX5GeZIqwvFiUZgyqGI4CwIOqCBYsYkGhAXVt0I8QgJhpeMq6BC+fgr/h5ZrOWeWe3Neql8u48iDQ3AEToADqqAOrkEDNAEG9+ABPIFnY2o8Gi/G66I1ZyxnDsAPGW+fvh6URQ==</latexit>
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Far 
Detector

Near 
Detector

L
<latexit sha1_base64="PCR0K3L8vxU8dI3p7LY/I/QmRsY=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadlNVhNvQS8ePCRgHpAsYXYym4yZfTAzK4QlX+DFgyJe/SRv/o2zSQQVLWgoqrrp7vJizqSyrA8jt7K6tr6R3yxsbe/s7hX3D9oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0402uMr9zT4VkUXirpjF1AzwKmc8IVlpq3gyKJcu0nfPyhYMss2yfVa2MVOxqzakg27TmKMESjUHxvT+MSBLQUBGOpezZVqzcFAvFCKezQj+RNMZkgke0p2mIAyrddH7oDJ1oZYj8SOgKFZqr3ydSHEg5DTzdGWA1lr+9TPzL6yXKr7kpC+NE0ZAsFvkJRypC2ddoyAQlik81wUQwfSsiYywwUTqbgg7h61P0P2mXTbtilptOqX65jCMPR3AMp2BDFepwDQ1oAQEKD/AEz8ad8Wi8GK+L1pyxnDmEHzDePgELkY0b</latexit>

⌫µ
<latexit sha1_base64="84x0SEWseBIGsodGYMxFyT7SlY0=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQpJGW3dFNy4r2Ac0oUymk3boZBLmIZTQj3DjQhG3fo87/8ZJW0FFD1w4nHMv994TZYxK5Tgf1srq2vrGZmmrvL2zu7dfOTjsyFQLTNo4ZanoRUgSRjlpK6oY6WWCoCRipBtNrgu/e0+EpCm/U9OMhAkacRpTjJSRugHXgyDRg0rVsV3/wrv0oWN77nndKUjNrTf8GnRtZ44qWKI1qLwHwxTrhHCFGZKy7zqZCnMkFMWMzMqBliRDeIJGpG8oRwmRYT4/dwZPjTKEcSpMcQXn6veJHCVSTpPIdCZIjeVvrxD/8vpaxY0wpzzTinC8WBRrBlUKi9/hkAqCFZsagrCg5laIx0ggrExCZRPC16fwf9LxbLdme7d+tXm1jKMEjsEJOAMuqIMmuAEt0AYYTMADeALPVmY9Wi/W66J1xVrOHIEfsN4+AdPnj+c=</latexit>

⌫µ + ⌫e?
<latexit sha1_base64="RD8wpxTG1vfnN2G+fBRCTA7hkA4=">AAAB+3icdZDLSsNAFIYn9VbrLdalm8EiCEJIom3TlUU3LivYC7QlTKaTduhkEmYmYgl9FTcuFHHri7jzbZxeBBX9YeDjP+dwzvxBwqhUtv1h5FZW19Y38puFre2d3T1zv9iScSowaeKYxaITIEkY5aSpqGKkkwiCooCRdjC+mtXbd0RIGvNbNUlIP0JDTkOKkdKWbxZ7PPV7UQpP4YwyMr3wzZJt1dxyrVaBGhy3XHE0eJ7rVW3oWPZcJbBUwzffe4MYpxHhCjMkZdexE9XPkFAUMzIt9FJJEoTHaEi6GjmKiOxn89un8Fg7AxjGQj+u4Nz9PpGhSMpJFOjOCKmR/F2bmX/VuqkKvX5GeZIqwvFiUZgyqGI4CwIOqCBYsYkGhAXVt0I8QgJhpeMq6BC+fgr/h5ZrOWeWe3Neql8u48iDQ3AEToADqqAOrkEDNAEG9+ABPIFnY2o8Gi/G66I1ZyxnDsAPGW+fvh6URQ==</latexit>

�⌫µ(L)

�⌫µ(0)
= P (⌫µ ! ⌫µ)

<latexit sha1_base64="y5BWgP/sYGfdQ2HG2emeVnZPnJg="></latexit>

�⌫e(L)

�⌫µ(0)
= P (⌫µ ! ⌫e)

<latexit sha1_base64="/SLTdLPI9vRVmpaAiHl8uCFNLn4="></latexit>

“Disappearance” or “Survival” Probability

“Appearance” Probability

✦Measure these probabilities, and extract information about oscillations.
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DUNE’s Near Detector Complex

33DUNE 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


Gaseous Detectors for Decays

34

New Physics Signal : Volume Neutrino Scattering Backgrounds : Mass

•New-physics particles can decay inside the 
detector, producing a signal that is difficult for 
neutrino scattering to mimic. 

•This includes decays to charged lepton pairs, a 
lepton and a pion, etc. 

•Low backgrounds in gaseous detectors (like at 
DUNE) are an ideal site for these searches.



Next-Generation Sensitivity at DUNE

35

10°3 10°2 10°1 1 10
MN [GeV]

10°12

10°10

10°8

10°6

10°4

10°2

1

|U
µ
N
|2

N ! ∫e+e°

N ! ∫µ±e®

N ! µ±º®

N ! µ±Ω®
C

H
A

R
M

/B
E

B
C

DELPHI

T
2K

/P
S1

91

E
94

9
K

!
µ
N

K
E

K

º
!

µ
NPSI º ! µN

|UeN |2 = 0
|UøN |2 = 0

µ°coupled HNL

Berryman, KJK, et al, [1912.07622], JHEP02 (2020) 174
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•Tons of parameter space for a 
potential discovery! 

•In the event of a discovery, then 
what? 

•Search for Lepton Number 
Violation!

https://arxiv.org/abs/1912.07622
https://arxiv.org/abs/1905.00284
https://arxiv.org/abs/2007.03701
https://arxiv.org/abs/2102.03383
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LNV in a (Heavy) Neutrino Beam
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Is the new particle a 
Dirac or Majorana 

Fermion?

Do the new particle’s 
interactions preserve or 
violate Lepton Number 

conservation?

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

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

Heavy Neutrino Decay

•Do these two chains occur with 
equal probability?



Next-Generation Prospects

37Berryman, KJK et al, [1912.07622]

https://arxiv.org/abs/1912.07622


What if we’re not lucky?
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•What if the HNL is lighter than the pion? Then there are no fully-visible final states to decay into, and 
Lepton Number can’t be identified on an event-by-event basis.

(could also be a charged-lepton pair instead of a photon, etc.)

Still, there are differences between Dirac/Majorana fermions: Measure the distribution of outgoing (visible) particles



Two-Body Decays
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Balantekin, de Gouvêa, Kayser [1808.10518]

(polarziation direction)N Rest Frame • Using CPT arguments, one can determine that, 
if N is a Majorana fermion, its decay is 
isotropic with respect to polarization direction. 
If it is a Dirac fermion, not necessarily.

d�

d cos ✓
=

�

2
(1 + ↵ cos ✓)

<latexit sha1_base64="DDNRfM4aTKX0A0j6WdonDGEKL5I="></latexit>

https://arxiv.org/abs/1808.10518
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+
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Similar CPT arguments allowed us to reach the following conclusions — if N is a 
Majorana fermion, its decays are forward/backward symmetric if either

•The final-state charged leptons are 
identical (e.g. electron/positron pair). 

•Whatever detection mechanism 
being used is charge-blind (can’t 
distinguish electron from positron or 
muon from antimony)

de Gouvêa, Fox, Kayser, Kelly [2104.05719]

https://arxiv.org/abs/2104.05719


How large can Forward/Backward Asymmetry Be?

41de Gouvêa, Fox, Kayser, Kelly [2104.05719]

If a non-zero asymmetry can be measured, one can prove that N is a Dirac fermion!

Decays mediated 
solely via off-

shell W- and/or 
Z-bosons

All possible four-fermion interactions

https://arxiv.org/abs/2104.05719


Is this measurement feasible?
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Instead of a beam environment, we envision HNL 
production from meson decay-at-rest (allowing us to 
reconstruct the N rest frame for each event). How well 
can we reject the Majorana hypothesis if the HNL is a 
Dirac fermion?

de Gouvêa, Fox, Kayser, Kelly [2109.10358]

https://arxiv.org/abs/2109.10358


Measuring the Interaction Structure
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de Gouvêa, Fox, Kayser, Kelly [2109.10358]

Even if the N is unpolarized, we can still use its decay distributions to infer the 
type(s) of mediators contributing to its decay.

<latexit sha1_base64="dolCTDX/weZu7ZGMe7Gua7ytj58="></latexit>
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https://arxiv.org/abs/2109.10358
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about neutrino oscillations and leptonic mixing.

✤ A handful of outstanding unknowns exist, such as the neutrino 
mass ordering and the level of CP violation, but these will be well-
studied by the next generation of experiments.

✤ These future experiments also have incredible BSM capabilities
✤ Interesting new phenomena that impact oscillations, including 

non-standard interactions, sterile neutrinos, non-unitarity, etc.
✤ Wide array of non-neutrino BSM, including dark sector 

searches, displaced decays, and more.
Thank you!
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JUNO: Jiangmen Underground Neutrino Observatory

Abrahão et al, [1506.02314]

JUNO Conceptual Design Report: [1508.07166] 
JUNO Neutrino Physics Paper: [1507.05613]

https://arxiv.org/abs/1506.02314
https://arxiv.org/abs/1508.07166
https://arxiv.org/abs/1507.05613
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JUNO: Jiangmen Underground Neutrino Observatory

Abrahão et al, [1506.02314]

JUNO Conceptual Design Report: [1508.07166] 
JUNO Neutrino Physics Paper: [1507.05613]
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DUNE: Deep Underground Neutrino Experiment
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DUNE Technical Design Report, 
[2002.03005]

https://arxiv.org/abs/2002.03005
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From pions

From kaons

From D/Ds

⇡± ! µ±N
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Production Modes 
Considered:

Flux at Near Detector, 5 years of Operation
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https://arxiv.org/abs/1912.07622

