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<latexit sha1_base64="qUYN9dBt2q/RD26XshAKNkv5GM0=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6ZMW7srunFZwT6gHUomzbShmSQkGaGUfoQbF4q49Xvc+TemD0FFD1w4nHMv994TK86MRejDW1vf2Nzazu3kd/f2Dw4LR8ctIzNNaJNILnUnxoZyJmjTMstpR2mK05jTdjy+nvvte6oNk+LOThSNUjwULGEEWye1e0pLZWW/UEQ+qlTCMIDIL5dLQa3qSM0BhTDw0QJFsEKjX3jvDSTJUios4diYboCUjaZYW0Y4neV7maEKkzEe0q6jAqfURNPFuTN47pQBTKR2JSxcqN8npjg1ZpLGrjPFdmR+e3PxL6+b2eQymjKhMksFWS5KMg6thPPf4YBpSiyfOIKJZu5WSEZYY2JdQnkXwten8H/SKvlBxQ9vw2L9ahVHDpyCM3ABAlAFdXADGqAJCBiDB/AEnj3lPXov3uuydc1bzZyAH/DePgEnf5Aj</latexit>/

Neutrino Scattering Backgrounds  Mass<latexit sha1_base64="qUYN9dBt2q/RD26XshAKNkv5GM0=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6ZMW7srunFZwT6gHUomzbShmSQkGaGUfoQbF4q49Xvc+TemD0FFD1w4nHMv994TK86MRejDW1vf2Nzazu3kd/f2Dw4LR8ctIzNNaJNILnUnxoZyJmjTMstpR2mK05jTdjy+nvvte6oNk+LOThSNUjwULGEEWye1e0pLZWW/UEQ+qlTCMIDIL5dLQa3qSM0BhTDw0QJFsEKjX3jvDSTJUios4diYboCUjaZYW0Y4neV7maEKkzEe0q6jAqfURNPFuTN47pQBTKR2JSxcqN8npjg1ZpLGrjPFdmR+e3PxL6+b2eQymjKhMksFWS5KMg6thPPf4YBpSiyfOIKJZu5WSEZYY2JdQnkXwten8H/SKvlBxQ9vw2L9ahVHDpyCM3ABAlAFdXADGqAJCBiDB/AEnj3lPXov3uuydc1bzZyAH/DePgEnf5Aj</latexit>/

Gaseous Detectors (DUNE NDGAr)Liquid Detectors (SBND, ICARUS, etc.)

χ

χ
e−

Large mass for rare-particle scattering

Excellent particle ID, energy resolution, etc.



Complementarity of Neutrino Detectors

3

Decay Signal  Volume
<latexit sha1_base64="qUYN9dBt2q/RD26XshAKNkv5GM0=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6ZMW7srunFZwT6gHUomzbShmSQkGaGUfoQbF4q49Xvc+TemD0FFD1w4nHMv994TK86MRejDW1vf2Nzazu3kd/f2Dw4LR8ctIzNNaJNILnUnxoZyJmjTMstpR2mK05jTdjy+nvvte6oNk+LOThSNUjwULGEEWye1e0pLZWW/UEQ+qlTCMIDIL5dLQa3qSM0BhTDw0QJFsEKjX3jvDSTJUios4diYboCUjaZYW0Y4neV7maEKkzEe0q6jAqfURNPFuTN47pQBTKR2JSxcqN8npjg1ZpLGrjPFdmR+e3PxL6+b2eQymjKhMksFWS5KMg6thPPf4YBpSiyfOIKJZu5WSEZYY2JdQnkXwten8H/SKvlBxQ9vw2L9ahVHDpyCM3ABAlAFdXADGqAJCBiDB/AEnj3lPXov3uuydc1bzZyAH/DePgEnf5Aj</latexit>/

Neutrino Scattering Backgrounds  Mass<latexit sha1_base64="qUYN9dBt2q/RD26XshAKNkv5GM0=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6ZMW7srunFZwT6gHUomzbShmSQkGaGUfoQbF4q49Xvc+TemD0FFD1w4nHMv994TK86MRejDW1vf2Nzazu3kd/f2Dw4LR8ctIzNNaJNILnUnxoZyJmjTMstpR2mK05jTdjy+nvvte6oNk+LOThSNUjwULGEEWye1e0pLZWW/UEQ+qlTCMIDIL5dLQa3qSM0BhTDw0QJFsEKjX3jvDSTJUios4diYboCUjaZYW0Y4neV7maEKkzEe0q6jAqfURNPFuTN47pQBTKR2JSxcqN8npjg1ZpLGrjPFdmR+e3PxL6+b2eQymjKhMksFWS5KMg6thPPf4YBpSiyfOIKJZu5WSEZYY2JdQnkXwten8H/SKvlBxQ9vw2L9ahVHDpyCM3ABAlAFdXADGqAJCBiDB/AEnj3lPXov3uuydc1bzZyAH/DePgEnf5Aj</latexit>/

Gaseous Detectors (DUNE NDGAr)Liquid Detectors (SBND, ICARUS, etc.)

χ

χ
e−

Large mass for rare-particle scattering

Excellent particle ID, energy resolution, etc.



Scattering of Dark Sectors

4

Example scenario: vector-coupled dark matter.
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Combining on- and off-axis searches 
allows to reduce systematic uncertainties.

This allows for searches in novel parts of 
parameter space preferred if  comprises 
the dark matter.

Seven years’ data at DUNE, reasonably 
competitive with LDMX Phase I.

ϕ

Similar study incorporating spectral measurements, etc.: 
Breitbach et al [2102.03383]  
 
Consideration of a DUNE Off-Target mode:

Brdar et al [2206.06380]

https://arxiv.org/abs/2102.03383
https://arxiv.org/abs/2206.06380
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Brdar et al [2206.06380]

https://arxiv.org/abs/2206.06380
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From pions

From kaons

From D/Ds

HNLs in the DUNE Beam
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Berryman, de Gouvêa, Fox, Kayser, KJK, Raaf [1912.07622]

Operating with a 120 GeV 
proton beam, DUNE will 
produce a bevy of SM 
mesons.

Includes acceptance 
efficiency — small solid 
angle for a detector like 
DUNE-ND.

Similar fluxes are easy* to 
simulate for different 
target/detector 
configurations.

Mass-reach of HNLs limited by beam energy: what SM mesons can be produced?

https://arxiv.org/abs/1912.07622
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Argüelles et al, [2109.03831]
MicroBooNE collaboration, [1911.10545]

See also: T2K collaboration, [1902.07598]

Limiting factor in many current searches? Background Rejection
N → νe+e− ≈ NCπ0 → γγ
N → μ±π∓ ≈ CCμ + 1π±

https://arxiv.org/abs/2109.03831
https://arxiv.org/abs/1911.10545
https://arxiv.org/abs/1902.07598
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Berryman, KJK, et al, [1912.07622], JHEP02 (2020) 174

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

•Tons of parameter space for a 
potential discovery!

•Searches for different final 
states (or incorporating other 
mixing patterns) can extend 
reach.

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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All single-mixing sensitivity
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Berryman, de Gouvêa, Fox, Kayser, KJK, Raaf [1912.07622]

Is there a “smarter” way to think about neutrino 
detectors and LLP searches, especially with many 

overlapping final-states?

https://arxiv.org/abs/1912.07622
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Model-Independence in LLP Searches
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Batell, H
uang, Kelly, [2304.11189]

https://arxiv.org/abs/2304.11189


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

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>

Heavy Neutrino Decay

•Do these two 
chains occur with 
equal probability?



Lepton-Number-Violation in a (Heavy) Neutrino Beam

14

Is the new particle a 
Dirac or Majorana 

Fermion?

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

conservation?

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>

Heavy Neutrino Source

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>

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>

Heavy Neutrino Decay

•Do these two 
chains occur with 
equal probability?



Neutrino vs. Antineutrino Mode
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Neutrino vs. Antineutrino Mode
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Neutrino vs. Antineutrino Mode
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Neutrino vs. Antineutrino Mode
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Neutrino vs. Antineutrino Mode
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Expected Beam Purity

16



Next-Generation Prospects

17Berryman, de Gouvêa, Fox, Kayser, KJK, Raaf [1912.07622]

https://arxiv.org/abs/1912.07622


“Explicit” LNV vs. “Implicit”
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What if we’re not lucky?

19

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>

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>

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

⌫
<latexit sha1_base64="Q5QBoJHXaSX6KvHmV3PNna1aMJc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBgMY3b</latexit>
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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.
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https://arxiv.org/abs/1808.10518


Feasibility in a Neutrino-Beam Environment?
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Because most HNLs in a beam environment will be boosted, so will their decay products. Rest-
frame anisotropy means differences in lab-frame energies. How distinct are these predictions?

Berryman, KJK, et al, [1912.07622], JHEP02 (2020) 174

Post-discovery opportunities, 
leveraging Phase-II technology? 

 
de Gouvêa, Fox, Kayser, KJK [2104.05719] 
de Gouvêa, Fox, Kayser, KJK [2109.10358]

https://arxiv.org/abs/1912.07622
https://arxiv.org/abs/2104.05719
https://arxiv.org/abs/2109.10358
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DUNE-ND (especially with Phase II) will 
redefine our understanding of dark sector 
searches. Let’s take advantage of it!
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Thank you!


