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✤ What kinds of new physics can the DUNE Near 
Detector search for in this context?
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Oscillation Experiments & Near Detectors
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Lederman, Steinberger, Schwartz 1962

Many present-day experiments operate similar to the original method used to discover 
the muon neutrino: 
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✤ Near detector and far detector measurements of flavor composition…
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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: 



3

Oscillation Experiments & Near Detectors

Far DetectorNear 
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>



3

Oscillation Experiments & Near Detectors

Far DetectorNear 
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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The DUNE Near Detector Complex

5DUNE 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


Signals of rare decays

6

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

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

https://arxiv.org/abs/1912.07622
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of existing constraints on this 
model scenario from a variety of 
laboratory-based measurements.

Colored regions: points in 
parameter space where DUNE 
could discover this type of 
particle with ten years of data. 
Different colors correspond to 
different signals in the detector.

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

https://arxiv.org/abs/1912.07622
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✤ 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
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✤ 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
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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+
<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
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Heavy Neutrino Decay

✤ Do these two chains happen 
with equal probability?
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Recently, MicroBooNE [2106.00568] (based on Batell et al [1909.11670])
(Ivan’s talk earlier today)

https://arxiv.org/abs/2106.00568
https://arxiv.org/abs/1909.11670
https://indico.cern.ch/event/1103445/contributions/4724167/
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Recently, MicroBooNE [2106.00568] (based on Batell et al [1909.11670])

Same analysis: look for heavy neutral leptons! KJK & Machado [2106.06548]

(Ivan’s talk earlier today)
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Berryman, KJK, et al, [1912.07622]

https://arxiv.org/abs/1912.07622


Axions & Axion-Like-Particles: Distinct Phenomenology
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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
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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.
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Kelly, Kumar, Liu [2011.05995]

https://arxiv.org/abs/2011.05995


ALP Spectra & Sensitivity
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Brdar, Dutta, Jang, Kim, Shoemaker, Tabrizi, Thompson, Yu [2011.07054]

https://arxiv.org/abs/2011.07054
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✤ DUNE’s near detector complex, especially the gaseous 
argon component, will serve as an excellent spectrometer 
for particles coming from new-particle decays

✤ Searches that can be performed include: Heavy neutral 
leptons, dark Higgs bosons, Axions/Axion-like-particles, 
and more!

✤ Exciting question: in the event of a discovery, how do we 
tell these different models apart? More to come…
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✤ DUNE’s near detector complex, especially the gaseous 
argon component, will serve as an excellent spectrometer 
for particles coming from new-particle decays

✤ Searches that can be performed include: Heavy neutral 
leptons, dark Higgs bosons, Axions/Axion-like-particles, 
and more!

✤ Exciting question: in the event of a discovery, how do we 
tell these different models apart? More to come…

Thank you!


