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Heavy Fermions, why?

Symmetry Magazine

Heavy, gauge-singlet fermions (right-handed, or sterile neutrinos) can explain the lightness of SM neutrinos



Current State of HNL Searches
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Bolton et al, [1912.03058]

Heavy Neutrino Mass

Mixing between 
heavy/light 

neutrinos

https://arxiv.org/abs/1912.03058


If we discover a Heavy Neutrino…
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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?
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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 happen 
with equal probability?



Next-Generation: DUNE
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Berrym
an, de G

ouvêa, Fox, K
ayser, K

JK
, Raaf [1912.07622]

✤ For sufficient combinations of 
Heavy Neutrino mass & mixing, 
not only can the DUNE Near 
Detector discover the particle, it 
can determine whether it’s a 
Dirac or Majorana fermion via 
its fully-charged decays.

https://arxiv.org/abs/1912.07622


What if we’re not lucky?

6

✤ If a heavy fermion is lighter than the pion, there are no fully-visible (aka no 
neutrinos) final states where the lepton number is identifiable.
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(final state could include a pion instead of a 
photon, or a charged lepton pair)

There’s still hope in Dirac vs. Majorana separation! Measure the distribution of outgoing photons.
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Two-Body Decays
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Balantekin, de Gouvêa, Kayser [1808.10518]

d�

d cos ✓
=

�

2
(1 + ↵ cos ✓)
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From CPT arguments, if the heavy 
neutrino is a Majorana fermion, then the 
decay is isotropic. If it is a Dirac fermion, 
not necessarily.

https://arxiv.org/abs/1808.10518


Extending to Three-Body Decays
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Using similar CPT arguments, we demonstrated that, if N is a Majorana fermion, 
its decays are forward/backward symmetric if either of the following are true:

de Gouvêa, Fox, Kayser, KJK [2104.05719]

N ! ⌫`�↵ `
+
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✤ The final-state charged leptons are identical 
(e.g. electron/positron pair).

✤ The detection mechanism is charge-blind (and 
final states like electron/antimuon and muon/
positron must be summed over).

Considered the most generic four-fermion operators 
for the decay (including interference):

https://arxiv.org/abs/2104.05719


How large can forward/backward asymmetry be?
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To be a useful handle for Dirac/Majorana fermion separation, we want Dirac fermions to 
exhibit large, measurable asymmetries.

de Gouvêa, Fox, Kayser, KJK [2104.05719]

✤ Black lines: prediction if the decay is mediated purely via off-shell W- and/or Z-bosons

https://arxiv.org/abs/2104.05719


Is this feasible?
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de Gouvêa, Fox, Kayser, KJK in prep.

Envision a post-discovery experiment near a meson decay-at-
rest source: how many signal events do we need to see to 
differentiate the null hypothesis (N is a Dirac fermion) from the 
alternate hypothesis (N is a Majorana fermion)

Depending on particle’s 
mass, polarization, 
interaction couplings, can 
be as few as O(80). Even 
fewer for scalar/
pseudoscalar interactions.



Conclusions
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✤ Heavy, gauge-singlet fermions are a feature of many well-motivated theories of 
physics beyond the standard model.

✤ A bevy of experiments are currently searching for them, and next-generation 
experiments are well-equipped to expand upon these searches.

✤ In the wake of a potential discovery, many questions will arise, all connected to 
the interactions of the new particle and what potential symmetries it respects/
violates.

✤ Upcoming experiments, and more purpose-built post-discovery experiments, can 
deduce these properties by measuring the distributions of decays of these new 
fermions.

Thanks!


