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Outline
▸Motivation for searches for Heavy Neutral Leptons 

▸Searching for a variety of signatures in an accelerator 
neutrino experiment. 

▸ IF we discover a Heavy Neutral Lepton, 

▸Can we determine if its interactions violate Lepton number? 

▸Does it interact with mediators beyond the Standard Model 
ones?
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Heavy Neutral 
Leptons & Motivation



Neutrino Oscillations
 4

Anomalous neutrino 
“disappearance” in solar, reactor, 
and atmospheric experiments…



A Coherent Picture Forms
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▸Standard assumption for neutrino oscillations: three neutrinos exist, mix via 
a unitary, 3 x 3 matrix — the PMNS matrix. (cij ≡ cos θij, sij ≡ sin θij)
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Normal Ordering Inverted Ordering

‣Two non-zero mass-squared splittings 
relevant for three-neutrino mixing — 
different neutrino mass eigenstates 
have different energy and therefore 
time-evolve with a different relative 
phase as they propagate, leading to 
flavor oscillations.



Current Status of Three-Neutrino Mixing
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▸ Each of the six relevant parameters measured to varying, O(10%) precision. 

▸ Level of CP Violation in the matrix currently unknown. 

▸ Recent data have cast doubt on our knowledge of the neutrino mass ordering.

KJK et al, [2007.08526]

All Current Data

Future Dis.
Future App.

All Future

S.A.R. Ellis, KJK, S.W. Li, upcoming v2 of [2004.13719]

https://arxiv.org/abs/2007.08526
https://arxiv.org/abs/2004.13719


Overall Mass Scale, not Mass Splittings?
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KATRIN Collaboration, [1909.06048]

CMB S4, [1610.02743]

https://arxiv.org/abs/1909.06048
https://arxiv.org/abs/1610.02743


SM Fermion Masses
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‣At least two of the three neutrinos have nonzero 
masses, but all three are at least 6 orders of 
magnitude lighter than the electron. 

‣No clear explanation for generating neutrino 
masses at this scale (very small Yukawa 
couplings?). 

‣Could right-handed neutrinos with their own 
Majorana mass terms be responsible for the 
lightness of these?



The Seesaw Mechanism
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(consider one light and one heavy neutrino for simplicity)
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This generates a mass matrix with the structure of

After diagonalizing, assuming hierarchical mass scales, we obtain two masses for the neutrinos:

m⌫ ⇡ m2

MN
, MN
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Seesaw Scales
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▸ Different mass scales predict new 
phenomenology in different regimes. 

▸ Wide range of allowed masses (up to the 
structure of the Yukawa coupling matrix) 
to generate the light neutrino masses. 

▸ Further motivation — heavy neutrinos 
decaying out-of-equilibrium could be 
responsible for the Baryon Asymmetry of 
the universe via Leptogenesis.

Light Sterile Neutrinos: A White Paper, [1204.5379]

Interested in Leptogenesis? See Jessica Turner’s 
FNAL Neutrino Seminar on the topic from 2018.

https://arxiv.org/abs/1204.5379
https://npc.fnal.gov/wp-content/uploads/2018/10/neutrino_seminar.pdf


Minimal vs Non-Minimal HNL Scenarios  11

‣ In the minimal phenomenological scenario, we can introduce one HNL and allow it 
to mix independently with the neutrino flavor states using new mixing angles,

|UeN |2 , |UµN |2 , |U⌧N |2
<latexit sha1_base64="qqdEQ3yU1J4lBEKeKjgST49USw0="></latexit>

‣This allows for suppressed interactions of N with the SM W/Z bosons and can 
also mediate decays via the same

� (N ! 3⌫) / G2
FM
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N |U↵N |2

<latexit sha1_base64="oS1x/h/uKECOcHiCm3c50gPwVRs="></latexit>

‣Adding in other new-physics symmetries/particles can make for more 
interesting phenomenology

Ballett, Hostert, Pascoli [1903.07589]

https://arxiv.org/abs/1903.07589


Current & Upcoming 
Constraints: Minimal HNL



Bolton et al, [1912.03058]

Electron-Mixing  13

https://arxiv.org/abs/1912.03058


Bolton et al, [1912.03058]

Electron-Mixing  14

https://arxiv.org/abs/1912.03058


Bolton et al, [1912.03058]

Muon-Mixing  15

https://arxiv.org/abs/1912.03058


Bolton et al, [1912.03058]

Tau-Mixing  16

https://arxiv.org/abs/1912.03058


Accelerator Neutrino 
Experiments & HNL



Accelerator Neutrino Beam Production  18

A theorist’s view of the DUNE target & Near Detector Hall

‣Neutrino beams are designed to select neutrinos or antineutrinos using 
magnetic focusing horns. 
‣Any source of neutrinos, up to kinematical accessibility, could serve as a 

source for HNL that are metastable.

µ+
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⇡+
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Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]

https://arxiv.org/abs/1912.07622


Production Modes Considered  19

▸Assuming just mixing with the muon as an example. We include seven 
different production channels:

π+ → μ+N
K+ → μ+N

K+ → π0μ+N

D+ → μ+N
D+ → π0μ+N
D+ → K0μ+N
D+

s → μ+N

Two-body decays into charged leptons and SM neutrinos are helicity 
suppressed — having N be as massive as (or more massive than) the 
charged lepton can lead to enhanced branching ratios into HNL.



 20Heavy Neutrino Flux at DUNE ND
5 years of operation in 
neutrino mode, mixing 
only with muon 
neutrinos. 

Includes acceptance 
efficiency — detector is 
5 m in diameter at a 
distance of 579 m. 

Separated by 
production source 
(which charged meson)

From pions

From kaons

From D/Ds

Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]

https://arxiv.org/abs/1912.07622


 21Neutrino vs. Antineutrino modes
Helicity enhancement when N is heavier than the muon

No such enhancement in three-body decays

Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]

https://arxiv.org/abs/1912.07622


 22Flux for Electron Coupling

Helicity enhancement, relative to decays like                       , is readily apparent.π± → e±ν

Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]

https://arxiv.org/abs/1912.07622


 23Experimental Signature
▸The HNL travels to the gaseous 

argon near detector and has 
some probability of decaying 
within into a final state that is 
difficult for neutrino interactions 
to mimic.

N ! ⌫`+� `
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▸ All partial widths calculable in the minimal 
mixing scenario.



 24HNL Branching Fractions
Irrelevant decays: those with just neutrinos or those with a neutrino and one other neutral particle.

▸Non-minimal HNL scenarios (for instance, if N couples to a light Z’) can 
modify these branching fractions and the lifetime of N significantly.

Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]

https://arxiv.org/abs/1912.07622


Sensitivity to HNL at DUNE



 26Electron-Coupled HNL



 27Electron-Coupled HNL Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]

https://arxiv.org/abs/1912.07622


 28Muon-Coupled HNL



 29Muon-Coupled HNL Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]

https://arxiv.org/abs/1912.07622


 30Tau-Coupled HNL



 31Tau-Coupled HNL Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]

https://arxiv.org/abs/1912.07622


 32Sensitivity Summary
▸ Significant amount of parameter space in each coupling scenario 

that can be probed by DUNE. Moreover, there exists parameter 
space where many, many (100s-1000s) events could be detected.

▸Can these events be exploited for any other purpose?



Dirac vs. Majorana HNL



Suppose we have a characterized source of HNLs  34

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>

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)



No production source is perfect…  35



Toy Example — Identify every decay perfectly

Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]

 36

https://arxiv.org/abs/1912.07622


Going Further: Muon-Coupled Channel

Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]

 37

https://arxiv.org/abs/1912.07622


Going Further: Muon-Coupled Channel

Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]
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https://arxiv.org/abs/1912.07622


Going Further: Muon-Coupled Channel

Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]
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https://arxiv.org/abs/1912.07622


Going Further: Muon-Coupled Channel

Berryman, de Gouvêa, Fox, Kayser, Kelly, Raaf [1912.07622]

 40

https://arxiv.org/abs/1912.07622


What about decays where we can’t identify the 
lepton number of the final state of the HNL Decay?

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>

⇡0
<latexit sha1_base64="HxhuhfnsS7NpAaPXcrgcmqzgbOc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSS303Fo9srV9yqOwdZJV5OKpCj0St/dfsJy2KukElqTMdzUwwmVKNgkk9L3czwlLIRHfCOpYrG3AST+bFTcmaVPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynZELzll1dJs1b1Lqq1+8tK/SaPowgncArn4MEV1OEOGuADAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHdOyOcw==</latexit>

There’s still hope! Measure the 
distribution of outgoing pions.

 41



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

If N is a Majorana fermion, 
this decay is isotropic. If N is 
Dirac, not necessarily.

 42

N is perfectly polarized in the z-direction.

d�

d cos ✓X
=

�

2
(1 + ↵ cos ✓X)

<latexit sha1_base64="V1H0Gk+Skt7ujee7knd8SMPv7UI="></latexit>

https://arxiv.org/abs/1808.10518


Extending to Three-Body Decays de Gouvêa, Fox, Kayser, Kelly, In Prep.
 43

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>

`�↵
<latexit sha1_base64="WCLlfuuFj1wGkcMsuVn9RY4xvT4=">AAAB9HicbVBNS8NAEN34WetX1aOXYBG8WJIq6LHoxWMF+wFNLJPtpF262cTdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSDhT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVHEqKTZozGPZDkAhZwIbmmmO7UQiRAHHVjC8nfqtEUrFYvGgxwn6EfQFCxkFbSTfQ867HvBkAI/n3VLZqTgz2MvEzUmZ5Kh3S19eL6ZphEJTDkp1XCfRfgZSM8pxUvRShQnQIfSxY6iACJWfzY6e2KdG6dlhLE0Jbc/U3xMZREqNo8B0RqAHatGbiv95nVSH137GRJJqFHS+KEy5rWN7moDdYxKp5mNDgEpmbrXpACRQbXIqmhDcxZeXSbNacS8q1fvLcu0mj6NAjskJOSMuuSI1ckfqpEEoeSLP5JW8WSPrxXq3PuatK1Y+c0T+wPr8AXcXkeU=</latexit>

▸Our goal is to be as generic as possible. We’re going to consider decays where the 
only assumption is that any mediator(s) can be integrated out:

▸Allowing for any UV completion (scalar/vector mediator, charged or neutral), the 
matrix elements that contributes to N decay are

▸ The matrices entering the matrix elements can be

`+�
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N is perfectly polarized in the z-direction.

▸ If we integrate over everything but the charged-lepton 
pair direction (analogous to the two-body decay),

d�

d cos ✓``
=

�

2
(1 + 2AFB cos ✓``)
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Forward/backward asymmetry of this decay.
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▸ Taking different interaction structures separately: if we have only 
scalar/pseudoscalar interactions, we can attain maximal asymmetry.

▸ If we allow for only vector/axial-vector interactions, that is not the case. Let’s look at 
different final states separately:

10°3 10°2 10°1

MN [GeV]

°0.5

°0.25

0

0.25

0.5

A
(V

A
)

F
B

∫µ,ø mixing only

∫e mixing only

Allowed range, general V/A interactions

Dirac fermion N
N ! ∫e+e°

▸ Black lines correspond to the minimal HNL scenario 
where N mixes with the light neutrinos and decays via 
(off-shell) W/Z bosons. 

▸ Decay into electron pairs: 

▸Muon/Tau mixing: decay only via the Z boson. 

▸ Electron mixing: W and Z processes interfere. 

▸ Decay into an electron and a muon: 

▸ Electron/Muon mixing: decay only via the W boson.
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▸ Interference of multiple matrix elements makes things more complicated. 
Moreover, if the final-state charged leptons are identical, then the 
Hermitian conjugate terms of these matrix elements contribute too.

▸We find that 

▸ If the final-state charged leptons are identical, regardless of the interaction structure, 
the forward/backward asymmetry is zero. 

▸ If the final-state charged leptons are distinct, that is not necessarily the case. 

▸ However, if our detector is charge-blind (i.e. cannot distinguish between                 
and              ), we must sum over those two final states. This causes all spin-
dependence to vanish. 

▸ If we make assumptions about the new mediators (for example, all are neutral), 
we can constrain the asymmetry for Majorana fermions N.

νμ−e+

νμ+e−
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▸ If we only have neutral mediators, and N is a Majorana fermion, we find that for any 
forward/backward asymmetry to be generated, we need interference between V/A 
interactions and either S/P or T ones.
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Majorana fermion N
Neutral mediators only

N ! ∫µ±e®

Asymmetry also vanishes 
when the HNL is much more 
massive than the daughter 
charged leptons.
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▸ If N is unpolarized, its spin direction and any 
associated angles are unphysical. Nevertheless, we 
find that for certain interaction structures, there are 
ways of distinguishing between Dirac and Majorana 
HNLs.
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10°3 10°2 10°1 1
mN [GeV]

1

10
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N
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Nevt. required to determine Dirac nature
∫e°mixing°like,

GV V = °GAV = °GV A = GAA

median

68.3%

90%

99%

10°3 10°2 10°1 1
mN [GeV]

Nevt. required to determine Dirac nature
∫µ,ø°mixing°like,

GV V = GAV = 0, GV A = °GAA

median

68.3%

90%

99%



Determining the 
Interaction Structure
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Bright spots:  
larger decay 
rate

z⌫m =
(p⌫ + p↵)

2

m2
N
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Precision 
measurement of 
different kinematical 
quantities — identify 
the structure of the 
four-fermion 
interaction
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▸Moreover, let’s assume that its decays are mediated by only scalar/pseudoscalar interactions, and that we 
expect to see O(100) signal events. Can we constrain the vector/axial-vector/tensor contributions to be 
small?
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(S, V, T) can be seen as the 
contribution to the number of 
signal events from each type of 
interaction.

In this hypothesis, we can 
constrain V < 100 and T < 100 at 
very high significance.



Conclusions
▸Heavy Neutral Leptons are phenomenologically interesting 

and upcoming experiments, such as DUNE, may detect them! 

▸Determining their nature via Lepton-Number-Identifiable 
decays is possible with many upcoming/planned experiments. 

▸Other decays pose harder problems — we’re working on 
understanding the two- and three-body decays better to 
identify prospects for understanding the HNLs.
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Thank you!


