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We know nothing about :


• How many states? 

• Does it carry new symmetries? 

• New dynamics?
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Type-I seesaw:



M. Hostert

The seesaw mechanism

5

L � �y
⌫
⇣
LH̃

⌘
N � MN

2
N cN + h.c.

<latexit sha1_base64="qLgRsdNzAUZIw0/HWc1OEva/qFg="></latexit>

We know nothing about :


• How many states? 

• Does it carry new symmetries? 

• New dynamics?

MN

(3x3) (3x?) (?x?) (?x3)

Type-I seesaw:

Typically, long-lived particles.

Production and decay proceed via 

“weaker-than-weak” interactions.
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Phenomenology in minimal scenarios:
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 github.com/mhostert/Heavy-Neutrino-Limits

Limits on heavy neutrinos

SHIP

http://github.com/mhostert/Heavy-Neutrino-Limits
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Limits on heavy neutrinos
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May feel new secret forces…
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...

These can “leak” back to the SM.

Lifetimes would be much shorter.

Interactions can be comparable to Weak rates.

DARK SECTOR (DS)

Neutrino portal
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Dark decay channels of HNLs
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…

Γ dark
N→ν SM/Γ weak

N→ν SM

τdark
Nτweak

N

N
νπ+, K+, D+

SM

Charged meson decays and DIF

Target
 Detector

ℓ+
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Dark decay channels of HNLs
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…

SM

…

Γ dark
N→ν SM/Γ weak

N→ν SM

τdark
Nτweak

N

N
νπ+, K+, D+

N
νπ0, η, ρ, …

X

SM

Neutral meson decays and DIFCharged meson decays and DIF

Target
 Detector
Detector
 Target
ℓ+

• Faster decays. 


• CC branching ratios may be small, e.g., no  even w/ large LNV.


• Missing energy.

K+ → μ+μ+π−
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• Faster decays. 


• CC branching ratios may be small, e.g., no  even w/ large LNV.


• Missing energy.

K+ → μ+μ+π−

…
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…

Γ dark
N→ν SM/Γ weak

N→ν SM

τdark
Nτweak

N

N
νπ+, K+, D+

N
νπ0, η, ρ, …

X

SM

Upscattering with prompt decayNeutral meson decays and DIFCharged meson decays and DIF

Target
 Detector

Detector


X

ν N
ν

…

SM

A A
Detector
 Target
ℓ+
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N

The MiniBooNE Low-Energy Excess  
Particle production inside the detector

X

Heavy neutrino decays:


• Single photons via transition magnetic moment ( )


• Di-leptons from dark photons or scalars ( )


• Di-photons from dark scalars ( )

X = γ

X = e+e−

X = γγ
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NF02 White Paper: arXiv:2203.07323

To be tested 


These mostly involve

production of new


particles in the detector. 

Table of explanations of 

the short-baseline anomalies 

Explored already 


https://arxiv.org/abs/2203.07323
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Transition magnetic moment

The model 

ℒ ⊃ dαN νασμνFμνNR
ℒ ⊃

1
Λ2

LH̃σμνNR (Cα
B Bμν + Cα

W Wa
μνσa) EWSB

Dimension-5 operator 

να NRNR

γ

Transition magnetic moment  ==  Dipole portal 
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Transition magnetic moment

The model 

ℒ ⊃ dαN νασμνFμνNR

EWSB
Dimension-5 operator 

Can decouple the two with Horizontal symmetries, Voloshin, M. B., Sov. J. Nucl. Phys. 48, 512 (1988).

ℒ ⊃
1

Λ2
LH̃σμνNR (Cα

B Bμν + Cα
W Wa

μνσa)

Points to keep in mind:

mD ∼
yLyR

16π2
mℓβ

UαN ∼
mD

MN

dαN ∼
e yLyR

16π2

mℓβ

m2
ϕ

yL yR

1) Large transition magnetic moments generically lead to large Dirac masses.


One has to do extra work to avoid mixing between  and HNLs.να

ϕ+

ℓ−
β

να NR
X
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Transition magnetic moment

The model 

ℒ ⊃ dαN νασμνFμνNR

EWSB
Dimension-5 operator 

Can decouple the two with Horizontal symmetries, Voloshin, M. B., Sov. J. Nucl. Phys. 48, 512 (1988).

1) Large transition magnetic moments generically lead to large Dirac masses.


One has to do extra work to avoid mixing between  and HNLs.να

ℒ ⊃
1

Λ2
LH̃σμνNR (Cα

B Bμν + Cα
W Wa

μνσa)

mD ∼
yLyR

16π2
mℓβ

UαN ∼
mD

MN

dαN ∼
e yLyR

16π2

mℓβ

m2
ϕ

yL yR

Points to keep in mind:

0

ϕ+

ℓ−
β

να NR
X
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Transition magnetic moment

The model 

ℒ ⊃ dαN νασμνFμνNR

EWSB
Dimension-5 operator 

ϕ+

ℓ−
β

να NR
X

mD ∼
yLyR

16π2
mℓβ

UαN ∼
mD

MN

dαN ∼
e yLyR

16π2

mℓβ

m2
ϕ

See also Brdar et al 2007.15563 for an interesting leptoquark model with b-quarks in the loop.

2) For values of interest, probably need some heavy particle inside the loop. May be  or something else completely.τ

ℒ ⊃
1

Λ2
LH̃σμνNR (Cα

B Bμν + Cα
W Wa

μνσa)

yL yR 0

dμN ∼ 1 PeV−1 mϕ ∼ 𝒪(100 GeV)

For, e.g., ℓβ = τ

Points to keep in mind:
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Transition magnetic moment

The model 

ℒ ⊃ dαN νασμνFμνNR

EWSB
Dimension-5 operator 

deN

me
≃

dμN

mμ
≃

dτN

mτ

For flavor-blind and flavor-conserving ( ) new physics, we expect:α = β

3)  flavor seems like an interesting possibility to consider.τ

ℒ ⊃
1

Λ2
LH̃σμνNR (Cα

B Bμν + Cα
W Wa

μνσa)

Points to keep in mind:
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Transition magnetic moment

MiniBooNE region of interest
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MiniBooNE Data
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Dipole Model
{d, mN} = {12.5 £ 10°7 GeV°1, 0.47 GeV}
∫µ ! ∫e (Global Best Fit w/o MiniBooNE)
{¢m2, sin2(2µ)} = {1.3 eV2, 6.9 £10°4}
MiniBooNE DataWe also added


eV-sterile oscillations on top of 
the dipole using the global best-

fit point from Vergani et al.

Performed a fit to the MiniBooNE low-energy excess. 
 
Updates previous fit in Vergani et al arXiv:2105.06470 with a detector 
simulation in LeptonInjector and coherent upscattering cross-sections 
from DarkNews with improved nuclear form factors (see later).

Angular and energy 
spectrum fits overlap only 
at the largest  values.mN

Benchmark

Benchmark

Benchmark

N. Kamp, M. Hostert, A. Schneider, S. Vergani, C. A. Argüelles, 

J. M. Conrad,  M. H. Shaevitz,  and M. Uchida, arXiv:2206.07100

https://arxiv.org/abs/2105.06470
https://arxiv.org/abs/2012.10449
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Transition magnetic moment

MINERvA limits from  scattering measurementν − e

Neutrino-electron scattering

Neutrino-nucleus coherent scattering and HNL decay

⌫
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N

�
<latexit sha1_base64="S1yayYYaEba+nrWKT5J1G8QtY+o=">AAACBHicbVDLTgIxFL2DL8QX6tJNI5i4IjO40CXRjUtM5JHAhHRKBxrazqTtmJAJWz/ArX6CO+PW//AL/A07MAsBT9Lk5Jz76glizrRx3W+nsLG5tb1T3C3t7R8cHpWPT9o6ShShLRLxSHUDrClnkrYMM5x2Y0WxCDjtBJO7zO88UaVZJB/NNKa+wCPJQkawsVK32h9hIXB1UK64NXcOtE68nFQgR3NQ/ukPI5IIKg3hWOue58bGT7EyjHA6K/UTTWNMJnhEe5ZKLKj20/m9M3RhlSEKI2WfNGiu/u1IsdB6KgJbKbAZ61UvE//zeokJb/yUyTgxVJLFojDhyEQo+zwaMkWJ4VNLMFHM3orIGCtMjI1oaUs2W+lQz2wy3moO66Rdr3lXNfehXmnc5hkV4QzO4RI8uIYG3EMTWkCAwwu8wpvz7Lw7H87norTg5D2nsATn6xd+9pjE</latexit>

ντ

νμ
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1. Dark Neutrino Sectors

2.  Transition Magnetic Moments

•  MINERvA


3. Dark photons and HNLs

•  T2K near detector
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Neutrinos up-scatter into HNL, 

which promptly decays via


Z 0

Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

⌫
<latexit sha1_base64="VoGv5UfW+CG3UKksSArvsZh+wTQ="></latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit> ⌫µ

<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

Carbon

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

Neutrino portal + kinetic mixing.

<latexit sha1_base64="gTqwB2cd6oTkk/WTNaVZr+F75VU=">AAACBnicbVDLSgMxFM3UV62vUZciRIsgtNYZUXRZFMGVVLAP6ExLJr1tQzMPkoxQSldu/BU3LhRx6ze4829M21lo6wmBwzn3kpzjRZxJZVnfRmpufmFxKb2cWVldW98wN7cqMowFhTINeShqHpHAWQBlxRSHWiSA+B6Hqte7GvnVBxCShcG96kfg+qQTsDajRGmpae7eYkeFGBo5aBxhJ59z8vja2Zuc46aZtQrWGHiW2AnJogSlpvnltEIa+xAoyomUdduKlDsgQjHKYZhxYgkRoT3SgbqmAfFBuoNxjCE+0EoLt0Ohb6DwWP29MSC+lH3f05M+UV057Y3E/7x6rNoX7oAFUawgoJOH2jHHOvioE9xiAqjifU0IFUz/FdMuEYQq3VxGl2BPR54llZOCfVaw7k6zxcukjjTaQfvoENnoHBXRDSqhMqLoET2jV/RmPBkvxrvxMRlNGcnONvoD4/MHnO6VXw==</latexit>

N ! e+e� + E/

Dark neutrinos

Heavy neutrinos interacting via the dark photon

P. Ballett, MH, S. Pascoli  [arxiv:1903.07589] 
A. Abdullahi, MH, S. Pascoli, [arXiv:2007.11813]


E. Bertuzzo et al., [arXiv:1807.09877] 
C. Argüelles et al, [arXiv:1812.08768]


P. Ballett et al, [arxiv:1808.02915]

ℒ ⊃ ℒν-mass +
m2

Z′￼

2
Z′￼μZ′￼μ + Z′￼μ eϵ Jμ

EM +
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∑
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A

|VμN |2̂ν μ N

Z′ 

|VN |2

(eε)2
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N

Z′ 

e−
e+

(eε Z )2
A

https://arxiv.org/abs/1903.07589
https://arxiv.org/abs/2007.11813
https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1812.08768
https://arxiv.org/abs/1808.02915
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Neutrinos up-scatter into HNL, 

which promptly decays via


Z 0

Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>
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Dark neutrinos

Heavy neutrinos interacting via the dark photon

P. Ballett, MH, S. Pascoli  [arxiv:1903.07589] 
A. Abdullahi, MH, S. Pascoli, [arXiv:2007.11813]


E. Bertuzzo et al., [arXiv:1807.09877] 
C. Argüelles et al, [arXiv:1812.08768]


P. Ballett et al, [arxiv:1808.02915]
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https://arxiv.org/abs/1903.07589
https://arxiv.org/abs/2007.11813
https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1812.08768
https://arxiv.org/abs/1808.02915
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Dark Neutrino Sectors

Upscattering at the T2K near detector

J-PARC beam is more intense and peaks in a similar energy range to the Booster Beam.


Ratio of upscattering events in T2K similar to that in MiniBooNE. Should see hundreds of HNLs or more.

C. Arguelles, MH, N. Foppiani, arXiv:2205.12273

https://arxiv.org/pdf/2205.12273.pdf
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C. Arguelles, MH, N. Foppiani, arXiv:2205.12273

Benefit of this detector:

Heavy lead plates 

+ Gaseous Argon modules 

+ Magnetic field to separate e+e−

Dark Neutrino Sectors

Upscattering at the T2K near detector

https://arxiv.org/pdf/2205.12273.pdf
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Dark Neutrino Sectors

Upscattering at the T2K near detector
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Background-free search.

The search focused on the decay

in flight of HNLs (solid black)

Dataset I   —  The T2K search for the decay in flight of HNLs Dataset II   —  The T2K search for single photons

New physics gets smeared out on e+e- invariant mass.


Backgrounds and smaller target mass means this

dataset is less sensitive the Dataset I.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)

See also, Vedran Brdar et al, arXiv:2007.14411

C. Arguelles, MH, N. Foppiani, arXiv:2205.12273

ND280 @T2K

π+, K +, D+

Target
 ℓ+

ν
N

Our signal is a little different,

mostly in energy (colors).

https://arxiv.org/pdf/2205.12273.pdf
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C. Arguelles, MH, N. Foppiani, arXiv:2205.12273

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)

See also, Vedran Brdar et al, arXiv:2007.14411
Dark Neutrino Sectors

Upscattering at the T2K near detector
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Conclusions: 


e+e- MiniBooNE explanations with





are in tension with T2K data. 

cτ0
N /mN > 1 cm/GeV

Unfortunately, no MiniBooNE fit is available (but coming soon!)

https://arxiv.org/pdf/2205.12273.pdf
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A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, arXiv:2207.04137

DarkNews is a fast MC generator for new physics in neutrino-nucleus scattering.

Including vector, scalar, and dipole mediators. Models with up to 3 HNLs.

DarkNews-generator — zsh — mhostert

Modeling several processes for GeV-scale accelerator experiments:

HNL decay: 

 
or

N → νℓ+ℓ−

N → νγ

Scattering:

(Coherent & QE peak)
ν A → N A A

Z, Z′￼,

νμ
Ni

γ

νμ

A

h′￼

Ni

Ni

Nj

Ni

Nj

Ni

Nj

γe+, μ+

e−, μ−

e+, μ+

e−, μ−

Helicity conserving or flipping ν → N

 may be Majorana or Dirac, with either helicity states.N

h′￼

Z, Z′￼, γ

DarkNews-Generator

Darkν
pip install DarkNews

https://arxiv.org/abs/2207.04137


Conclusions:


The existence of heavy neutral leptons could open a door into dark sectors.

Neutrino experiments are probing new forces that are much weaker-than-Weak


The MiniBooNE puzzle remains unsolved. 

New-physics ideas with light particles are on the market. They are all testable.


Transition magnetic moment:

Not dead yet. MINERvA could show more slices of their data which will probe all parameter space.


Dark Neutrino Sectors:

New limits from T2K were studied in detail. Not MiniBooNE fit to compare to, but naively, all 
explanations without prompt decays are likely excluded.
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The MiniBooNE excess

36

Latest MiniBooNE results:
MiniBooNE coll., Phys. Rev. D 103, 052002 (2021)

M. Ross-Lonergan

Unable to differentiate:

Signal

Sideband

MiniBooNE coll., arXiv:2201.01724

MiniBooNE coll., arXiv:2201.01724

νμ
sideband

νe signal

 
 

 significance

638 ± 52(stat.) ± 122.2(sys.)

4.8σ

MiniBooNE is a very 

“inclusive” experiment:


http://www.apple.com
http://www.apple.com
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Carbon

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

H′￼

H′￼

Z 0

Z 0

e+
<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫
<latexit sha1_base64="VoGv5UfW+CG3UKksSArvsZh+wTQ="></latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

Carbon

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

Not all neutrino experiments would see the same physics. Importance of complementarity.

⌫
<latexit sha1_base64="VoGv5UfW+CG3UKksSArvsZh+wTQ="></latexit>

⌫µ
<latexit sha1_base64="JELRD/BahU8uCe3GFVi5e83kHzo=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsstCTaWGIioOEuZG/Zgw27e5f9MCGEX2FjoTG2/hw7/40LXKHgSyZ5eW8mM/PijDNtfP/bK6ytb2xuFbdLO7t7+wflw6O2Tq0itEVSnqqHGGvKmaQtwwynD5miWMScduLRzczvPFGlWSrvzTijkcADyRJGsHHSYzWUthcKW+2VK37NnwOtkiAnFcjR7JW/wn5KrKDSEI617gZ+ZqIJVoYRTqel0GqaYTLCA9p1VGJBdTSZHzxFZ07poyRVrqRBc/X3xAQLrccidp0Cm6Fe9mbif17XmuQqmjCZWUMlWSxKLEcmRbPvUZ8pSgwfO4KJYu5WRIZYYWJcRiUXQrD88ipp12vBRc2/q1ca13kcRTiBUziHAC6hAbfQhBYQEPAMr/DmKe/Fe/c+Fq0FL585hj/wPn8AJwWP+A==</latexit>

C

�
<latexit sha1_base64="S1yayYYaEba+nrWKT5J1G8QtY+o=">AAACBHicbVDLTgIxFL2DL8QX6tJNI5i4IjO40CXRjUtM5JHAhHRKBxrazqTtmJAJWz/ArX6CO+PW//AL/A07MAsBT9Lk5Jz76glizrRx3W+nsLG5tb1T3C3t7R8cHpWPT9o6ShShLRLxSHUDrClnkrYMM5x2Y0WxCDjtBJO7zO88UaVZJB/NNKa+wCPJQkawsVK32h9hIXB1UK64NXcOtE68nFQgR3NQ/ukPI5IIKg3hWOue58bGT7EyjHA6K/UTTWNMJnhEe5ZKLKj20/m9M3RhlSEKI2WfNGiu/u1IsdB6KgJbKbAZ61UvE//zeokJb/yUyTgxVJLFojDhyEQo+zwaMkWJ4VNLMFHM3orIGCtMjI1oaUs2W+lQz2wy3moO66Rdr3lXNfehXmnc5hkV4QzO4RI8uIYG3EMTWkCAwwu8wpvz7Lw7H87norTg5D2nsATn6xd+9pjE</latexit>

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N Upscattering cross sections in different models: 

Neutrino scattering signatures

Complementary probes

B. Dutta et al, [arxiv:2006.01319]

A. Datta et al, [arXiv:2005.08920]

B. Dutta et al, [arxiv:2006.01319]


W. Abdallah et al, arXiv:2202.09373

P. Ballett, MH, S. Pascoli  [arxiv:1903.07589] 
A. Abdullahi, MH, S. Pascoli, [arXiv:2007.11813]


E. Bertuzzo et al., [arXiv:1807.09877]  
C. Argüelles et al, [arXiv:1812.08768]


P. Ballett et al, [arxiv:1808.02915]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.055017
https://arxiv.org/abs/2006.01319
https://www.sciencedirect.com/science/article/pii/S037026932030383X?via=ihub
https://arxiv.org/abs/2005.08920
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.055017
https://arxiv.org/abs/2006.01319
https://arxiv.org/pdf/2202.09373.pdf
https://arxiv.org/abs/1903.07589
https://arxiv.org/abs/2007.11813
https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1812.08768
https://arxiv.org/abs/1808.02915
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Transition magnetic moment — Parenthesis.

Decay-in-flight signatures due to mass mixing (@ T2K)

UeN = UτN = 0, dμN = 5 × 10−7/GeV
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vector four-fermion

magnetic moment

NC only

<latexit sha1_base64="r6VZK/o43ApPnJQBlVSKd6asxJM=">AAAB6nicdVDLSgMxFM3UV62vqks3wSIIwpBpO+24K7pxWdE+oB1LJs20oZnMkGSEUvoJblwo4tYvcuffmD4EFT1w4XDOvdx7T5BwpjRCH1ZmZXVtfSO7mdva3tndy+8fNFWcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVjC5nfuueSsVicavHCfUjPBAsZARrI93Qu7NevoDsc8+rFKsQ2U6pXPIcQ9wKct0SdGw0RwEsUe/l37v9mKQRFZpwrFTHQYn2J1hqRjid5rqpogkmIzygHUMFjqjyJ/NTp/DEKH0YxtKU0HCufp+Y4EipcRSYzgjrofrtzcS/vE6qQ8+fMJGkmgqyWBSmHOoYzv6GfSYp0XxsCCaSmVshGWKJiTbp5EwIX5/C/0mzaDuuja7LhdrFMo4sOALH4BQ4oApq4ArUQQMQMAAP4Ak8W9x6tF6s10VrxlrOHIIfsN4+AV+hjd4=</latexit>

e+

<latexit sha1_base64="IYqEMLPmE2ZYpewUOMaX1MDIlmg=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4cci0nXbcFd24rGgf0I4lk2ba0ExmSDJCKf0ENy4UcesXufNvTB+Cih64cDjnXu69J0g4UxqhDyuzsrq2vpHdzG1t7+zu5fcPmipOJaENEvNYtgOsKGeCNjTTnLYTSXEUcNoKRpczv3VPpWKxuNXjhPoRHggWMoK1kW7o3VkvX0D2uedVilWIbKdULnmOIW4FuW4JOjaaowCWqPfy791+TNKICk04VqrjoET7Eyw1I5xOc91U0QSTER7QjqECR1T5k/mpU3hilD4MY2lKaDhXv09McKTUOApMZ4T1UP32ZuJfXifVoedPmEhSTQVZLApTDnUMZ3/DPpOUaD42BBPJzK2QDLHERJt0ciaEr0/h/6RZtB3XRtflQu1iGUcWHIFjcAocUAU1cAXqoAEIGIAH8ASeLW49Wi/W66I1Yy1nDsEPWG+fYqmN4A==</latexit>

e�20 cm

d

Cumulative distribution 

The limits on the mixing are very strong.

If  is non-zero, it better be as small as  scale.mD 𝒪(10 eV)

C. Argüelles, N. Foppiani, MH  arxiv:2109.03831

http://arxiv.org/abs/2109.03831
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1) A minimal renormalizable model:

A. Abdullahi, MH, S. Pascoli

arXiv:2007.11813

SU(2)L U(1)Y U(1)X
N 1 0 0
⌫DL 1 0 Q
⌫DR 1 0 Q
� 1 0 Q

<latexit sha1_base64="ocg/U4EbC70EQHKK+5QJFDSV87k="></latexit>

<latexit sha1_base64="vObtigEB+bPDTGHmj4g2RCieEM4=">AAACAHicbVC7SgNBFL3rM8ZXVLCxGQyCVdgVRMsQGytJwE0CyRJmJ7PJkNnZZWZWDEsaf8BW/8BGxNban7Cx9DucZFOYxAMDh3Pu5Z45fsyZ0rb9ZS0tr6yurec28ptb2zu7hb39uooSSahLIh7Jpo8V5UxQVzPNaTOWFIc+pw1/cDX2G3dUKhaJWz2MqRfinmABI1gbyW2LpHPTKRTtkj0BWiTOlBTLh7Vv9lr5rHYKP+1uRJKQCk04Vqrl2LH2Uiw1I5yO8u1E0RiTAe7RlqECh1R56STsCJ0YpYuCSJonNJqofzdSHCo1DH0zGWLdV/PeWPzPayU6uPRSJuJEU0GyQ0HCkY7Q+OeoyyQlmg8NwUQykxWRPpaYaNPPzJX7LGreFOPM17BI6mcl57xk15xiuQIZcnAEx3AKDlxAGa6hCi4QYPAIT/BsPVgv1pv1no0uWdOdA5iB9fELHnWawA==</latexit>⌫N

Heavy neutrinos charged under a dark 
U(1)’ symmetry, broken at the GeV

See also B. Batell et al, JHEP 1608 (2016) 052, Bertuzzo et al, PLB 791 (2019) 210-214 + others 

<latexit sha1_base64="EkxZqGn55Rx43R9joF7iMO3xD5Q="></latexit>

L � LSM � 1

4
Xµ⌫X

µ⌫ � sin�

2
Xµ⌫B

µ⌫ + (Dµ�)
† (Dµ�)� V (�)� ��H |H|2 |�|2

+ ⌫̂N i/@̂⌫N + ⌫̂Di /DX̂⌫D �

(L eH)Y ⌫̂

c

N
+

1

2
⌫̂NMN̂⌫

c

N
+ ⌫̂N

�
YL̂⌫

c

DL
�+ YR̂⌫DR�

⇤�+ ⌫̂DMX̂⌫D + h.c.

�
,

Scalar mixing
Kinetic mixing

Neutrino mixing

LSM
<latexit sha1_base64="IuljNmH+U4YD3azCjSm4WlF6qiI=">AAACFHicbVC9TsMwGHTKXyl/ASQWFosWialKygBjBQsDSEVQWqmJKsd1WquOE9kOUhXyGjwAKzwCG2Jl5wl4DZw0A205ydLp7vv8nc6LGJXKsr6N0tLyyupaeb2ysbm1vWPu7j3IMBaYtHHIQtH1kCSMctJWVDHSjQRBgcdIxxtfZn7nkQhJQ36vJhFxAzTk1KcYKS31zYOaEyA1klgk12k/cUQA727SWt+sWnUrB1wkdkGqoECrb/44gxDHAeEKMyRlz7Yi5SZIKIoZSStOLEmE8BgNSU9TjgIi3STPn8JjrQygHwr9uIK5+ncjQYGUk8DTk3nYeS8T//N6sfLP3YTyKFaE4+khP2ZQhTArAw6oIFixiSYIC6qzQjxCAmGlK5u5kv0tpC9T3Yw938MieWjU7dO6dduoNi+KjsrgEByBE2CDM9AEV6AF2gCDJ/ACXsGb8Wy8Gx/G53S0ZBQ7+2AGxtcvIlefBg==</latexit> ⌫d
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Dark Neutrino Sectors

A model

http://www.arxiv.com/abs/2007.11813
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MINERvA was located in the NuMI beam — larger 
energy and more neutrinos, but no dedicated search. 

C. Arguelles, MH, Y. Tsai, PRL123.261801

Transition magnetic moment

MINERvA limits from  scattering measurementν − e
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Nuclear Form Factors

Vergani et al
Kamp et al


