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The neutrino portal is one of the most well-motivated extensions of the SM. It may lead somewhere.

Neutrino masses


Type-I seesaw, low-scale variants, and 
more exotic.

Baryon asymmetry of the Universe


Leptogenesis, nu-assisted EW 
baryogenesis.

Experimental anomalies


Short-baselines, Hubble, XENON1T, + 
others.

Dark matter


Warm DM or DM annihilation partner.
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Solar ⌫
<latexit sha1_base64="KFk2Uv6W7V6uANu9+nXBIgxGiT8=">AAAB+XicbVDLSgMxFM3UV62vUZdugq3gqsxU8bErunFZwT6gM5RMmmlDM8mQZApl6J+4caGIW//EnX9jZjqIWg8EDufcw705Qcyo0o7zaZVWVtfWN8qbla3tnd09e/+go0QiMWljwYTsBUgRRjlpa6oZ6cWSoChgpBtMbjO/OyVSUcEf9CwmfoRGnIYUI22kgW3XPGH8LJ56PJnXBnbVqTs54DJxC1IFBVoD+8MbCpxEhGvMkFJ914m1nyKpKWZkXvESRWKEJ2hE+oZyFBHlp/nlc3hilCEMhTSPa5irPxMpipSaRYGZjJAeq79eJv7n9RMdXvkp5XGiCceLRWHCoBYwqwEOqSRYs5khCEtqboV4jCTC2pRVyUu4znDx/eVl0mnU3bP6+X2j2rwp6iiDI3AMToELLkET3IEWaAMMpuARPIMXK7WerFfrbTFasorMIfgF6/0LkRuTwA==</latexit>
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LHXN
<latexit sha1_base64="rXDOLhYE/uTC5GZo92w98MU2Gas=">AAAB8HicbVDLSsNAFL3xWeur6tLNYCu4KkkVH7uimy5EKtiHtKFMppN26MwkzEyEUvoVblwo4tbPceffmKRB1HrgwuGce7n3Hi/kTBvb/rQWFpeWV1Zza/n1jc2t7cLOblMHkSK0QQIeqLaHNeVM0oZhhtN2qCgWHqctb3SV+K0HqjQL5J0Zh9QVeCCZzwg2sXRfuka1XhvdlHqFol22U6B54mSkCBnqvcJHtx+QSFBpCMdadxw7NO4EK8MIp9N8N9I0xGSEB7QTU4kF1e4kPXiKDmOlj/xAxSUNStWfExMstB4LL+4U2Az1Xy8R//M6kfHP3QmTYWSoJLNFfsSRCVDyPeozRYnh45hgolh8KyJDrDAxcUb5NISLBKffL8+TZqXsHJdPbivF6mUWRw724QCOwIEzqEIN6tAAAgIe4RleLGU9Wa/W26x1wcpm9uAXrPcvstmPKw==</latexit>

SBL 
anomalies

Extended EW 
sectors

L eHN
<latexit sha1_base64="Wj2TBF4+6hQf4tVcaZwVcl0ng34=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXY1+OiCNilEIpgHJCHMzt4kQ2YfzMwqYdnCxl+xsVDE1o+w82+cTRZR44GBwzn3cOceJ+RMKsv6NHILi0vLK/nVwtr6xuaWub3TlEEkKDRowAPRdogEznxoKKY4tEMBxHM4tJzxReq3bkFIFvg3ahJCzyNDnw0YJUpLfbPYDbSdpuPLpHvHXFCMuxDXEnzVN0tW2ZoCzxM7IyWUod43P7puQCMPfEU5kbJjW6HqxUQoRjkkhW4kISR0TIbQ0dQnHshePD0iwftacfEgEPr5Ck/Vn4mYeFJOPEdPekSN5F8vFf/zOpEanPZi5oeRAp/OFg0ijlWA00awywRQxSeaECqY/iumIyIIVbq3wrSEsxTH3yfPk+Zh2T4qV64rpep5VkceFdEeOkA2OkFVVEN11EAU3aNH9IxejAfjyXg13majOSPL7KJfMN6/AG+ZmLo=</latexit>

 NSI

nu decay
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The seesaw mechanism
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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

   where ℳ = (
0 MD

MT
D MN) MD =

Y vEW

2

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

This is a matrix problem:

Type-I seesaw:
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Low Scale Seesaws
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 3 families of neutral leptons — new symmetries in MN

= lepton number violating

m1 =
µm2 � 2"0m⇤+ "02µ0

⇤2 � µµ0 .
<latexit sha1_base64="JzOeumqKePO61flifK2uMXricws="></latexit>

Approximate conservation of Lepton number  

Light neutrino masses proportional to LNV parameters

(L= -1)

(L= +1)

<latexit sha1_base64="91Dzx1kf+zvChu4PZxoKcAMbLrU="></latexit>

MN =

✓
µ0 ⇤
⇤ µ

◆

<latexit sha1_base64="PD0HWFY8hc33B6odEYKWiT0UDJQ=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmlldW19o7zpbm3v7O5V9g8eTZJpxpsskYluh9RwKRRvokDJ26nmNA4lb4Wjm6nfeuLaiEQ94DjlQUwHSkSCUbTSvdvNe5WqV/NmIMvEL0gVCjR6la9uP2FZzBUySY3p+F6KQU41Cib5xO1mhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugpyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNNxbQj+4svL5PGs5l/UvLvzav26iKMMR3AMp+DDJdThFhrQBAYDeIZXeHOk8+K8Ox/z1pJTzBzCHzifP9D4jX0=</latexit>

{ <latexit sha1_base64="B6HnhMjgFqPRt4AkBwgU7XUt7ek=">AAACCXicbVDLSgMxFM34rPVVdekmWIQKUmZE0Y1Q1IUboYJ9QGcsmfS2DU0yQ5IRSunWjb/ixoUibv0Dd/6NaTsLbT2XC4dz7iW5J4w508Z1v525+YXFpeXMSnZ1bX1jM7e1XdVRoihUaMQjVQ+JBs4kVAwzHOqxAiJCDrWwdznyaw+gNIvknenHEAjSkazNKDFWaubwTfMKn+OCwP7hqLAPsWY8kvd+rJiAg2Yu7xbdMfAs8VKSRynKzdyX34poIkAayonWDc+NTTAgyjDKYZj1Ew0xoT3SgYalkgjQwWB8yRDvW6WF25GyLQ0eq783BkRo3RehnRTEdPW0NxL/8xqJaZ8FAybjxICkk4faCccmwqNYcIspoIb3LSFUMftXTLtEEWpseFkbgjd98iypHhW9k6J7e5wvXaRxZNAu2kMF5KFTVELXqIwqiKJH9Ixe0Zvz5Lw4787HZHTOSXd20B84nz8lmJgf</latexit>

MD = (m ✏0)

�L⌫�mass �
1

2

�
⌫L N S

�
0

@
0 m "0

m µ0 ⇤
"0 ⇤ µ

1

A

0

@
⌫cL
N c

Sc

1

A + h.c. (1)

<latexit sha1_base64="wrgK/vUs/lT04hCf4g5Rw4+b7sM="></latexit>

LNV

<latexit sha1_base64="YYJO3yEAp39OH/vohRj2O23cICE=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF48RTAxklzA76U2GzMyu8xDCkt/w4kERr/6MN//GSbIHTSxoKKq66e6KM8608f1vr7Syura+Ud6sbG3v7O5V9w/aOrWKQoumPFWdmGjgTELLMMOhkykgIubwEI9upv7DEyjNUnlvxhlEggwkSxglxkmh6IXS4lAzAY+9as2v+zPgZRIUpIYKNHvVr7CfUitAGsqJ1t3Az0yUE2UY5TCphFZDRuiIDKDrqCQCdJTPbp7gE6f0cZIqV9Lgmfp7IidC67GIXacgZqgXvan4n9e1JrmKciYza0DS+aLEcmxSPA0A95kCavjYEUIVc7diOiSKUONiqrgQgsWXl0n7rB5c1P2781rjuoijjI7QMTpFAbpEDXSLmqiFKMrQM3pFb571Xrx372PeWvKKmUP0B97nD+0LkZw=</latexit>m⌫ '

Small neutrino masses.
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Low Scale Seesaws — two kinds of contributions
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

�L⌫�mass �
1

2

�
⌫L N S

�
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m µ0 ⇤
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1
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⌫cL
N c
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1
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

<latexit sha1_base64="qh5AJzcg+Myw6xFTFRcZp717XXk=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4KklR2+6KblxWtA9oh5JJM21okhmSjFCGfoIbF4q49Yvc+Tdm2goqeuDC4Zx7ufeeIBbcWIQ+vNzK6tr6Rn6zsLW9s7tX3D9omyjRlLVoJCLdDYhhgivWstwK1o01IzIQrBNMrjK/c8+04ZG6s9OY+ZKMFA85JdZJt32ZDIolVEYIYYxhRnD1AjlSr9cquAZxZjmUwBLNQfG9P4xoIpmyVBBjehjF1k+JtpwKNiv0E8NiQidkxHqOKiKZ8dP5qTN44pQhDCPtSlk4V79PpEQaM5WB65TEjs1vLxP/8nqJDWt+ylWcWKboYlGYCGgjmP0Nh1wzasXUEUI1d7dCOiaaUOvSKbgQvj6F/5N2pYzPy+jmrNS4XMaRB0fgGJwCDKqgAa5BE7QABSPwAJ7Asye8R+/Fe1205rzlzCH4Ae/tE6umjhA=</latexit>µ
�L⌫�mass �

1

2

�
⌫L N S

�
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@
0 m 0
m µ0 ⇤
0 ⇤ 0

1

A

0

@
⌫cL
N c

Sc

1

A + h.c. (1)

<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

µ0
<latexit sha1_base64="Nl/fEdTO7ncZL/RxxODvBLCHVWU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQlJTa3dFNy4r2Ac2sUymk3bozCTMTIQS+hduXCji1r9x5984aSuo6IELh3Pu5d57woRRpR3nw1paXlldWy9sFDe3tnd2S3v7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC8WXud+6JVDQWN3qSkICjoaARxUgb6dbn6Z2fSMpJv1R27Gql6tUd6Niu57q1M5grdc+tQNd2ZiiDBZr90rs/iHHKidCYIaV6rpPoIENSU8zItOiniiQIj9GQ9AwViBMVZLOLp/DYKAMYxdKU0HCmfp/IEFdqwkPTyZEeqd9eLv7l9VIdnQcZFUmqicDzRVHKoI5h/j4cUEmwZhNDEJbU3ArxCEmEtQmpaEL4+hT+T9oV2z21nWuv3LhYxFEAh+AInAAX1EADXIEmaAEMBHgAT+DZUtaj9WK9zluXrMXMAfgB6+0TIkCROQ==</latexit>

“Minimal Radiative Inverse Seesaw” (MRISS)“Inverse Seesaw” (ISS)
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Low Scale Seesaws — two kinds of contributions

�L⌫�mass �
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

<latexit sha1_base64="qh5AJzcg+Myw6xFTFRcZp717XXk=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4KklR2+6KblxWtA9oh5JJM21okhmSjFCGfoIbF4q49Yvc+Tdm2goqeuDC4Zx7ufeeIBbcWIQ+vNzK6tr6Rn6zsLW9s7tX3D9omyjRlLVoJCLdDYhhgivWstwK1o01IzIQrBNMrjK/c8+04ZG6s9OY+ZKMFA85JdZJt32ZDIolVEYIYYxhRnD1AjlSr9cquAZxZjmUwBLNQfG9P4xoIpmyVBBjehjF1k+JtpwKNiv0E8NiQidkxHqOKiKZ8dP5qTN44pQhDCPtSlk4V79PpEQaM5WB65TEjs1vLxP/8nqJDWt+ylWcWKboYlGYCGgjmP0Nh1wzasXUEUI1d7dCOiaaUOvSKbgQvj6F/5N2pYzPy+jmrNS4XMaRB0fgGJwCDKqgAa5BE7QABSPwAJ7Asye8R+/Fe1205rzlzCH4Ae/tE6umjhA=</latexit>µ
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

µ0
<latexit sha1_base64="Nl/fEdTO7ncZL/RxxODvBLCHVWU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQlJTa3dFNy4r2Ac2sUymk3bozCTMTIQS+hduXCji1r9x5984aSuo6IELh3Pu5d57woRRpR3nw1paXlldWy9sFDe3tnd2S3v7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC8WXud+6JVDQWN3qSkICjoaARxUgb6dbn6Z2fSMpJv1R27Gql6tUd6Niu57q1M5grdc+tQNd2ZiiDBZr90rs/iHHKidCYIaV6rpPoIENSU8zItOiniiQIj9GQ9AwViBMVZLOLp/DYKAMYxdKU0HCmfp/IEFdqwkPTyZEeqd9eLv7l9VIdnQcZFUmqicDzRVHKoI5h/j4cUEmwZhNDEJbU3ArxCEmEtQmpaEL4+hT+T9oV2z21nWuv3LhYxFEAh+AInAAX1EADXIEmaAEMBHgAT+DZUtaj9WK9zluXrMXMAfgB6+0TIkCROQ==</latexit>

“Minimal Radiative Inverse Seesaw” (MRISS)“Inverse Seesaw” (ISS)

<latexit sha1_base64="mNd7d7OvWh5rMkdlau0xMgcKgS8="></latexit> 
m2

D
µ0

⇤mD
µ0

⇤mD
µ0

⇤2

µ0

!
<latexit sha1_base64="lENd66LiDK9Z6kwtx82UOL2MoqA="></latexit>✓
⌫cL
Sc

◆<latexit sha1_base64="9juzBhyuziIU99Arqe3J0BI3yi4="></latexit> 
0 mD

mD
⇤2

µ

!
<latexit sha1_base64="ts55k8dezrkY0j9P3+MA2In1DQY="></latexit>✓
⌫cL
N c

◆

Integrate out S ( )μ → ∞ Integrate out N ( )μ′￼→ ∞
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Low Scale Seesaws — two kinds of contributions
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

<latexit sha1_base64="qh5AJzcg+Myw6xFTFRcZp717XXk=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4KklR2+6KblxWtA9oh5JJM21okhmSjFCGfoIbF4q49Yvc+Tdm2goqeuDC4Zx7ufeeIBbcWIQ+vNzK6tr6Rn6zsLW9s7tX3D9omyjRlLVoJCLdDYhhgivWstwK1o01IzIQrBNMrjK/c8+04ZG6s9OY+ZKMFA85JdZJt32ZDIolVEYIYYxhRnD1AjlSr9cquAZxZjmUwBLNQfG9P4xoIpmyVBBjehjF1k+JtpwKNiv0E8NiQidkxHqOKiKZ8dP5qTN44pQhDCPtSlk4V79PpEQaM5WB65TEjs1vLxP/8nqJDWt+ylWcWKboYlGYCGgjmP0Nh1wzasXUEUI1d7dCOiaaUOvSKbgQvj6F/5N2pYzPy+jmrNS4XMaRB0fgGJwCDKqgAa5BE7QABSPwAJ7Asye8R+/Fe1205rzlzCH4Ae/tE6umjhA=</latexit>µ
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<latexit sha1_base64="SAftwsSxPuxnJniS/Tcp0HjIj6E="></latexit>

µ0
<latexit sha1_base64="Nl/fEdTO7ncZL/RxxODvBLCHVWU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQlJTa3dFNy4r2Ac2sUymk3bozCTMTIQS+hduXCji1r9x5984aSuo6IELh3Pu5d57woRRpR3nw1paXlldWy9sFDe3tnd2S3v7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC8WXud+6JVDQWN3qSkICjoaARxUgb6dbn6Z2fSMpJv1R27Gql6tUd6Niu57q1M5grdc+tQNd2ZiiDBZr90rs/iHHKidCYIaV6rpPoIENSU8zItOiniiQIj9GQ9AwViBMVZLOLp/DYKAMYxdKU0HCmfp/IEFdqwkPTyZEeqd9eLv7l9VIdnQcZFUmqicDzRVHKoI5h/j4cUEmwZhNDEJbU3ArxCEmEtQmpaEL4+hT+T9oV2z21nWuv3LhYxFEAh+AInAAX1EADXIEmaAEMBHgAT+DZUtaj9WK9zluXrMXMAfgB6+0TIkCROQ==</latexit>

“Minimal Radiative Inverse Seesaw” (MRISS)“Inverse Seesaw” (ISS)

 N  N 

<latexit sha1_base64="7csmh8bJds0QEgHExOoLl0+3h28="></latexit>

mloop
⌫ ' ↵W

16⇡

m2
D

µ0 f(mZ ,mh, µ
0)

<latexit sha1_base64="lqvgQmA/DfniaLcrtQ8K2B9qbOs="></latexit>

m⌫ ' m2
D

⇤2
µ

Active-heavy mixing:


Light state:

<latexit sha1_base64="qkWeqhMEdptR8eG+kWR3dZ4V7Ss="></latexit>

|U↵4|2 ' m2
D

⇤2Active-heavy mixing:


Light state:

<latexit sha1_base64="TnWYHvj/yO8xXPax/xkLQU8Xv50="></latexit>

|U↵4|2 ' m2
Dµ2

⇤4

<latexit sha1_base64="mNd7d7OvWh5rMkdlau0xMgcKgS8="></latexit> 
m2

D
µ0

⇤mD
µ0

⇤mD
µ0

⇤2

µ0

!
<latexit sha1_base64="lENd66LiDK9Z6kwtx82UOL2MoqA="></latexit>✓
⌫cL
Sc

◆<latexit sha1_base64="9juzBhyuziIU99Arqe3J0BI3yi4="></latexit> 
0 mD

mD
⇤2

µ

!
<latexit sha1_base64="ts55k8dezrkY0j9P3+MA2In1DQY="></latexit>✓
⌫cL
N c

◆

Integrate out S ( )μ → ∞ Integrate out N ( )μ′￼→ ∞

(Holds provided #S = #N)



M. Hostert

Laboratory searches

8

Typically, long-lived particles.

Production and decay proceed via “weaker-than-weak” interactions.

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

N
x

<latexit sha1_base64="Y/BU5VycCgrWWZaAeBuFiWUduoA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KCURRY9FLx4r2KbYhrLZTtqlm03Y3Qil9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aysrq1vbBa2its7u3v7pYPDpk4yxbDBEpGoVkg1Ci6xYbgR2EoV0jgU6IfD26nvP6HSPJEPZpRiENO+5BFn1FjJ9yukUyGP3VLZrbozkGXi5aQMOerd0lenl7AsRmmYoFq3PTc1wZgqw5nASbGTaUwpG9I+ti2VNEYdjGfnTsipVXokSpQtachM/T0xprHWozi0nTE1A73oTcX/vHZmoutgzGWaGZRsvijKBDEJmf5OelwhM2JkCWWK21sJG1BFmbEJFW0I3uLLy6R5XvUuq+79Rbl2k8dRgGM4gTPw4ApqcAd1aACDITzDK7w5qfPivDsf89YVJ585gj9wPn8AklSOaQ==</latexit>

W, Z

<latexit sha1_base64="iQvCuhhDAiwm68fMJXALuuzcT2M=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBZBEEoiih6LXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmRSln2njet1NaWV1b3yhvVra2d3b33P2Dpk4yRWhAEp6odoQ15UzSwDDDaTtVFIuI01Y0up36rSeqNEvkgxmnNBR4IFnMCDZWCroiezzruVWv5s2AlolfkCoUaPTcr24/IZmg0hCOte74XmrCHCvDCKeTSjfTNMVkhAe0Y6nEguownx07QSdW6aM4UbakQTP190SOhdZjEdlOgc1QL3pT8T+vk5n4OsyZTDNDJZkvijOOTIKmn6M+U5QYPrYEE8XsrYgMscLE2HwqNgR/8eVl0jyv+Zc17/6iWr8p4ijDERzDKfhwBXW4gwYEQIDBM7zCmyOdF+fd+Zi3lpxi5hD+wPn8AXsPjnc=</latexit>

µ+

<latexit sha1_base64="ksPW5Yr5BFGthJwlsnGba5y7izw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtYeM3w==</latexit>

W
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Typically, long-lived particles.

Production and decay proceed via “weaker-than-weak” interactions.

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

N
x

<latexit sha1_base64="Y/BU5VycCgrWWZaAeBuFiWUduoA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KCURRY9FLx4r2KbYhrLZTtqlm03Y3Qil9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aysrq1vbBa2its7u3v7pYPDpk4yxbDBEpGoVkg1Ci6xYbgR2EoV0jgU6IfD26nvP6HSPJEPZpRiENO+5BFn1FjJ9yukUyGP3VLZrbozkGXi5aQMOerd0lenl7AsRmmYoFq3PTc1wZgqw5nASbGTaUwpG9I+ti2VNEYdjGfnTsipVXokSpQtachM/T0xprHWozi0nTE1A73oTcX/vHZmoutgzGWaGZRsvijKBDEJmf5OelwhM2JkCWWK21sJG1BFmbEJFW0I3uLLy6R5XvUuq+79Rbl2k8dRgGM4gTPw4ApqcAd1aACDITzDK7w5qfPivDsf89YVJ585gj9wPn8AklSOaQ==</latexit>

W, Z

<latexit sha1_base64="iQvCuhhDAiwm68fMJXALuuzcT2M=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBZBEEoiih6LXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmRSln2njet1NaWV1b3yhvVra2d3b33P2Dpk4yRWhAEp6odoQ15UzSwDDDaTtVFIuI01Y0up36rSeqNEvkgxmnNBR4IFnMCDZWCroiezzruVWv5s2AlolfkCoUaPTcr24/IZmg0hCOte74XmrCHCvDCKeTSjfTNMVkhAe0Y6nEguownx07QSdW6aM4UbakQTP190SOhdZjEdlOgc1QL3pT8T+vk5n4OsyZTDNDJZkvijOOTIKmn6M+U5QYPrYEE8XsrYgMscLE2HwqNgR/8eVl0jyv+Zc17/6iWr8p4ijDERzDKfhwBXW4gwYEQIDBM7zCmyOdF+fd+Zi3lpxi5hD+wPn8AXsPjnc=</latexit>

µ+

<latexit sha1_base64="ksPW5Yr5BFGthJwlsnGba5y7izw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtYeM3w==</latexit>

W

Missing mass in pion or kaon decays

<latexit sha1_base64="BXby2+SAS2T2Cp1mL3QmorcmbNs=">AAACDHicbVDLSsNAFL2pr1ofjbp0M1gEVzURRZdFN4IgFewDmlAm00k7dDIJMxOxhP6CP+BW/8CduPUf/AG/w2mbha0eGDiccy/3zAkSzpR2nC+rsLS8srpWXC9tbG5tl+2d3aaKU0log8Q8lu0AK8qZoA3NNKftRFIcBZy2guHVxG89UKlYLO71KKF+hPuChYxgbaSuXfYSdnzj6Rh5lHN027UrTtWZAv0lbk4qkKPetb+9XkzSiApNOFaq4zqJ9jMsNSOcjkteqmiCyRD3acdQgSOq/GwafIwOjdJDYSzNExpN1d8bGY6UGkWBmYywHqhFbyL+53VSHV74GRNJqqkgs0NhypH556QF1GOSEs1HhmAimcmKyABLTLTpau7K4yxqyRTjLtbwlzRPqu5Z1bk7rdQu84qKsA8HcAQunEMNrqEODSCQwjO8wKv1ZL1Z79bHbLRg5Tt7MAfr8wcN+prg</latexit>

⇡/K ! `N

NA62

N

ℓ+

K+
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Typically, long-lived particles.

Production and decay proceed via “weaker-than-weak” interactions.

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

N
x

<latexit sha1_base64="Y/BU5VycCgrWWZaAeBuFiWUduoA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KCURRY9FLx4r2KbYhrLZTtqlm03Y3Qil9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aysrq1vbBa2its7u3v7pYPDpk4yxbDBEpGoVkg1Ci6xYbgR2EoV0jgU6IfD26nvP6HSPJEPZpRiENO+5BFn1FjJ9yukUyGP3VLZrbozkGXi5aQMOerd0lenl7AsRmmYoFq3PTc1wZgqw5nASbGTaUwpG9I+ti2VNEYdjGfnTsipVXokSpQtachM/T0xprHWozi0nTE1A73oTcX/vHZmoutgzGWaGZRsvijKBDEJmf5OelwhM2JkCWWK21sJG1BFmbEJFW0I3uLLy6R5XvUuq+79Rbl2k8dRgGM4gTPw4ApqcAd1aACDITzDK7w5qfPivDsf89YVJ585gj9wPn8AklSOaQ==</latexit>

W, Z

<latexit sha1_base64="iQvCuhhDAiwm68fMJXALuuzcT2M=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBZBEEoiih6LXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmRSln2njet1NaWV1b3yhvVra2d3b33P2Dpk4yRWhAEp6odoQ15UzSwDDDaTtVFIuI01Y0up36rSeqNEvkgxmnNBR4IFnMCDZWCroiezzruVWv5s2AlolfkCoUaPTcr24/IZmg0hCOte74XmrCHCvDCKeTSjfTNMVkhAe0Y6nEguownx07QSdW6aM4UbakQTP190SOhdZjEdlOgc1QL3pT8T+vk5n4OsyZTDNDJZkvijOOTIKmn6M+U5QYPrYEE8XsrYgMscLE2HwqNgR/8eVl0jyv+Zc17/6iWr8p4ijDERzDKfhwBXW4gwYEQIDBM7zCmyOdF+fd+Zi3lpxi5hD+wPn8AXsPjnc=</latexit>

µ+

<latexit sha1_base64="ksPW5Yr5BFGthJwlsnGba5y7izw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtYeM3w==</latexit>

W

Decay-in-flight signatures in neutrino experiments

<latexit sha1_base64="BXby2+SAS2T2Cp1mL3QmorcmbNs=">AAACDHicbVDLSsNAFL2pr1ofjbp0M1gEVzURRZdFN4IgFewDmlAm00k7dDIJMxOxhP6CP+BW/8CduPUf/AG/w2mbha0eGDiccy/3zAkSzpR2nC+rsLS8srpWXC9tbG5tl+2d3aaKU0log8Q8lu0AK8qZoA3NNKftRFIcBZy2guHVxG89UKlYLO71KKF+hPuChYxgbaSuXfYSdnzj6Rh5lHN027UrTtWZAv0lbk4qkKPetb+9XkzSiApNOFaq4zqJ9jMsNSOcjkteqmiCyRD3acdQgSOq/GwafIwOjdJDYSzNExpN1d8bGY6UGkWBmYywHqhFbyL+53VSHV74GRNJqqkgs0NhypH556QF1GOSEs1HhmAimcmKyABLTLTpau7K4yxqyRTjLtbwlzRPqu5Z1bk7rdQu84qKsA8HcAQunEMNrqEODSCQwjO8wKv1ZL1Z79bHbLRg5Tt7MAfr8wcN+prg</latexit>

⇡/K ! `N N propagates N decays visibly

ND280 @T2K

π+, K+, D+

Target
 ℓ+

ν
N
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Heavy neutral lepton searches at neutrino experiments 
Decay in flight

ArgoNeuT T2K

Dimuons, also with MINOS ND 

reconstruction.

Unique sensitivity to tau flavor. All flavors, except tau.

Comprehensive search that benefits from 
B field. Will get even better with upgrade 
due to bigger low-density volume.

MicroBooNE

Search for  in BNB production, and 
recast of a  search from  
decays at the NuMI absorber.

N → μπ
e+e− KDAR → μN

Mostly muon flavor.
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Weak decays 

Heavy neutral lepton searches at neutrino experiments 
Decay in flight — low-mass region

<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

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

We also showed that previous 
limits from PS191 were

severely overestimated.


T2K and MicroBooNE provide

better limits.

BBN

http://arxiv.org/abs/2109.03831
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Heavy neutral lepton searches at neutrino experiments 
Decay in flight — future projections

DUNE 

M. Breitbach et al, arXiv:2102.03383

P. Ballett et al, arXiv:1905.00284

J. Berryman et al, arXiv:1912.07622

Sensitivity to neutrino mass models, 

mostly in pseudo-Dirac regions.

https://arxiv.org/pdf/2102.03383.pdf
https://arxiv.org/abs/1905.00284
https://arxiv.org/pdf/1912.07622.pdf
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 github.com/mhostert/Heavy-Neutrino-Limits

Limits on heavy neutrinos

Questions  mhostert@pitp.com→

SHIP

http://github.com/mhostert/Heavy-Neutrino-Limits
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Limits on heavy neutrinos



 github.com/mhostert/Heavy-Neutrino-Limits

Questions  mhostert@pitp.com→

http://github.com/mhostert/Heavy-Neutrino-Limits


S
†
S (H†

H)
<latexit sha1_base64="PaSpGo2/DFht8jzWT+dr2m80J0s=">AAACCHicbVDLSsNAFJ3UV62vqEsXDrZCBSlJXeiy6KbLSu0Dmlgmk0k6dDIJMxOhhC7d+CtuXCji1k9w5984fSBaPXDhcM693HuPlzAqlWV9Grml5ZXVtfx6YWNza3vH3N1ryzgVmLRwzGLR9ZAkjHLSUlQx0k0EQZHHSMcbXk38zh0Rksb8Ro0S4kYo5DSgGCkt9c3DUvPW8VEYEgGbEELntFz/Fuonpb5ZtCrWFPAvseekCOZo9M0Px49xGhGuMENS9mwrUW6GhKKYkXHBSSVJEB6ikPQ05Sgi0s2mj4zhsVZ8GMRCF1dwqv6cyFAk5SjydGeE1EAuehPxP6+XquDCzShPUkU4ni0KUgZVDCepQJ8KghUbaYKwoPpWiAdIIKx0dgUdgr348l/Srlbss4p1XS3WLudx5MEBOAJlYINzUAN10AAtgME9eATP4MV4MJ6MV+Nt1poz5jP74BeM9y+TbJcg</latexit>

Bµ⌫Xµ⌫
<latexit sha1_base64="lX1rLXAjQi+dawBooemmb9jTy8k=">AAACAHicbZC7TsMwFIadcivlFmBgYLFokZiqpAwwVmVhLBK9SE2IHNdprdpOZDtIVdSFV2FhACFWHoONt8FpM0DLL1n69J9zdHz+MGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyJFGBWko6lmpJ9IgnjISC+c3OT13iORisbiXk8T4nM0EjSiGGljBfZJrRVkHk89kc76DznBHGuBXXXqzlxwFdwCqqBQO7C/vGGMU06ExgwpNXCdRPsZkppiRmYVL1UkQXiCRmRgUCBOlJ/ND5jBc+MMYRRL84SGc/f3RIa4UlMemk6O9Fgt13Lzv9og1dG1n1GRpJoIvFgUpQzqGOZpwCGVBGs2NYCwpOavEI+RRFibzComBHf55FXoNuruZd25a1SbrSKOMjgFZ+ACuOAKNMEtaIMOwGAGnsEreLOerBfr3fpYtJasYuYY/JH1+QNWA5Y6</latexit>

X

Neutrino masses

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

L eHN
<latexit sha1_base64="Wj2TBF4+6hQf4tVcaZwVcl0ng34=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXY1+OiCNilEIpgHJCHMzt4kQ2YfzMwqYdnCxl+xsVDE1o+w82+cTRZR44GBwzn3cOceJ+RMKsv6NHILi0vLK/nVwtr6xuaWub3TlEEkKDRowAPRdogEznxoKKY4tEMBxHM4tJzxReq3bkFIFvg3ahJCzyNDnw0YJUpLfbPYDbSdpuPLpHvHXFCMuxDXEnzVN0tW2ZoCzxM7IyWUod43P7puQCMPfEU5kbJjW6HqxUQoRjkkhW4kISR0TIbQ0dQnHshePD0iwftacfEgEPr5Ck/Vn4mYeFJOPEdPekSN5F8vFf/zOpEanPZi5oeRAp/OFg0ijlWA00awywRQxSeaECqY/iumIyIIVbq3wrSEsxTH3yfPk+Zh2T4qV64rpep5VkceFdEeOkA2OkFVVEN11EAU3aNH9IxejAfjyXg13majOSPL7KJfMN6/AG+ZmLo=</latexit>

DARK SECTOR (DS)

L � �y
⌫
⇣
LH̃

⌘
N � MN

2
N cN + h.c.

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

New fundamental forces?

Neutrino portal

Portal:

(SM SINGLET)  X  (DS SINGLET)

Vector portal

Scalar portal

Heavy neutrinos 

Dark photons
<latexit sha1_base64="/s15BetjA/Vh9np8kN5QYYr71YQ=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tFqJeSiKLHoge9CBVNW2hD2Gy37dLNB7sbocQc/CtePCji1b/hzX/jts1BWx8MPN6bYWaeH3MmlWV9G4WFxaXlleJqaW19Y3PL3N5pyCgRhDok4pFo+VhSzkLqKKY4bcWC4sDntOkPL8d+84EKyaLwXo1i6ga4H7IeI1hpyTP3rrz07iZDHcUCKpFTsY+8tJV5ZtmqWhOgeWLnpAw56p751elGJAloqAjHUrZtK1ZuioVihNOs1EkkjTEZ4j5taxpivc1NJ/dn6FArXdSLhK5QoYn6eyLFgZSjwNedAVYDOeuNxf+8dqJ6527KwjhRNCTTRb2EIxWhcRioywQlio80wUQwfSsiAywwUTqykg7Bnn15njSOq/Zp1bo9Kdcu8jiKsA8HUAEbzqAG11AHBwg8wjO8wpvxZLwY78bHtLVg5DO78AfG5w9kSJUN</latexit>

GSM ⇥ U(1)X

Dark scalars
Scalar degrees of freedom

<latexit sha1_base64="qeCngoy3gbdLirM927XDqNwdymU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNgVRY9BLzlGNA9IljA7mU2GzM4uM71CCPkILx4U8er3ePNvnCR70MSChqKqm+6uIJHCoOt+Oyura+sbm7mt/PbO7t5+4eCwYeJUM15nsYx1K6CGS6F4HQVK3ko0p1EgeTMY3k395hPXRsTqEUcJ9yPaVyIUjKKVmo1S9Zw8nHULRbfszkCWiZeRImSodQtfnV7M0ogrZJIa0/bcBP0x1SiY5JN8JzU8oWxI+7xtqaIRN/54du6EnFqlR8JY21JIZurviTGNjBlFge2MKA7MojcV//PaKYY3/lioJEWu2HxRmEqCMZn+TnpCc4ZyZAllWthbCRtQTRnahPI2BG/x5WXSuCh7V2X3/rJYuc3iyMExnEAJPLiGClShBnVgMIRneIU3J3FenHfnY9664mQzR/AHzucPb4mOUg==</latexit>

V (H,S)



S
†
S (H†

H)
<latexit sha1_base64="PaSpGo2/DFht8jzWT+dr2m80J0s=">AAACCHicbVDLSsNAFJ3UV62vqEsXDrZCBSlJXeiy6KbLSu0Dmlgmk0k6dDIJMxOhhC7d+CtuXCji1k9w5984fSBaPXDhcM693HuPlzAqlWV9Grml5ZXVtfx6YWNza3vH3N1ryzgVmLRwzGLR9ZAkjHLSUlQx0k0EQZHHSMcbXk38zh0Rksb8Ro0S4kYo5DSgGCkt9c3DUvPW8VEYEgGbEELntFz/Fuonpb5ZtCrWFPAvseekCOZo9M0Px49xGhGuMENS9mwrUW6GhKKYkXHBSSVJEB6ikPQ05Sgi0s2mj4zhsVZ8GMRCF1dwqv6cyFAk5SjydGeE1EAuehPxP6+XquDCzShPUkU4ni0KUgZVDCepQJ8KghUbaYKwoPpWiAdIIKx0dgUdgr348l/Srlbss4p1XS3WLudx5MEBOAJlYINzUAN10AAtgME9eATP4MV4MJ6MV+Nt1poz5jP74BeM9y+TbJcg</latexit>

Bµ⌫Xµ⌫
<latexit sha1_base64="lX1rLXAjQi+dawBooemmb9jTy8k=">AAACAHicbZC7TsMwFIadcivlFmBgYLFokZiqpAwwVmVhLBK9SE2IHNdprdpOZDtIVdSFV2FhACFWHoONt8FpM0DLL1n69J9zdHz+MGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyJFGBWko6lmpJ9IgnjISC+c3OT13iORisbiXk8T4nM0EjSiGGljBfZJrRVkHk89kc76DznBHGuBXXXqzlxwFdwCqqBQO7C/vGGMU06ExgwpNXCdRPsZkppiRmYVL1UkQXiCRmRgUCBOlJ/ND5jBc+MMYRRL84SGc/f3RIa4UlMemk6O9Fgt13Lzv9og1dG1n1GRpJoIvFgUpQzqGOZpwCGVBGs2NYCwpOavEI+RRFibzComBHf55FXoNuruZd25a1SbrSKOMjgFZ+ACuOAKNMEtaIMOwGAGnsEreLOerBfr3fpYtJasYuYY/JH1+QNWA5Y6</latexit>

X

May feel new secret forces…

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

L eHN
<latexit sha1_base64="Wj2TBF4+6hQf4tVcaZwVcl0ng34=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXY1+OiCNilEIpgHJCHMzt4kQ2YfzMwqYdnCxl+xsVDE1o+w82+cTRZR44GBwzn3cOceJ+RMKsv6NHILi0vLK/nVwtr6xuaWub3TlEEkKDRowAPRdogEznxoKKY4tEMBxHM4tJzxReq3bkFIFvg3ahJCzyNDnw0YJUpLfbPYDbSdpuPLpHvHXFCMuxDXEnzVN0tW2ZoCzxM7IyWUod43P7puQCMPfEU5kbJjW6HqxUQoRjkkhW4kISR0TIbQ0dQnHshePD0iwftacfEgEPr5Ck/Vn4mYeFJOPEdPekSN5F8vFf/zOpEanPZi5oeRAp/OFg0ijlWA00awywRQxSeaECqY/iumIyIIVbq3wrSEsxTH3yfPk+Zh2T4qV64rpep5VkceFdEeOkA2OkFVVEN11EAU3aNH9IxejAfjyXg13majOSPL7KJfMN6/AG+ZmLo=</latexit>

...

Can these “leak” back to the SM?

DARK SECTOR (DS)

Neutrino portal

<latexit sha1_base64="PXWTx9hp/y/O/GWk/GERLHE9VK4="></latexit>

N cNS +N /XN
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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+

• Faster decays. 


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


• Missing energy.

K+ → μ+μ+π−



M. Hostert

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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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

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+

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

Long-lived HNLs Decaying in flight 
The role of new forces

ALP decays to e+e−

Main decay into real photons: unfortunately, 
no good for low-density detectors like 

ND280. 
 

Virtual photon rate is still competitive. 
Collimated e+e- a challenge, but B = 0.2 T 

makes the difference.

ALP decays to e+e−
Transition magnetic moment

N → νa → νe+e−
Relaxed BBN limits


HNLs can be long-lived in the Lab, but short-lived in the cosmos.

http://arxiv.org/abs/2109.03831


MiniBooNE coll., arXiv:2201.01724

?

?

Short-baseline anomalies

http://www.apple.com
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Short-baseline explanations 
Going beyond oscillations

Argüelles et al, arXiv:2111.10359

Argüelles et al, arXiv:2111.10359

See J. Kopp’s talk


Oscillations are not a good fit for global data,

however, I think it is too early to give up.


We are looking forward to future analyses by 

MicroBooNE as well as by the full SBN program.


Pheno analyses already show that we have not

fully been addressed by MicroBoonE yet (right ).→

https://arxiv.org/pdf/2111.10359.pdf
https://arxiv.org/pdf/2111.10359.pdf
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NF02 White Paper: arXiv:2203.07323. Questions (and complaints)  mhostert@pitp.com→
Table of explanations of 


the short-baseline anomalies 

https://arxiv.org/abs/2203.07323
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NF02 White Paper: arXiv:2203.07323. Questions (and complaints)  mhostert@pitp.com→

See 

J. Kopp’s talk

To be

tested 

Table of explanations of 

the short-baseline anomalies 

https://arxiv.org/abs/2203.07323
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<latexit sha1_base64="JOPAI7YxYlxi84ij3srHNiPxI9A="></latexit>

Dirac sterile neutrino visible decays:

S. Palomares-Ruiz et al, JHEP09(2005)048 
Z. Moss et al , PRD 97, 055017 (2018)
M. Dentler et al, PRD101(2020) 115013.
A. deGouvea et al, JHEP07(2020)141

Avoids tension with disappearance exps.

x

⌫4
<latexit sha1_base64="J584XnnDpOkU+VegKSp3KbXmvwA=">AAACAHicbVDLTsJAFJ3iC/GFunQzkZi4alpoAXdENy4xsUICDZkOU5gwnTYzUxPSsPEH3OofuDNu/RN/wO9wCsSIepKbnJxzb+69J0gYlcqyPozC2vrG5lZxu7Szu7d/UD48upNxKjDxcMxi0Q2QJIxy4imqGOkmgqAoYKQTTK5yv3NPhKQxv1XThPgRGnEaUoyUlrw+TwfOoFyxzIt6zbVdaJluvdloVDWpOpbr2tA2rTkqYIn2oPzZH8Y4jQhXmCEpe7aVKD9DQlHMyKzUTyVJEJ6gEelpylFEpJ/Nj53BM60MYRgLXVzBufpzIkORlNMo0J0RUmP528vF/7xeqsKmn1GepIpwvFgUpgyqGOafwyEVBCs21QRhQfWtEI+RQFjpfFa2BAJNiJqVFsHkqH/H8JfcVU27Zjo3TqV1uYyoCE7AKTgHNmiAFrgGbeABDCh4BE/g2XgwXoxX423RWjCWM8dgBcb7F1HLl28=</latexit>

x
x

I. Esteban talk at CERN

10.5281/zenodo.3509890.

⌫e
<latexit sha1_base64="hzUp6EbcwSa+FobhQXl2yr690io=">AAAB+3icbVDLSsNAFJ34rPUV69JNsBVclaSKj13RjcsK9gFNCJPppB06mQkzE7GE/IobF4q49Ufc+TdO0iBqPTBwOOce7p0TxJRIZdufxtLyyuraemWjurm1vbNr7tV6kicC4S7ilItBACWmhOGuIoriQSwwjAKK+8H0Ovf791hIwtmdmsXYi+CYkZAgqLTkm7WGy7Wfx1OXJT7OGr5Zt5t2AWuROCWpgxId3/xwRxwlEWYKUSjl0LFj5aVQKIIozqpuInEM0RSO8VBTBiMsvbS4PbOOtDKyQi70Y8oq1J+JFEZSzqJAT0ZQTeRfLxf/84aJCi+8lLA4UZih+aIwoZbiVl6ENSICI0VnmkAkiL7VQhMoIFK6rmpRwmWOs+8vL5Jeq+mcNE9vW/X2VVlHBRyAQ3AMHHAO2uAGdEAXIPAAHsEzeDEy48l4Nd7mo0tGmdkHv2C8fwERsJSY</latexit>
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No tension with disappearance:

MiniBooNE signal: 


 disappearance: 

|Uμ4 |2

νμ |Uμ4 |2

Decaying sterile neutrinos

Effective appearance without disappearance 

⌫e
<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>
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⌫e
<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

�
<latexit sha1_base64="RqzZ1ROo5F6nHiuxs0XPU6C3PaI=">AAAB63icbVDLSsNAFJ3UV62vqks3g0VwFZK2tnFXdOOygn1AG8pkOmmHzkzCzEQoob/gxoUibv0hd/6Nk7Tg88CFwzn3cu89Qcyo0o7zYRXW1jc2t4rbpZ3dvf2D8uFRV0WJxKSDIxbJfoAUYVSQjqaakX4sCeIBI71gdp35vXsiFY3EnZ7HxOdoImhIMdKZNIyndFSuOHbVqzW8OnTsptO8cBqGeF6jZohrOzkqYIX2qPw+HEc44URozJBSA9eJtZ8iqSlmZFEaJorECM/QhAwMFYgT5af5rQt4ZpQxDCNpSmiYq98nUsSVmvPAdHKkp+q3l4n/eYNEh56fUhEnmgi8XBQmDOoIZo/DMZUEazY3BGFJza0QT5FEWJt4SnkIlxm+Xv5LulXbrdn123qldbWKowhOwCk4By5ogha4AW3QARhMwQN4As8Wtx6tF+t12VqwVjPH4Aest0+qm47O</latexit>
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https://iopscience.iop.org/article/10.1088/1126-6708/2005/09/048
https://arxiv.org/abs/1711.05921
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115013
https://link.springer.com/article/10.1007/JHEP07(2020)141
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Dirac sterile neutrino visible decays:

S. Palomares-Ruiz et al, JHEP09(2005)048 
Z. Moss et al , PRD 97, 055017 (2018)
M. Dentler et al, PRD101(2020) 115013.
A. deGouvea et al, JHEP07(2020)141

Avoids tension with disappearance exps.
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<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

�
<latexit sha1_base64="RqzZ1ROo5F6nHiuxs0XPU6C3PaI=">AAAB63icbVDLSsNAFJ3UV62vqks3g0VwFZK2tnFXdOOygn1AG8pkOmmHzkzCzEQoob/gxoUibv0hd/6Nk7Tg88CFwzn3cu89Qcyo0o7zYRXW1jc2t4rbpZ3dvf2D8uFRV0WJxKSDIxbJfoAUYVSQjqaakX4sCeIBI71gdp35vXsiFY3EnZ7HxOdoImhIMdKZNIyndFSuOHbVqzW8OnTsptO8cBqGeF6jZohrOzkqYIX2qPw+HEc44URozJBSA9eJtZ8iqSlmZFEaJorECM/QhAwMFYgT5af5rQt4ZpQxDCNpSmiYq98nUsSVmvPAdHKkp+q3l4n/eYNEh56fUhEnmgi8XBQmDOoIZo/DMZUEazY3BGFJza0QT5FEWJt4SnkIlxm+Xv5LulXbrdn123qldbWKowhOwCk4By5ogha4AW3QARhMwQN4As8Wtx6tF+t12VqwVjPH4Aest0+qm47O</latexit>

⌫4
<latexit sha1_base64="J584XnnDpOkU+VegKSp3KbXmvwA=">AAACAHicbVDLTsJAFJ3iC/GFunQzkZi4alpoAXdENy4xsUICDZkOU5gwnTYzUxPSsPEH3OofuDNu/RN/wO9wCsSIepKbnJxzb+69J0gYlcqyPozC2vrG5lZxu7Szu7d/UD48upNxKjDxcMxi0Q2QJIxy4imqGOkmgqAoYKQTTK5yv3NPhKQxv1XThPgRGnEaUoyUlrw+TwfOoFyxzIt6zbVdaJluvdloVDWpOpbr2tA2rTkqYIn2oPzZH8Y4jQhXmCEpe7aVKD9DQlHMyKzUTyVJEJ6gEelpylFEpJ/Nj53BM60MYRgLXVzBufpzIkORlNMo0J0RUmP528vF/7xeqsKmn1GepIpwvFgUpgyqGOafwyEVBCs21QRhQfWtEI+RQFjpfFa2BAJNiJqVFsHkqH/H8JfcVU27Zjo3TqV1uYyoCE7AKTgHNmiAFrgGbeABDCh4BE/g2XgwXoxX423RWjCWM8dgBcb7F1HLl28=</latexit>

x

⌫4
<latexit sha1_base64="J584XnnDpOkU+VegKSp3KbXmvwA=">AAACAHicbVDLTsJAFJ3iC/GFunQzkZi4alpoAXdENy4xsUICDZkOU5gwnTYzUxPSsPEH3OofuDNu/RN/wO9wCsSIepKbnJxzb+69J0gYlcqyPozC2vrG5lZxu7Szu7d/UD48upNxKjDxcMxi0Q2QJIxy4imqGOkmgqAoYKQTTK5yv3NPhKQxv1XThPgRGnEaUoyUlrw+TwfOoFyxzIt6zbVdaJluvdloVDWpOpbr2tA2rTkqYIn2oPzZH8Y4jQhXmCEpe7aVKD9DQlHMyKzUTyVJEJ6gEelpylFEpJ/Nj53BM60MYRgLXVzBufpzIkORlNMo0J0RUmP528vF/7xeqsKmn1GepIpwvFgUpgyqGOafwyEVBCs21QRhQfWtEI+RQFjpfFa2BAJNiJqVFsHkqH/H8JfcVU27Zjo3TqV1uYyoCE7AKTgHNmiAFrgGbeABDCh4BE/g2XgwXoxX423RWjCWM8dgBcb7F1HLl28=</latexit>

x
x

I. Esteban talk at CERN

10.5281/zenodo.3509890.

⌫e
<latexit sha1_base64="hzUp6EbcwSa+FobhQXl2yr690io=">AAAB+3icbVDLSsNAFJ34rPUV69JNsBVclaSKj13RjcsK9gFNCJPppB06mQkzE7GE/IobF4q49Ufc+TdO0iBqPTBwOOce7p0TxJRIZdufxtLyyuraemWjurm1vbNr7tV6kicC4S7ilItBACWmhOGuIoriQSwwjAKK+8H0Ovf791hIwtmdmsXYi+CYkZAgqLTkm7WGy7Wfx1OXJT7OGr5Zt5t2AWuROCWpgxId3/xwRxwlEWYKUSjl0LFj5aVQKIIozqpuInEM0RSO8VBTBiMsvbS4PbOOtDKyQi70Y8oq1J+JFEZSzqJAT0ZQTeRfLxf/84aJCi+8lLA4UZih+aIwoZbiVl6ENSICI0VnmkAkiL7VQhMoIFK6rmpRwmWOs+8vL5Jeq+mcNE9vW/X2VVlHBRyAQ3AMHHAO2uAGdEAXIPAAHsEzeDEy48l4Nd7mo0tGmdkHv2C8fwERsJSY</latexit>

⌫e
<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

No tension with disappearance:

MiniBooNE signal: 


 disappearance: 

|Uμ4 |2

νμ |Uμ4 |2

Decaying sterile neutrinos

Effective appearance without disappearance 

https://iopscience.iop.org/article/10.1088/1126-6708/2005/09/048
https://arxiv.org/abs/1711.05921
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115013
https://link.springer.com/article/10.1007/JHEP07(2020)141
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⌫e<latexit sha1_base64="hzUp6EbcwSa+FobhQXl2yr690io=">AAAB+3icbVDLSsNAFJ34rPUV69JNsBVclaSKj13RjcsK9gFNCJPppB06mQkzE7GE/IobF4q49Ufc+TdO0iBqPTBwOOce7p0TxJRIZdufxtLyyuraemWjurm1vbNr7tV6kicC4S7ilItBACWmhOGuIoriQSwwjAKK+8H0Ovf791hIwtmdmsXYi+CYkZAgqLTkm7WGy7Wfx1OXJT7OGr5Zt5t2AWuROCWpgxId3/xwRxwlEWYKUSjl0LFj5aVQKIIozqpuInEM0RSO8VBTBiMsvbS4PbOOtDKyQi70Y8oq1J+JFEZSzqJAT0ZQTeRfLxf/84aJCi+8lLA4UZih+aIwoZbiVl6ENSICI0VnmkAkiL7VQhMoIFK6rmpRwmWOs+8vL5Jeq+mcNE9vW/X2VVlHBRyAQ3AMHHAO2uAGdEAXIPAAHsEzeDEy48l4Nd7mo0tGmdkHv2C8fwERsJSY</latexit>

Nuclear fusion cauldron of the Sun massively overwhelms antineutrino emission at MeV energies: 

R. A. Malaney et al, Atrophy’s. J 352 767 (1990) 


Long-lived isotopes:        for  MeV

Photo-fission:                  for  MeV


For comparison, .


Φνe
∼ 200 ν/cm2/s Eν ≲ 3

Φνe
∼ 10−3 ν/cm2/s Eν ∼ 3 − 9

Φ8B ∼ 5 × 106 ν/cm2/s

https://adsabs.harvard.edu/full/1990ApJ...352..767M
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⌫e<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

⌫4<latexit sha1_base64="sLD6jbx3MEwQC6liVg75MHaRCSE=">AAAB7nicbVDLSsNAFJ34rPVVdelmsBVchaQJSd0V3bisYB/QhjKZTtuhk0mYmQgl9CPcuFDErd/jzr9xkhbxdeDC4Zx7ufeeMGFUKsv6MNbWNza3tks75d29/YPDytFxR8apwKSNYxaLXogkYZSTtqKKkV4iCIpCRrrh7Dr3u/dESBrzOzVPSBChCadjipHSUrc24OnQrQ0rVcv0fMdq1KFlOo7t+p4mnuf6tgtt0ypQBSu0hpX3wSjGaUS4wgxJ2betRAUZEopiRhblQSpJgvAMTUhfU44iIoOsOHcBz7UyguNY6OIKFur3iQxFUs6jUHdGSE3lby8X//P6qRo3gozyJFWE4+WiccqgimH+OxxRQbBic00QFlTfCvEUCYSVTqhchHCZw/t6+S/p1E3bMd3berV5tYqjBE7BGbgANvBBE9yAFmgDDGbgATyBZyMxHo0X43XZumasZk7ADxhvn81xj14=</latexit>

e+
<latexit sha1_base64="dIBecrqGtlEyGLS7H3O11RPvuwk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBosgCCXR4mNXdOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwsLi0vFJcLa2tb2xulbd3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xlep336gUrFQ3OlJRN0ADwXzGcHaSLf0/qhfrthVOwOaJ05OKpCj0S9/9AYhiQMqNOFYqa5jR9pNsNSMcDot9WJFI0zGeEi7hgocUOUm2alTdGCUAfJDaUpolKk/JxIcKDUJPNMZYD1Sf71U/M/rxto/dxMmolhTQWaL/JgjHaL0bzRgkhLNJ4ZgIpm5FZERlphok04pC+Eixen3y/OkdVx1Tqq1m1qlfpnHUYQ92IdDcOAM6nANDWgCgSE8wjO8WNx6sl6tt1lrwcpnduEXrPcv/SyNvg==</latexit>

8Be<latexit sha1_base64="bUKZVZR5jzO/I1n+V+NFgm7q2Gs=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUSL1lupF48V7AeksWy2k3bp5oPdiVhCf4YXD4p49dd489+4TYOo9cHA470ZZuZ5seAKLevTWFpeWV1bL2wUN7e2d3ZLe/ttFSWSQYtFIpJdjyoQPIQWchTQjSXQwBPQ8cZXM79zD1LxKLzFSQxuQIch9zmjqCXnrtZDeMC0AdN+qWxVrAzmIrFzUiY5mv3SR28QsSSAEJmgSjm2FaObUomcCZgWe4mCmLIxHYKjaUgDUG6anTw1j7UyMP1I6grRzNSfEykNlJoEnu4MKI7UX28m/uc5Cfo1N+VhnCCEbL7IT4SJkTn73xxwCQzFRBPKJNe3mmxEJWWoUypmIVzOcP798iJpn1bss0r1plquN/I4CuSQHJETYpMLUifXpElahJGIPJJn8mKg8WS8Gm/z1iUjnzkgv2C8fwFiFZF2</latexit>

8B<latexit sha1_base64="jw8IRBFdVjB61vPjuAyH/USv520=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0m0aL2VevFYwX5gG8tmu2mXbjZhdyKW0H/hxYMiXv033vw3btIian0w8Hhvhpl5XiS4Btv+tHJLyyura/n1wsbm1vZOcXevpcNYUdakoQhVxyOaCS5ZEzgI1okUI4EnWNsbX6Z++54pzUN5A5OIuQEZSu5zSsBIt3fVHrAHSOrTfrFkl+0MeJE4c1JCczT6xY/eIKRxwCRQQbTuOnYEbkIUcCrYtNCLNYsIHZMh6xoqScC0m2QXT/GRUQbYD5UpCThTf04kJNB6EnimMyAw0n+9VPzP68bgV92EyygGJulskR8LDCFO38cDrhgFMTGEUMXNrZiOiCIUTEiFLISLFGffLy+S1knZOS1XriulWn0eRx4doEN0jBx0jmroCjVQE1Ek0SN6Ri+Wtp6sV+tt1pqz5jP76Bes9y+gI5EH</latexit>

⌫e<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

e+
<latexit sha1_base64="dIBecrqGtlEyGLS7H3O11RPvuwk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBosgCCXR4mNXdOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwsLi0vFJcLa2tb2xulbd3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xlep336gUrFQ3OlJRN0ADwXzGcHaSLf0/qhfrthVOwOaJ05OKpCj0S9/9AYhiQMqNOFYqa5jR9pNsNSMcDot9WJFI0zGeEi7hgocUOUm2alTdGCUAfJDaUpolKk/JxIcKDUJPNMZYD1Sf71U/M/rxto/dxMmolhTQWaL/JgjHaL0bzRgkhLNJ4ZgIpm5FZERlphok04pC+Eixen3y/OkdVx1Tqq1m1qlfpnHUYQ92IdDcOAM6nANDWgCgSE8wjO8WNx6sl6tt1lrwcpnduEXrPcv/SyNvg==</latexit>

�IBD � �⌫�e
<latexit sha1_base64="pN+ItgyRSAqqmHShE2QC84VV9Bk=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4sUy1+NiV6kJ3FewDOqVk0sw0NMkMSUYow3yAG3/FjQtF3PoB7vwbM9NS1HogcDjnXG7ucUNGlbbtLyu3sLi0vJJfLaytb2xuFbd3WiqIJCZNHLBAdlykCKOCNDXVjHRCSRB3GWm7o8vUb98TqWgg7vQ4JD2OfEE9ipE2Ur9YchT1OerHjuTwpn6VQMf34UwU0RFJTMou2xngPKlMSQlM0egXP51BgCNOhMYMKdWt2KHuxUhqihlJCk6kSIjwCPmka6hAnKhenB2TwAOjDKAXSPOEhpn6cyJGXKkxd02SIz1Uf71U/M/rRto778VUhJEmAk8WeRGDOoBpM3BAJcGajQ1BWFLzV4iHSCKsTX+FrISLFKezk+dJ67hcOSlXb6ulWn1aRx7sgX1wCCrgDNTANWiAJsDgATyBF/BqPVrP1pv1PonmrOnMLvgF6+MbIb2bLg==</latexit>

⌫e + p+ ! e+ + n
<latexit sha1_base64="8pFwlXgK+nYZ1D1Liq+0lWr+gjA=">AAACEXicbVDLSgMxFM3UV62vqks3g0UoWMpUi49d0Y3LCvYBnbFk0jttaCYZkoxQhv6CG3/FjQtF3Lpz59+YaYuo9ZBcDufcS3KPHzGqtON8WpmFxaXllexqbm19Y3Mrv73TVCKWBBpEMCHbPlbAKIeGpppBO5KAQ59Byx9epn7rDqSigt/oUQReiPucBpRgbaRuvugKY6fTicvjLozd0qFbim5NcbVwS5Ayc0xrwSk7E9jzpDIjBTRDvZv/cHuCxCFwTRhWqlNxIu0lWGpKGIxzbqwgwmSI+9AxlOMQlJdMNhrbB0bp2YGQ5nJtT9SfEwkOlRqFvukMsR6ov14q/ud1Yh2ceQnlUayBk+lDQcxsLew0HrtHJRDNRoZgIqn5q00GWGKiTYi5SQjnKU6+V54nzaNy5bhcva4WahezOLJoD+2jIqqgU1RDV6iOGoige/SIntGL9WA9Wa/W27Q1Y81mdtEvWO9fhhKcSA==</latexit>

IBD has small backgrounds and much 
larger cross section than nu-e elastic!

When produced,        undergoes 

matter-suppressed flavor transitions.

⌫e
<latexit sha1_base64="VDnys4S9gP/UQybCGlhr4eELI6Y=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRItPnZFNy4r2Ac0IUymk3boZCbMTAol9E/cuFDErX/izr9xkgZR64GBwzn3cO+cMGFUacf5tCorq2vrG9XN2tb2zu6evX/QVSKVmHSwYEL2Q6QIo5x0NNWM9BNJUBwy0gsnt7nfmxKpqOAPepYQP0YjTiOKkTZSYNueMHaezjyeBmQe2HWn4RSAy8QtSR2UaAf2hzcUOI0J15ghpQauk2g/Q1JTzMi85qWKJAhP0IgMDOUoJsrPisvn8MQoQxgJaR7XsFB/JjIUKzWLQzMZIz1Wf71c/M8bpDq68jPKk1QTjheLopRBLWBeAxxSSbBmM0MQltTcCvEYSYS1KatWlHCd4+L7y8uke9ZwzxvN+2a9dVPWUQVH4BicAhdcgha4A23QARhMwSN4Bi9WZj1Zr9bbYrRilZlD8AvW+xdRvpQ+</latexit>
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S.J. Li et al, Nucl.Phys.B 944(2019)114661

https://doi.org/10.1016/j.nuclphysb.2019.114661
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3

A simultaneous explanation of LSND and MiniBooNE 
is in tension with Solar antineutrino searches.


Improvement expected at JUNO and SK-Gd:        

S.J. Li et al, Nucl.Phys.B 944(2019)114661

➤ Massless scalars would not decay to antineutrinos, but would 

also predict light neutrino decays. For ,


➤ Majorana neutrinos are even more strongly constrained due to 

 decay.  

➤ Sterile decay may proceed via higher-dimensional operators: 

, or , which do not necessarily require 
mixing with electron sector, predicting no production of sterile 
in the Sun.


m1 = 0

ν4 → νeϕ

ϕ(LH)2 ϕ(LH)νs

e +
<latexit sha1_base64="dIBecrqGtlEyGLS7H3O11RPvuwk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBosgCCXR4mNXdOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwsLi0vFJcLa2tb2xulbd3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xlep336gUrFQ3OlJRN0ADwXzGcHaSLf0/qhfrthVOwOaJ05OKpCj0S9/9AYhiQMqNOFYqa5jR9pNsNSMcDot9WJFI0zGeEi7hgocUOUm2alTdGCUAfJDaUpolKk/JxIcKDUJPNMZYD1Sf71U/M/rxto/dxMmolhTQWaL/JgjHaL0bzRgkhLNJ4ZgIpm5FZERlphok04pC+Eixen3y/OkdVx1Tqq1m1qlfpnHUYQ92IdDcOAM6nANDWgCgSE8wjO8WNx6sl6tt1lrwcpnduEXrPcv/SyNvg==</latexit>

e+
<latexit sha1_base64="dIBecrqGtlEyGLS7H3O11RPvuwk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBosgCCXR4mNXdOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwsLi0vFJcLa2tb2xulbd3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xlep336gUrFQ3OlJRN0ADwXzGcHaSLf0/qhfrthVOwOaJ05OKpCj0S9/9AYhiQMqNOFYqa5jR9pNsNSMcDot9WJFI0zGeEi7hgocUOUm2alTdGCUAfJDaUpolKk/JxIcKDUJPNMZYD1Sf71U/M/rxto/dxMmolhTQWaL/JgjHaL0bzRgkhLNJ4ZgIpm5FZERlphok04pC+Eixen3y/OkdVx1Tqq1m1qlfpnHUYQ92IdDcOAM6nANDWgCgSE8wjO8WNx6sl6tt1lrwcpnduEXrPcv/SyNvg==</latexit>

<latexit sha1_base64="SBIBjAxwI8xcPt3g3qGUVMWEgqQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rGFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WV1bX1jfJmZWt7Z3evun/waJJMM+6zRCa6HVLDpVDcR4GSt1PNaRxK3gpHt1O/9cS1EYl6wHHKg5gOlIgEo2glv6uy3nmvWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1Moyug1yoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luvu/UWtcVPEUYYjOIZT8OAKGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDijuOgQ==</latexit>⌫3

<latexit sha1_base64="aWvaSpAW3BvbqOfUnr7h8FmWkfg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ76ms7/WrNbfuzkFWiVeQGhRo9qtfvUHCspgrZJIa0/XcFIOcahRM8mmllxmeUjamQ961VNGYmyCfHzslZ1YZkCjRthSSufp7IqexMZM4tJ0xxZFZ9mbif143w+gmyIVKM+SKLRZFmSSYkNnnZCA0ZygnllCmhb2VsBHVlKHNp2JD8JZfXiWti7p3VXcfLmuN2yKOMpzAKZyDB9fQgHtogg8MBDzDK7w5ynlx3p2PRWvJKWaO4Q+czx+HM45/</latexit>⌫1
<latexit sha1_base64="ziYKqf75JOSJNNeYopQwz5Dv44k=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ76msb/rVmlt35yCrxCtIDQo0+9Wv3iBhWcwVMkmN6XpuikFONQom+bTSywxPKRvTIe9aqmjMTZDPj52SM6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQT5EKlGXLFFouiTBJMyOxzMhCaM5QTSyjTwt5K2IhqytDmU7EheMsvr5LWRd27qrsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/rO47B</latexit>⌫s

<latexit sha1_base64="AhEHfUET/ETonWMtjGcOfJYkXkc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJfROJsmQ2dlhZjYQlnyEFw+KePV7vPk3TpI9aLSgoajqprsrUoIb6/tfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx3dxvTZg2PJGPdqpYGONQ8gGnaJ3U6k5QqxHvlSt+1V+A/CVBTiqQo94rf3b7CU1jJi0VaEwn8JUNM9SWU8FmpW5qmEI6xiHrOCoxZibMFufOyJlT+mSQaFfSkoX6cyLD2JhpHLnOGO3IrHpz8T+vk9rBTZhxqVLLJF0uGqSC2ITMfyd9rhm1YuoIUs3drYSOUCO1LqGSCyFYffkvaV5Ug6uq/3BZqd3mcRThBE7hHAK4hhrcQx0aQGEMT/ACr57ynr03733ZWvDymWP4Be/jG3ycj6o=</latexit>'

NH:

IH:

A. deGouvea et al, JHEP07(2020)141
S. Palomares-Ruiz et al, JHEP09(2005)048

https://doi.org/10.1016/j.nuclphysb.2019.114661
https://link.springer.com/article/10.1007/JHEP07(2020)141
https://iopscience.iop.org/article/10.1088/1126-6708/2005/09/048
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Resonant matter effects

Quasi-sterile neutrinos D.S. M. Alves et al  arXiv: 2201.00876

Quasi-sterile neutrinos with large interactions with matter.


Challenging to find a UV model yet with such large potentials.

Not discussed:

Same resonance appears in the air: , 
interesting particularly for  and . at IceCube.

ERES
ν = 300 GeV

νμ → νμ νμ → ντ

https://arxiv.org/pdf/2201.00876.pdf
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Transition magnetic moments

Now in upscattering 

Transition magnetic moment in scattering.

⌫h
<latexit sha1_base64="VP/35wqFiuWJp3MqSR4+yPClgF0=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF0xbaUCbTSTt0MgnzEEroyg9wq5/gTtz6JX6Bv+GkzcK2Hhg4nHNfc8KUM6Vd99spra1vbG6Vtys7u3v7B9XDo5ZKjCTUJwlPZCfEinImqK+Z5rSTSorjkNN2OL7L/fYTlYol4lFPUhrEeChYxAjWVvJ7wvRH/WrNrbszoFXiFaQGBZr96k9vkBATU6EJx0p1PTfVQYalZoTTaaVnFE0xGeMh7VoqcExVkM2OnaIzqwxQlEj7hEYz9W9HhmOlJnFoK2OsR2rZy8X/vK7R0U2QMZEaTQWZL4oMRzpB+c/RgElKNJ9Ygolk9lZERlhiom0+C1vy2VJFamqT8ZZzWCWti7p3WXcfrmqN2yKjMpzAKZyDB9fQgHtogg8EGLzAK7w5z8678+F8zktLTtFzDAtwvn4BChuYBw==</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>

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>

S. Gninenko, [arXiv:0902.3802],

S. Gninenko, [arXiv:1201.5194], 


M.Masip et al, [arXiv:1210.1519], 

G. Magill et al, [arXiv:1803.03262],  

Vergani et al, [arXiv:2105.06470], 


Luis Alvarez-Ruso et al [arXiv:2111.02504]


Vergani et al, [arXiv:2105.06470], 


d =
μν

2

Also goes by the name of dipole operator:

https://arxiv.org/abs/0902.3802
https://arxiv.org/abs/1201.5194
https://arxiv.org/abs/1803.03262
https://arxiv.org/abs/2105.06470
https://arxiv.org/abs/2111.02504
https://arxiv.org/abs/2105.06470
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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]

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

<latexit sha1_base64="XVe5KM71HqTpW9Y/SjIBv8uBBGs=">AAACLXicjVDLSsNAFJ3xWeurVXduBlvBVUnrQpdFNy4r2Ac0pUwmk3boZBJmbqQ15F/c6savcSGIW3/DJO3CioIHBg7n3Dv3cJxQCgOW9YZXVtfWNzYLW8Xtnd29/VL5oGOCSDPeZoEMdM+hhkuheBsESN4LNae+I3nXmVxnfveeayMCdQezkA98OlLCE4xCKg1LR1VbRVE4jG3gUzAsdpOkOixV6jUrB/mbVNACrWEZY9sNWORzBUxSY/p1K4RBTDUIJnlStCPDQ8omdMT7KVXU52YQ5/ETcpoqLvECnT4FJFe/b8TUN2bmO+mkT2FsfnqZ+JvXj8C7HMRChRFwxeaHvEgSCEjWBXGF5gzkLCWUaZFmJWxMNWWQNrZ0JftbG88khCzpMM0i5/L/Sus0avXzmnXbqDSvFvUV0DE6QWeoji5QE92gFmojhh7QI3pCz/gFv+J3/DEfXcGLnUO0BPz5Bdd1p5k=</latexit>

Xµ
<latexit sha1_base64="uUkCKImmTvXy5ab1znLbICKtIWQ=">AAACHnicjVDLSgMxFE3qq9ZXq0s3wVZwVWbqQpdFNy4r2Ae0Q8mkmTY0mRmSO2IZ+hFudePXuBO3+jdmpl1YUfBA4HDOfZxcP5bCgON84sLa+sbmVnG7tLO7t39Qrhx2TJRoxtsskpHu+dRwKULeBgGS92LNqfIl7/rT68zv3nNtRBTewSzmnqLjUASCUbBSt9YbDlRSG5arbt3JQf4mVbREa1jBeDCKWKJ4CExSY/quE4OXUg2CST4vDRLDY8qmdMz7loZUceOled45ObXKiASRti8EkqvfO1KqjJkp31YqChPz08vE37x+AsGll4owToCHbLEoSCSBiGSfJyOhOQM5s4QyLWxWwiZUUwb2RCtbstnaBGZOyIoOD1nkXP7f0TqNunted24b1ebV8nxFdIxO0Bly0QVqohvUQm3E0BQ9oif0jF/wK37D74vSAl72HKEV4I8vOsehDQ==</latexit>

�
<latexit sha1_base64="cY1FuAj3acAMW1ZLE/z5h2nt5WY=">AAACHXicjVDLSgMxFE181vpqdekm2Aquykxd6LLoxmUF+4B2KJk008ZmMkNyRyxD/8Gtbvwad+JW/Bsz0y6sKHggcDjnPk6uH0thwHE+8crq2vrGZmGruL2zu7dfKh+0TZRoxlsskpHu+tRwKRRvgQDJu7HmNPQl7/iTq8zv3HNtRKRuYRpzL6QjJQLBKFipXe03x6I6KFXcmpOD/E0qaIHmoIxxfxixJOQKmKTG9FwnBi+lGgSTfFbsJ4bHlE3oiPcsVTTkxkvzuDNyYpUhCSJtnwKSq987UhoaMw19WxlSGJufXib+5vUSCC68VKg4Aa7YfFGQSAIRyf5OhkJzBnJqCWVa2KyEjammDOyFlrZks7UJzIyQJR0essi5/L+jtes196zm3NQrjcvF+QroCB2jU+Sic9RA16iJWoihO/SIntAzfsGv+A2/z0tX8KLnEC0Bf3wBRxigiw==</latexit>

N
<latexit sha1_base64="F1OzdVCM2rKCahUY2rv0FnGnw/s=">AAACGnicjVDLTgIxFL3FF+ILdOmmEUxckQEXuiS6cWUwyiOBCemUDjR0OpO2YyQTPsGtbvwad8atG//GzsBCjCaepMnJOfdxer1IcG0c5xPlVlbX1jfym4Wt7Z3dvWJpv63DWFHWoqEIVdcjmgkuWctwI1g3UowEnmAdb3KZ+p17pjQP5Z2ZRswNyEhyn1NirHRbua4MiuVa1cmA/yZlWKA5KCHUH4Y0Dpg0VBCtezUnMm5ClOFUsFmhH2sWETohI9azVJKAaTfJss7wsVWG2A+VfdLgTP3ekZBA62ng2cqAmLH+6aXib14vNv65m3AZxYZJOl/kxwKbEKcfx0OuGDViagmhitusmI6JItTY8yxtSWcr7esZxku6eUgjZ/L/jtauV2unVeemXm5cLM6Xh0M4ghOowRk04Aqa0AIKI3iEJ3hGL+gVvaH3eWkOLXoOYAno4wvP2p8+</latexit>

<latexit sha1_base64="37+AsDeg1aJpiX/SYXKCZBVFLwA="></latexit>

y
⌫(LH)N +MNNN + yNN⌫D�+MX⌫DL⌫DR

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>

⌫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]

Energy

Angle

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 neutrinos 
Scalar mediators 

No t-channel singularity for 
scalar exchange. Cross section 

goes down in energy.
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N

H′￼

H′￼

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

In addition to e+e-, scalars can also have

a large BR into , mimicking a  γγ π0

ℒ ⊃ κH′￼FμνFμν

Several models proposed with connections

to  and flavor anomalies.(g − 2)μ

Angular distribution is broader.

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
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Dark neutrinos

Heavy neutrinos interacting via the dark photon

A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, in progress

Upcoming: DarkNews, a fast MC generator for new physics in neutrino-nucleus scattering.

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

Heavy neutrinos interacting via the dark photon

A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, in progress
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MiniBooNE  fits to a model with 1 and 2 Dark Neutrinos.Ereco
ν

Upcoming: DarkNews, a fast MC generator for new physics in neutrino-nucleus scattering.

                          Including vector, scalar, and dipole mediators. Models with up to 3 HNLs.
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Pseudo single photons at ν detectors: 
More info soon w/ NOvA and MINERvA?

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

⌫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>

N

⌫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>

P. de Barbaro, doi.org/10.1063/1.43269

9 NC/NC observed on a background of

Double-bangs: scatter + decay. 
Searched for at CCFR (1990).

Future opportunity for IceCube and DUNE,

[P. Coloma et al, arxiv:2105.09357]

Models with upscattering signatures

Other predictions

No nuclear model — how important are non-QE non-COH 
contributions? 

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
⌫h

<latexit sha1_base64="VP/35wqFiuWJp3MqSR4+yPClgF0=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF0xbaUCbTSTt0MgnzEEroyg9wq5/gTtz6JX6Bv+GkzcK2Hhg4nHNfc8KUM6Vd99spra1vbG6Vtys7u3v7B9XDo5ZKjCTUJwlPZCfEinImqK+Z5rSTSorjkNN2OL7L/fYTlYol4lFPUhrEeChYxAjWVvJ7wvRH/WrNrbszoFXiFaQGBZr96k9vkBATU6EJx0p1PTfVQYalZoTTaaVnFE0xGeMh7VoqcExVkM2OnaIzqwxQlEj7hEYz9W9HhmOlJnFoK2OsR2rZy8X/vK7R0U2QMZEaTQWZL4oMRzpB+c/RgElKNJ9Ygolk9lZERlhiom0+C1vy2VJFamqT8ZZzWCWti7p3WXcfrmqN2yKjMpzAKZyDB9fQgHtogg8EGLzAK7w5z8678+F8zktLTtFzDAtwvn4BChuYBw==</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>

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>

http://doi.org/10.1063/1.43269
https://arxiv.org/abs/2105.09357
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Z 0
<latexit sha1_base64="0c1uOGl/s+tfwlCBZtZrvE4qz04=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx0j4+n3VLZrbhTkEXi5aQMOWrd0lenF7M0QmmYoFq3PTcxfkaV4UzguNhJNSaUDWkf25ZKGqH2s+mpY3JslR4JY2VLGjJVf09kNNJ6FAW2M6JmoOe9ifif105NeOVnXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZtO0Ybgzb+8SBpnFe+i4t6dl6vXeRwFOIQjOAEPLqEKt1CDOjDowzO8wpsjnBfn3fmYtS45+cwB/IHz+QPlZI2K</latexit>

e+

<latexit sha1_base64="pFOaLSffckw9FGhr7XMq9InBfrc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSSi6LHoxWNF+wFtLJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVa6x8fTbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTUMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5G/S4wqZESNLKFPc3krYgCrKjE2naEPw5l9eJI2zindRce/Oy9XrPI4CHMIRnIAHl1CFW6hBHRj04Rle4c0Rzovz7nzMWpecfOYA/sD5/AHobI2M</latexit>

e�

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

N

Z 0
<latexit sha1_base64="isO4O4s0vgYtyH71TnlBlRZ5D2w=">AAAB8HicbVBNS8NAEN3Ur1q/qh69BIvgqSSi6LHoxWMF+yFtKJvtpF26uwm7E7GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCkc3U7/1CNrwWN3jOIFA0oHiEWcUrfTQRXjCrB5OeuWKV/VmcJeJn5MKyVHvlb+6/ZilEhQyQY3p+F6CQUY1ciZgUuqmBhLKRnQAHUsVlWCCbHbwxD2xSt+NYm1LoTtTf09kVBozlqHtlBSHZtGbiv95nRSjqyDjKkkRFJsvilLhYuxOv3f7XANDMbaEMs3trS4bUk0Z2oxKNgR/8eVl0jyr+hdV7+68UrvO4yiSI3JMTolPLkmN3JI6aRBGJHkmr+TN0c6L8+58zFsLTj5zSP7A+fwBKB2Qow==</latexit>

Pb

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

N
<latexit sha1_base64="4W7KDbL/wB27FoZf/wBFUCmvpIU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKr7D5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AG1Aj6A=</latexit>⌫µ

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

N

P0D PbPb GArTPC 1 GArTPC 2 GArTPC 3

F 
G 
D

<latexit sha1_base64="4W7KDbL/wB27FoZf/wBFUCmvpIU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKr7D5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AG1Aj6A=</latexit>⌫µ
ECAL

<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�

<latexit sha1_base64="b4UkB2p+EhgG1cNnhae9EkGQSoI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOepMhM7PLzGwghHyEFw+KePV7vPk3TpI9aLSgoajqprsrSgU31ve/vMLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6m/utMWrDE/VoJymGkg4Ujzmj1kmtrpaEq3GvXPGr/gLkLwlyUoEc9V75s9tPWCZRWSaoMZ3AT204pdpyJnBW6mYGU8pGdIAdRxWVaMLp4twZOXNKn8SJdqUsWag/J6ZUGjORkeuU1A7NqjcX//M6mY1vwilXaWZRseWiOBPEJmT+O+lzjcyKiSOUae5uJWxINWXWJVRyIQSrL/8lzYtqcFX1Hy4rtds8jiKcwCmcQwDXUIN7qEMDGIzgCV7g1Uu9Z+/Ne1+2Frx85hh+wfv4Bh3Cj2w=</latexit>

inv

C. Arguelles, MH, N. Foppiani, in preparation.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
See also, Vedran Brdar et al, arXiv:2007.14411

Constrains events with no hadronic activity at 
vertex and HNLs w/ finite lifetimes.

Heavy lead plates 

+ Gaseous Argon modules 

+ Magnetic field to separate e+e−

Upscattering in dense neutrino detectors  
T2K near detector (ND280)
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Z 0
<latexit sha1_base64="0c1uOGl/s+tfwlCBZtZrvE4qz04=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx0j4+n3VLZrbhTkEXi5aQMOWrd0lenF7M0QmmYoFq3PTcxfkaV4UzguNhJNSaUDWkf25ZKGqH2s+mpY3JslR4JY2VLGjJVf09kNNJ6FAW2M6JmoOe9ifif105NeOVnXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZtO0Ybgzb+8SBpnFe+i4t6dl6vXeRwFOIQjOAEPLqEKt1CDOjDowzO8wpsjnBfn3fmYtS45+cwB/IHz+QPlZI2K</latexit>

e+

<latexit sha1_base64="pFOaLSffckw9FGhr7XMq9InBfrc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSSi6LHoxWNF+wFtLJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVa6x8fTbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTUMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5G/S4wqZESNLKFPc3krYgCrKjE2naEPw5l9eJI2zindRce/Oy9XrPI4CHMIRnIAHl1CFW6hBHRj04Rle4c0Rzovz7nzMWpecfOYA/sD5/AHobI2M</latexit>

e�

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

N

Z 0
<latexit sha1_base64="isO4O4s0vgYtyH71TnlBlRZ5D2w=">AAAB8HicbVBNS8NAEN3Ur1q/qh69BIvgqSSi6LHoxWMF+yFtKJvtpF26uwm7E7GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmFldW19o7hZ2tre2d0r7x80TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCkc3U7/1CNrwWN3jOIFA0oHiEWcUrfTQRXjCrB5OeuWKV/VmcJeJn5MKyVHvlb+6/ZilEhQyQY3p+F6CQUY1ciZgUuqmBhLKRnQAHUsVlWCCbHbwxD2xSt+NYm1LoTtTf09kVBozlqHtlBSHZtGbiv95nRSjqyDjKkkRFJsvilLhYuxOv3f7XANDMbaEMs3trS4bUk0Z2oxKNgR/8eVl0jyr+hdV7+68UrvO4yiSI3JMTolPLkmN3JI6aRBGJHkmr+TN0c6L8+58zFsLTj5zSP7A+fwBKB2Qow==</latexit>

Pb

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

N
<latexit sha1_base64="4W7KDbL/wB27FoZf/wBFUCmvpIU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKr7D5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AG1Aj6A=</latexit>⌫µ

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

N

P0D PbPb GArTPC 1 GArTPC 2 GArTPC 3

F 
G 
D

<latexit sha1_base64="4W7KDbL/wB27FoZf/wBFUCmvpIU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKr7D5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AG1Aj6A=</latexit>⌫µ
ECAL

<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�

<latexit sha1_base64="b4UkB2p+EhgG1cNnhae9EkGQSoI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOepMhM7PLzGwghHyEFw+KePV7vPk3TpI9aLSgoajqprsrSgU31ve/vMLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6m/utMWrDE/VoJymGkg4Ujzmj1kmtrpaEq3GvXPGr/gLkLwlyUoEc9V75s9tPWCZRWSaoMZ3AT204pdpyJnBW6mYGU8pGdIAdRxWVaMLp4twZOXNKn8SJdqUsWag/J6ZUGjORkeuU1A7NqjcX//M6mY1vwilXaWZRseWiOBPEJmT+O+lzjcyKiSOUae5uJWxINWXWJVRyIQSrL/8lzYtqcFX1Hy4rtds8jiKcwCmcQwDXUIN7qEMDGIzgCV7g1Uu9Z+/Ne1+2Frx85hh+wfv4Bh3Cj2w=</latexit>

inv

C. Arguelles, MH, N. Foppiani, in preparation.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
See also, Vedran Brdar et al, arXiv:2007.14411

Constrains events with no hadronic activity at 
vertex and HNLs w/ finite lifetimes.

Lifetime 

parameters

Precludes any signature of upscattering at 
other existing neutrino experiments for

 cτ ≳ 10 − 15 cm

Heavy lead plates 

+ Gaseous Argon modules 

+ Magnetic field to separate e+e−

Upscattering in dense neutrino detectors  
T2K near detector (ND280)
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⌫↵

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>
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⌫⌧
<latexit sha1_base64="+HjoapzyurlEnlbNHpdEkLued0M=">AAAB8XicbVA9TwJBEJ3DL8Qv1NLmIphYkTsstCTaWGIiYOQuZG/Zgw17e5fdWRNC+Bc2Fhpj67+x89+4wBUKvmSSl/dmMjMvygTX6HnfTmFtfWNzq7hd2tnd2z8oHx61dWoUZS2ailQ9REQzwSVrIUfBHjLFSBIJ1olGNzO/88SU5qm8x3HGwoQMJI85JWilx2ogTS9AYqq9csWreXO4q8TPSQVyNHvlr6CfUpMwiVQQrbu+l2E4IQo5FWxaCoxmGaEjMmBdSyVJmA4n84un7plV+m6cKlsS3bn6e2JCEq3HSWQ7E4JDvezNxP+8rsH4KpxwmRlkki4WxUa4mLqz990+V4yiGFtCqOL2VpcOiSIUbUglG4K//PIqaddr/kXNu6tXGtd5HEU4gVM4Bx8uoQG30IQWUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/AOz7kGo=</latexit>
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<latexit sha1_base64="ZOgxshW59XEiIIrqdPXDU90PhQg=">AAACKXicbVDLSsNAFJ2pr1pfrS4VCRZBEEoiiC6Lbly2aB/QxjKZTNqhk0mYmYghdOnSrX6EP9DfcKduXfoTTpsuTOuBC4dz7uXee5yQUalM8xPmlpZXVtfy64WNza3tnWJptymDSGDSwAELRNtBkjDKSUNRxUg7FAT5DiMtZ3g98VsPREga8DsVh8T2UZ9Tj2KktHQb3p/2imWzYk5hLBJrRsrVg3H95+lwXOuVYLHrBjjyCVeYISk7lhkqO0FCUczIqNCNJAkRHqI+6WjKkU+knUxvHRnHWnENLxC6uDKm6t+JBPlSxr6jO32kBnLem4j/eZ1IeZd2QnkYKcJxusiLmKECY/K44VJBsGKxJggLqm818AAJhJWOJ7PlMT01o4WDWFIss6LU3w+IOyroDK35xBZJ86xinVfMulWuXoEUebAPjsAJsMAFqIIbUAMNgEEfPIMX8Arf4Dv8gF9paw7OZvZABvD7F3Orqps=</latexit>

p+

New generation of Liquid Argon detectors at Fermilab can search for (e+e-) events and will test MiniBooNE results.

Track

1S1T - mock example

Some total rates for the model for  POT with a BP of  MeV and  MeV (before efficiencies):6 × 1020 m4 = 420 mZ′￼
= 30

SBND:  16,800 events /112 t @ 110 m baseline

MicroBooNE:  715 event /87 t @ 470 m baseline

Icarus:  2,401 events /476 t @ 600 m baseline

 scaling really helps the rate at LAr experiments.Z2

Upscattering in dense neutrino detectors  
Searches for e+e- at the SBN program



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 Short-baseline puzzle remains unsolved. 


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


Experiment-theory collaboration is currently of utmost importance:


Theorists can start by providing new tools (MC generators, databases, theory-exp maps).

 
Experimentalists can continue to provide data releases (and more data).


