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The sun
through a neutrino lens
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Two stories…
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Flavor composition of solar neutrinos

Atmospheric neutrinos and the solar cycle

…of how we can better 
understand the sun



Solar neutrinos and Flavor 
Composition
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2020 (proj.): IC 8 yr (99.7% C.R.)

2015 (99.7% C.L.)

2040 (proj.): IC 15 yr + Gen2 10 yr (99.7% C.R.)

2015 (99.7% C.L.)

2040 (proj.): Combined n telescopes (99.7% C.R.)

2015 (99.7% C.L.)

Standard oscillations, NO
All regions 99.7% C.R.

2020: NuFit 5.0
2040: JUNO

+ DUNE
+ HK

p decay: (1 : 2 : 0)S

µ-damped: (0 : 1 : 0)S

n decay: (1 : 0 : 0)S
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First, a word on flavor composition…

4Song et al [2012.12893]

•At very high energies, IceCube can 
differentiate between all neutrino flavors.

•With enough precision (2040 + beyond?) 
this can be used for better understanding 
of oscillation physics and/or the sources of 
astrophysical neutrinos.

https://arxiv.org/abs/2012.12893


For low-energy solar neutrinos,

5

<latexit sha1_base64="32ZdN/b3NRKi/W05pqpEPE9oE7c=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCq5JIUZdFEVxWsBdoQphMJ+3QmUmYi1BCX8CNr+LGhSJu3bvzbZy2WWjrDwMf/zmHM+ePM0aV9rxvZ2l5ZXVtvbRR3tza3tl19/ZbKjUSkyZOWSo7MVKEUUGammpGOpkkiMeMtOPh9aTefiBS0VTc61FGQo76giYUI22tyD3mEYEBY/AmCoSZEo/ygJtxwYFGJnIrXtWbCi6CX0AFFGpE7lfQS7HhRGjMkFJd38t0mCOpKWZkXA6MIhnCQ9QnXYsCcaLCfHrNGJ5YpweTVNonNJy6vydyxJUa8dh2cqQHar42Mf+rdY1OLsOcisxoIvBsUWIY1CmcRAN7VBKs2cgCwpLav0I8QBJhbQMs2xD8+ZMXoXVW9c+rtbtapX5VxFECh+AInAIfXIA6uAUN0AQYPIJn8ArenCfnxXl3PmatS04xcwD+yPn8ASOVmwA=</latexit>

me → Eω → mµ → mε
How do we distinguish flavor?

One handle: neutrino/electron scattering —
<latexit sha1_base64="uE4VSi3RWp4FOGv0AG/tUc1b6hw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj77Mej6KdIi9csWtunOQVeLlpAI5Gr3yl99PaBYzaahArbuem5pggspwKti05GeapUhHOGBdSyXGTAeT+cVTcmaVPokSZUsaMld/T0ww1noch7YzRjPUy95M/M/rZia6DiZcpplhki4WRZkgJiGz90mfK0aNGFuCVHF7K6FDVEiNDalkQ/CWX14lrYuqd1mt3dcq9Zs8jiKcwCmcgwdXUIc7aEATKEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/ofGQ5w==</latexit>ωω

<latexit sha1_base64="uE4VSi3RWp4FOGv0AG/tUc1b6hw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj77Mej6KdIi9csWtunOQVeLlpAI5Gr3yl99PaBYzaahArbuem5pggspwKti05GeapUhHOGBdSyXGTAeT+cVTcmaVPokSZUsaMld/T0ww1noch7YzRjPUy95M/M/rZia6DiZcpplhki4WRZkgJiGz90mfK0aNGFuCVHF7K6FDVEiNDalkQ/CWX14lrYuqd1mt3dcq9Zs8jiKcwCmcgwdXUIc7aEATKEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/ofGQ5w==</latexit>ωω

<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e→
<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e→



For low-energy solar neutrinos,
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me → Eω → mµ → mε
How do we distinguish flavor?

One handle: neutrino/electron scattering —
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<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e→
<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e→

<latexit sha1_base64="uE4VSi3RWp4FOGv0AG/tUc1b6hw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj77Mej6KdIi9csWtunOQVeLlpAI5Gr3yl99PaBYzaahArbuem5pggspwKti05GeapUhHOGBdSyXGTAeT+cVTcmaVPokSZUsaMld/T0ww1noch7YzRjPUy95M/M/rZia6DiZcpplhki4WRZkgJiGz90mfK0aNGFuCVHF7K6FDVEiNDalkQ/CWX14lrYuqd1mt3dcq9Zs8jiKcwCmcgwdXUIc7aEATKEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/ofGQ5w==</latexit>ωω
<latexit sha1_base64="uE4VSi3RWp4FOGv0AG/tUc1b6hw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj77Mej6KdIi9csWtunOQVeLlpAI5Gr3yl99PaBYzaahArbuem5pggspwKti05GeapUhHOGBdSyXGTAeT+cVTcmaVPokSZUsaMld/T0ww1noch7YzRjPUy95M/M/rZia6DiZcpplhki4WRZkgJiGz90mfK0aNGFuCVHF7K6FDVEiNDalkQ/CWX14lrYuqd1mt3dcq9Zs8jiKcwCmcgwdXUIc7aEATKEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/ofGQ5w==</latexit>ωω

<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e→
<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e→

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e→

<latexit sha1_base64="EcQn5WfyRYTBIzO9tP883hwFCtg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedm7KFfuKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6giNkQ==</latexit>

e→
<latexit sha1_base64="v8ikMZtY7GBiWVslKkmCswwlNIU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsr+Z3HfiIG1Zpbd3OgVeIVpAYFWoPqV38Yk1RQaQjHWvc8NzFBhpVhhNNZpZ9qmmAywSPas1RiQXWQ5cfO0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UhNdBxmTSWqoJItFUcqRidH8czRkihLDp5Zgopi9FZExVpgYm0/FhuAtv7xK2hd177LeuG/UmjdFHGU4gVM4Bw+uoAl30AIfCDB4hld4c6Tz4rw7H4vWklPMHMMfOJ8/t2aOow==</latexit>

W±

<latexit sha1_base64="tP2YFMf+gMNDfo/0wVRp6GqFjVw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZn1sV+tuXV3DrJKvILUoECzX/3qDRKWxSgNE1TrruemJsipMpwJnFZ6mcaUsjEdYtdSSWPUQT4/dkrOrDIgUaJsSUPm6u+JnMZaT+LQdsbUjPSyNxP/87qZiW6CnMs0MyjZYlGUCWISMvucDLhCZsTEEsoUt7cSNqKKMmPzqdgQvOWXV0nrou5d1S8fLmuN2yKOMpzAKZyDB9fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx/Xn464</latexit>ωe

<latexit sha1_base64="tP2YFMf+gMNDfo/0wVRp6GqFjVw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZn1sV+tuXV3DrJKvILUoECzX/3qDRKWxSgNE1TrruemJsipMpwJnFZ6mcaUsjEdYtdSSWPUQT4/dkrOrDIgUaJsSUPm6u+JnMZaT+LQdsbUjPSyNxP/87qZiW6CnMs0MyjZYlGUCWISMvucDLhCZsTEEsoUt7cSNqKKMmPzqdgQvOWXV0nrou5d1S8fLmuN2yKOMpzAKZyDB9fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx/Xn464</latexit>ωe



Not a new concept!
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SNO Collaboration, [nucl-ex/0204008]

PDG

https://arxiv.org/abs/nucl-ex/0204008


What about muon-vs-tau flavor?
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Overall shift, and spectral features!

KJK et al [2407.03174]

https://arxiv.org/abs/2407.03174


Can Borexino observe this?

9(proxy for recoil electron energy)

very subtle differences in a real 
experimental environment

KJK et al [2407.03174]

https://arxiv.org/abs/2407.03174


Borexino measuring muon/tau components
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Converting into flavor triangles,
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KJK et al [2407.03174]

•Despite its incredible precision, Borexino 
(or even Borexino x 30) cannot weigh in on 
the muon-vs.-tau flavor composition.

•Larger exposures could help in 
differentiating between unitary/non-unitary 
oscillations.

•We would need O(3000x) exposure to fully 
differentiate among flavors :(

https://arxiv.org/abs/2407.03174


The solar cycle, laundered 
through the atmosphere

12



Why Atmospheric Neutrinos?

13Vitagliano et al [1910.11878]

https://arxiv.org/abs/1910.11878


CP Violation in Atmospheric Neutrinos

14

CP-violating term in (vacuum) oscillation probability:

Challenge: making these all  simultaneously!𝒪(1)

Δ3j

Δ21
≈ 30



CP Violation in Atmospheric Neutrinos
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DUNE Atmospherics



Measuring CP Violation

16

Details:
Simulate neutrino-argon interactions with event generators

Use realistic atmospheric fluxes (Honda et al 1502.03916)

Account for uncertainties of atmospheric neutrino fluxes 
40% normalization, 5% e/μ ratio, 2% nu/nubar ratio, ± 0.2 spectral distortion coefficient

Realistic LArTPC capabilities 
Δp = 5%, 5%, 10%, Δθ = 5º, 5º, 10º, for e, μ, p, Kp = 30 MeV

Classify events by final state topology (number of protons)

3

Up-going atmospheric neutrinos that traverse the
Earth may go through an MSW resonance [16, 17] in
the solar sector, maximizing oscillations between ⌫e and
⌫µ,⌧ , when

�m2
21 cos ✓12 = 2

p
2EGF ne, (2)

where GF is the Fermi constant, and ne is the electron
number density. In the solar sector, the MSW resonance
happens only for neutrinos, not for antineutrinos, as ob-
served in oscillation of neutrinos produced in the Sun. We
will focus on the ⌫e ! ⌫e oscillation dependence on the
zenith angle, shown as black curves in the di↵erent pan-
els of Fig. 1. In the crust (upper panel, �0.44 < cos ✓z),
mantle (middle panel, �0.84 < cos ✓z < �0.44) and core
(bottom panel, cos ✓z < �0.84), the MSW resonant en-
ergies are found to be around 180, 130, and 50 MeV,
respectively. Although this energy in Earth’s core is be-
low 100 MeV, another type of resonance occurs about
E ⇠ 170 MeV, a parametric resonance [18, 19, 24]. A
parametric resonance happens when changes to the mat-
ter density profile occur on the same scale as the neutrino
oscillation length. The phenomenon is analogous to a
resonant spring oscillator. Note that, due to the near-
maximal value of ✓23, ⌫e oscillates approximately equally
into ⌫µ and ⌫⌧ .

The CP -violating and matter e↵ects displayed in Fig. 1
show that the �CP e↵ect is broad in neutrino energy, but
there are large variations of oscillation curves for di↵er-
ent zenith angles. Therefore, the precise reconstruction
of the neutrino energy will not be as important as the
determination of the incoming neutrino direction for the
measurement of �CP . LArTPCs have excellent energy
resolution and tracking reconstruction, and hence the in-
coming neutrino direction may be determined by consid-
ering the full event topology in charged current quasi-
elastic events, ⌫`n ! `�p+. In the next Section, we will
discuss the details of our simulation of sub-GeV atmo-
spheric neutrinos and how we take the nuclear physics
e↵ects into account.

III. SIMULATION DETAILS

To simulate the atmospheric neutrino flux at sub-GeV
energies, we use Ref. [36]. The atmospheric neutrinos
flux for a given flavor is parameterized by

�↵(E) = �↵,0 f↵(E)

✓
E

E0

◆�

, (3)

where f↵(E) gives the shape of the neutrino energy spec-
trum for each flavor; �↵,0 is the normalization of flavor
↵ = ⌫e, ⌫µ, ⌫̄e; ⌫̄µ, E0 is an arbitrary reference energy; and
� accounts for spectral distortions. To account for un-
knowns on the meson production in the atmosphere, we
consider systematic uncertainties on the following quanti-
ties (see Supplemental Material for details): overall nor-
malization (40%); the ratio re between ⌫e and ⌫µ fluxes

n

p

µ�⌫µ

n

p

µ�⌫µ
Nucleus

FIG. 2. Pictorial representations of a neutrino scattering on
a free nucleon (left) and the e↵ect of intra-nuclear cascades
(right).

(5%); the ratio r⌫ between neutrinos and antineutrinos
fluxes (2%); and the spectral distortion parameter � with
0.2 absolute uncertainty.

Neutrino events in DUNE will be classified by topol-
ogy. We consider events with a charged lepton (electrons
or muons) and up to 2 outgoing protons and no pions,
namely CC-Np0⇡ (N = 0, 1, 2). The interaction of neu-
trinos scattering on argon was modeled with the NuWro
event generator [37]. This is an important step as recoiled
nucleons may re-interact still inside the nucleus, a process
typically referred to as final state interactions or intra-
nuclear cascades. A pictorial representation of neutrino
scattering on free nucleons and the e↵ect of intra-nuclear
cascades is shown in Fig. 2. To account for detector re-
sponse, a cut on the minimum proton kinetic energy of
30 MeV was implemented [22]. Momentum resolutions of
5%, 5% and 10% for electrons, muons and protons were
assumed [38] as well as conservative angular resolutions
of 5�, 5� and 10�, respectively [39].

We define two observables: the deposited energy Edep

(the sum of the energy of all detected particles) and de-
posited energy direction ✓z. For example, in a CC-2p0⇡

event we would have Edep = E` + K(1)
p + K(2)

p , where
Kp indicates the proton kinetic energy. The direction
is simply the direction of the sum all outgoing charged
particles 3-momenta. Besides the imperfect detector re-
sponse, intra-nuclear cascades e↵ects and outgoing neu-
trons (which we consider to always go undetected) can af-
fect distribution of Edep and ✓z. We find that the largest
contribution to the spread in deposited energy and direc-
tion arrives from intra-nuclear cascades [37]. A similar
technique was proposed in Refs. [40, 41] to improve the
DUNE sensitivity for dark matter annihilation in the Sun
using pointing.

To evaluate the experimental sensitivity to �CP , we
have calculated the oscillation probabilities for �1 

cos ✓z  1 and 100 MeV  E⌫  1 GeV, assuming the
PREM Earth Density Model [35] and fixing all oscilla-
tion parameters but �CP to (sin2 ✓12, sin

2 ✓13, sin
2 ✓23) =

(0.31, 0.0224, 0.58), �m2
21 = 7.39 ⇥ 10�5 eV2, and

�m2
31 = +2.53 ⇥ 10�3 eV2, see Ref. [42]. Throughout

this manuscript we assume an exposure of 400 kton-year.
For these values of the oscillation parameters, we expect
O(4000) ⌫e events, O(5000) ⌫µ events, and O(1000) ⌫e

and ⌫µ events each. The majority of ⌫ (⌫) events are of

KJK et al [1904.02751]

Goal: determine the measurement capability of 
10 years’ (400 kt-yr) data collection with DUNE, 

contrasted with beam measurements

https://arxiv.org/abs/1904.02751
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The Sun’s 11-year 
Solar Cycle
Downward-going neutrino flux at 
a location is tied to the rigidity of 
the magnetic field there —lower 
rigidity means that lower-energy 

protons can contribute to the 
neutrino flux at that location

Lower-energy CRs — more 
variance over the course of the 

solar cycle (11 years)

KJK et al [2304.04689]

https://arxiv.org/abs/2304.04689


Up- vs. Down-going Fluxes

18

DUNE

HK
JUNO

Upward-going flux comes from a 
huge range of latitudes/longitudes, 

and is subject to oscillations

Downward-going flux at each detector 
location won’t oscillate (much) and can 

vary a lot depending on latitude

Is this effect measurable? Is it robust if we 
consider different oscillation parameters, etc.?

Uncertainty on oscillation parameters (today’s knowledge): NuFit

http://www.nu-fit.org/?q=node/256


Fluxes at Detector Locations
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Downward-going fluxes vary significantly based on detector location — significant modulation.  

Upward fluxes look very similar because they sample all over the globe (plus oscillations)



Fluxes at Detector Locations
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Fluxes at Detector Locations
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Event-rate Modulation
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KJK et al [2304.04689]

https://arxiv.org/abs/2304.04689
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Thick line: median expectation as 
solar cycle varies. 

 
Shaded regions: variance of 
oscillation parameters given 

current knowledge
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Thick line: median expectation as 
solar cycle varies. 

 
Shaded regions: variance of 
oscillation parameters given 

current knowledge



KJK et al [2304.04689]
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Combined measurement in three detectors — strong evidence for connection 
between atmospheric neutrinos and solar cycle variance

https://arxiv.org/abs/2304.04689


Takeaways
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Takeaways
• Neutrino facilities are multipurpose, and can allow us to scrutinize 

natural, astrophysical sources with increasing precision.


• We are continuously reconsidering all possible neutrino sources, 
envisioning new perspectives on certain measurements.


• With this, we can unlock both Standard-Model and beyond-
Standard-Model effects.

24

Thank you!



Backup
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So, why haven’t we done this already?

26

n

p

µ!! µ
Nucleus

Especially at low energies, the correlation between the incoming 
neutrino direction and the outgoing (visible) particles’ direction is 

muddled.


Best atmospheric measurements to date come from Super-
Kamiokande, but water has a Cherenkov threshold for protons of 

 KE, so lower-energy protons go undetected.∼ 1.4 GeV
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ArgoNeuT [1810.06502]

Solution — Liquid Argon TPCs. Capable of 
particle detection and ID to significantly lower 

energies.  
 

ArgoNeuT identified proton candidates down 
to 21 MeV of kinetic energy.

https://arxiv.org/abs/1810.06502


Direction/Energy Reconstruction in LArTPCs
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KJK et al [2110.00003]

https://arxiv.org/abs/2110.00003


Reconstruction (1D)
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Event Rates in 400 kt-yr
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KJK et al [1904.02751] (PRL Supplemental Material)

https://arxiv.org/abs/1904.02751
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.081801#supplemental

