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Solar Neutrinos



Solar Neutrinos

• Neutrinos are neutral, nearly massless 
particles that only interact through the weak 
nuclear force.

• Produced abundantly in the Sun through 
fusion reactions. 

• Their elusive nature of neutrinos makes them 
a powerful probe of the solar core.

• Solar neutrinos lead to breakthroughs in both 
astrophysics and particle physics:
 testing solar models, neutrino masses, 
neutrino mixing in vacuum and matter. 
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History of the Neutrino (M. Cribier, J. Dumarchez, and D. Vignaud)

https://neutrino-history.in2p3.fr/solar-neutrinos/


Solar Neutrinos
• There remains some unanswered questions, e.g., energy dependence of neutrino 

mixing in matter, metallicity of the Sun.

• Progress is currently limited by statistics and detector backgrounds.
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Borexino Collaboration (2018)



Detection: Signal vs Background



Solar Neutrino Detection

• Solar neutrinos are detected through 
neutrino-electron scattering.

• The electron is scattered to relativistic 
energies, emitting Cherenkov light as it 
propagates.

• Cherenkov light is detected through 
photomultiplier-tubes.
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Super-Kamiokande Website

https://www-sk.icrr.u-tokyo.ac.jp/en/sk/


Muon Spallation Backgrounds

𝜈 + 𝑒	 → 𝜈 + 𝑒𝜇 + 𝑋	 → 𝜇 + 𝑍 +⋯
Background Signal

𝑍 → 𝑍! + 𝑒

• Cosmic-ray muons can reach deep underground  and interact inside the detector. 

• This often leads to nuclei breakup (spallation), potentially producing unstable isotopes.

• After some time delay, these radioactive isotopes undergo beta decay, emitting an 
electron (or positron) that mimics the solar neutrino signal.
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Muon Spallation Backgrounds

• To remove these backgrounds, we apply 
need to apply cylindrical cuts around 
muons.

• However, muon rate at Super-K is 2 Hz, 
and the lifetime of muon-induced 
isotopes can be up to 20 seconds.

• This would lead to a huge loss of solar 
neutrino signals (deadtime).

9/22

We need a better understanding of the physics behind muon spallation to 
improve the cuts.



Physics of Muon Spallation



Muon Energy Loss in Matter

−
𝑑𝐸
𝑑𝑥

= 𝛼 𝐸 + 𝛽 𝐸 𝐸

• Muons lose energy in matter as:

• The first term, 𝛼(𝐸), refers to the 
ionization losses, which happen at a 
constant rate of 2 MeV/cm in water.

• The second term, 𝛽 𝐸 , refers to radiative 
losses: bremsstrahlung, pair production, 
and photonuclear interactions.
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O. Nairat, J. F. Beacom, S. W. Li (2025)



Secondary Particle Production

• Radiative losses can lead to the production 
of high-energy secondary particles.

• Mostly, these secondary particles are 
electrons, positrons, or gamma-rays which 
induce electromagnetic showers.

• Occasionally, charged pions are produced, 
which then induce hadronic showers. 
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S. W. Li, J. F. Beacom (2015)



Hadronic vs EM Showers: Frequency
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• Radioactive isotopes are produced in secondary showers, not directly by the muons.
• The larger the shower energy is, the more likely it is to produce an isotope.
• 97% of muon-induced showers are electromagnetic. Only 3% are hadronic showers.
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O. Nairat, J. F. Beacom, S. W. Li (2025)



Hadronic vs EM Showers: Isotope Production

• Hadronic showers, although rare, are much more efficient at producing isotopes than EM showers.
• More than 90% of background isotopes are produced in these hadronic showers.
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O. Nairat, J. F. Beacom, S. W. Li (2025)



Muon Spallation Backgrounds: Now

• The picture now looks more like this: more than 
90% of background isotopes are produced in 
less than 5% of the muons with hadronic 
showers.

• The goal now is to identify the rare hadronic 
showers.

• This would allow to reduce both the size of the 
necessary cylindrical cuts, and their frequency. 
Significantly reducing the deadtime caused by 
the cuts.
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Neutron Tagging



Neutron Tagging

• In 2003, John Beacom and Mark Vagins 
proposed dissolving gadolinium into Super-K 
to enable the detection of neutrons.

• This provides an additional signal to detect 
IBD interactions of antineutrinos originating 
from supernovae or reactors.
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𝑛 + 157Gd	 → 158Gd + 𝛾	(8	MeV)



Neutrons in Showers

• 20 years later, SK-Gd stage started. Super-K is now 
finally able to see neutrons.

• Besides enhancing antineutrino detection, 
neutrons can be utilized to identify and localize 
hadronic showers, thereby reducing backgrounds 
to solar neutrinos.

• We use FLUKA to simulate showers in water.

• Hadronic showers produce neutrons much more 
abundantly (~10 times more) than EM showers.

• Hadronic showers produce 𝑁$ ≥ 1	at all energies. 
EM produce 𝑁$ ≥ 1	at 20 GeV and above.
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O. Nairat, J. F. Beacom, S. W. Li (2025)



Neutron Tagging: Hadronic vs EM Showers

• 97% of hadronic showers 
produce at least one neutron.

• Only 9% of EM showers produce neutrons. 
Mostly high-energy (above 20 GeV) showers.

10°1 100 101 102 103

Hadronic Shower Energy [GeV]

10°4

10°3

10°2

10°1

100

d
N

/
d
lo

g
1
0

E

Nn = 0

Nn ∏ 1

Hadronic Showers

10°1 100 101 102 103

EM Shower Energy [GeV]

10°4

10°3

10°2

10°1

100

d
N

/
d
lo

g
1
0

E

Nn = 0

EM Showers

°! Nn ∏ 1

19/22

O. Nairat, J. F. Beacom, S. W. Li (2025)



Neutron Tagging: Isotope Production
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• Since background isotopes are primarily produced in hadronic showers, they will be 
accompanied with neutrons.

• 97% of isotopes are accompanied with 𝑁! ≥ 1, 91% with 𝑁! ≥ 3.
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O. Nairat, J. F. Beacom, S. W. Li (2025)



Rejection Efficiency vs Deadtime
• Current cuts rely on the shower energy: higher 

shower energy = more likely to produce 
isotopes. 

• Energy cuts affect EM and hadronic showers 
equally. But EM showers are less efficient at 
producing isotopes, causing unnecessary 
deadtime.

• Neutrons allow to identify hadronic showers 
and separate them from EM showers.

• Using neutrons allows to reduce spallation 
backgrounds by a factor of 4 compared to 
current cuts.
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O. Nairat, J. F. Beacom, S. W. Li (2025)
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Rejection Efficiency vs Deadtime
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• Current cuts rely on the shower energy: higher 
shower energy = more likely to produce 
isotopes. 

• Energy cuts affect EM and hadronic showers 
equally. But EM showers are less efficient at 
producing isotopes, causing unnecessary 
deadtime.

• Neutrons allow to identify hadronic showers 
and separate them from EM showers.

• Using neutrons allows to reduce spallation 
backgrounds by a factor of 4 compared to 
current cuts.
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O. Nairat, J. F. Beacom, S. W. Li (2025)



Conclusion & Implications

• Exciting times are ahead for solar neutrinos with the next generation of detectors (Hyper-K, 
JUNO, DUNE). But bigger detectors means shallower depths and larger muon exposure. This 
requires careful consideration of spallation backgrounds.

• Neutron tagging is a powerful tool to discriminate hadronic showers and reduce spallation 
backgrounds. This enhances the sensitivity to solar neutrinos (and other low-energy 
neutrinos) by reducing detector background by a factor of 4 compared to current cuts.

• This opens the opportunity to answer unresolved questions: 
day-night effect, shape of the 8B spectrum, search for hep flux, detection of DSNB.

• This technique is also applicable in scintillator detectors (JUNO).

• Gadolinium will be important for Hyper-K to allow for neutron tagging.
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Thank you!



Backup Slides



Muon Spectrum at Super-K



Muon Spallation Backgrounds
• Even after more sophisticated cuts, signal to background ratio is ∼1.

We need a better understanding of the physics behind muon spallation to 
improve the cuts.

Spallation Backgrounds

K. Abe et al (2024)



Background Isotopes



Neutron Tagging
• In water, after neutrons scatter down to thermal 

energies they capture on hydrogen, emitting a 2.2 
MeV gamma-ray:

• Neutron captures on gadolinium emits a cascade 
of gamma rays with a total energy of 8 MeV:

• 2.2 MeV is below the detection threshold of 
Super-K, but 8 MeV is detectable. 

• This provides an additional signal to detect IBD 
interactions of antineutrinos originating from 
supernovae or reactors.

𝑛 + 1H	 → 2H + 𝛾	(2.2	MeV)

𝑛 + 157Gd	 → 158Gd + 𝛾	(8	MeV)

Super-Kamiokande Website

https://www-sk.icrr.u-tokyo.ac.jp/en/sk/


Rejection Efficiency vs Deadtime
• With good neutron detection efficiency 

(as in SK-Gd), it is possible to eliminate 
up to 97% of the backgrounds.

• Meanwhile, these cuts affect only 
10% of the muons, causing minimal 
deadtime.
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Spatial Profiles
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Other Relics
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Neutron Yield Distributions
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