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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/

* 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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Detection: Signal vs Background



e Solar neutrinos are detected through
neutrino-electron scattering.

Neutrino |

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

Electron

* Cherenkov light is detected through
photomultiplier-tubes.



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

Muon Spallation Backgrounds

* 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.

Background Signal
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Muon Spallation Backgrounds

* TJo remove these backgrounds, we apply
need to apply cylindrical cuts around
muons.

* However, muon rate at Super-Kis 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).

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



Physics of Muon Spallation



* Muons lose energy in matter as:

dE
—— = a(E) + B(E)E

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

* The second term, B(E), refers to radiative
losses: bremsstrahlung, pair production, : 0 12 14

16 18 20
and photonuclear interactions. Muon Energy Loss [GeV]

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



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

* Mostly, these secondary particles are
electrons, positrons, or gamma-rays which
induce showers.
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* QOccasionally, charged pions are produced,
which then induce showers.

Energy [GeV]

S. W. Li, J. F. Beacom (2015)



* 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.
. of muon-induced showers are . Only are showers.
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. showers, although rare, are much more efficient at producing isotopes than showers.
 More than of background isotopes are produced in these showers.

[
o
o

Isotopes in EM Showers Isotopes in Hadronic Showers

dN/dlog, E
- =
S o
L

[y
o
I

w

10°

=
A 101
O

102
101 10° 10t

Shower Energy [GeV] Shower Energy [GeV]

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.




Neutron Tagging



GADZOOKS! Antineutrino Spectroscopy with Large Water Cerenkov Detectors

John F. Beacom! and Mark R. Vagins?

® I n 2 003 J O h n B e a CO m a n d M a r k Va gi n S INASA /Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, Illinois 60510-0500
4 2Department of Physics and Astronomy, 4129 Reines Hall, University of California, Irvine, CA 92697
. . s o . (Dated: 25 September 2003)
p ro p O S e d d I S S O IV I n g ga d O I I n I u m I nto S u p e r K We propose modifying large water Cerenkov detectors by the addition of 0.2% gadolinium trichlo-
. ride, which is highly soluble, newly inexpensive, and transparent in solution. Since Gd has an
to e n a b I e t h e d ete Ct I O n Of n e ut ro n S . enormous cross section for radiative neutron capture, with ) E, = 8 MeV, this would make neu-

trons visible for the first time in such detectors, allowing antineutrino tagging by the coincidence
detection reaction 7, +p — e* +n (similarly for 7,). Taking Super-Kamiokande as a working
example, dramatic consequences for reactor neutrino measurements, first observation of the diffuse

n _I_ 1 5 7 G d - 1 5 8 G d —I— ’}/ (8 M eV) supernova neutrino background, Galactic supernova detection, and other topics are discussed.

PACS numbers: 95.55.Vj, 95.85.Ry, 14.60.Pq FERMILAB-Pub-03/249-A

electron
anti-neutrino

Ve Gadolinium
proton neutron Gd

* This provides an additional signal to detect P o
IBD interactions of antineutrinos originating O R O

from supernovae or reactors. o ey

positron
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e+ Y

Positron signal Neutron signal




20 years later, SK-Gd stage started. Super-K is now
finally able to see neutrons.
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Besides enhancing antineutrino detection,
neutrons can be utilized to identify and localize

showers, thereby reducing backgrounds
to solar neutrinos.
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We use FLUKA to simulate showers in water,
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showers produce neutrons much more
abundantly (~10 times more) than showers.
101 10° 10* 102 10°
showers produce N,, = 1 at all energies. Shower Energy [GeV]
produce N,, = 1 at 20 GeV and above.

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



Only of showers produce neutrons. . of showers
Mostly high-energy (above 20 GeV) showers. produce at least one neutron.

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



* Since background isotopes are primarily produced in hadronic showers, they will be
accompanied with neutrons.
. of isotopes are accompanied with V,, = 1, with N,, = 3.

Background Isotopes Background Isotopes
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Current cuts rely on the shower energy: higher
shower energy = more likely to produce
iIsotopes.

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

Lower

Neutrons allow to identify showers is better

and separate them from showers.
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Using neutrons allows to reduce spallation
Deadtime (Signal Loss)

backgrounds by a factor of 4 compared to
current cuts. O. Nairat, J. F. Beacom, S. W. Li (2025)




Current cuts rely on the shower energy: higher
shower energy = more likely to produce
iIsotopes.

Energy cuts affect and showers
equally. But showers are less efficient at
producing isotopes, causing unnecessary
deadtime.
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and separate them from showers.
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backgrounds by a factor of 4 compared to
current cuts. 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.



Thank youl!
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Muon Spallation Backgrounds

* Even after more sophisticated cuts, signal to background ratio is ~1.

K. Abe et al (2024)
5-20 MeV

Event/day/bin

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



Yield (total) Yield (E > 3.5 MeV)
(x107"p g tem?) (x107 " 'gtem?)
n 2030
LEN 0.624 B 0.02 0.01 80(n,p)
17N 4.173 B n 0.59 0.02 80(n,n+p)
16N 7.13 B~y (66%), B~ (28%) 18 18 (n,p)

199 0.747 B n 0.02 0.003 (7~ ,n+p)
2.449 B~y (63%), B~ (37%) 0.82 0.28 (n,2p)

1B 0.0138 B~y 0.02 0.02 (n,3p)

120 0.0086 gt 0.26 0.24 (u~,p+2n4p~+77)

13 0.0174 o 1.9 1.6 (7~ ,2p+n)

2N 0.0110 Bt 1.3 1Ll (nt,2p+2n)

12 0.0202 B~ 12 9.8 (n,a+p)

12Be 0.0236 B~ 0.10 0.08 (7~ ,a+p+n)
13.8 B~ (55%), B~ (31%) 0.81 0.54 (n,a+2p)
0.0085 B n 0.01 0.01 (mt,5p+mt+70)
0.127 gt 0.89 0.69 (n,a+4n)
0.178 B n (51%), B~ (49%) 1.9 1.5 (7~ ,a+2p+n)
0.77 Bt 5.8 5.0 (7t ,a+2p+2n)
0.838 B~ 13 il | (7~ ,a+*H+p+n)
0.119 B (84%), B~ n (16%) (7~ ,>H+4p+n)

Isotope Half-life (s) Decay mode Primary process




Neutron Tagging

* |n water, after neutrons scatter down to thermal
energies they capture on hydrogen, emitting a 2.2
MeV gamma-ray:

electron
n+1H - 2H+y (2.2 MeV) anti-neutrino

Ve Gadolinium

* Neutron captures on gadolinium emits a cascade proton “eulgfon Gd

of gamma rays with a total energy of 8 MeV: - p
j\ (il —_—— J
n+ 157Gd — 158Gd + y (8 MeV) \ / /\\
« 2.2 MeV is below the detection threshold of positron &y , \ v

Super-K, but 8 MeV is detectable. &

Positron signal Neutron signal

* This provides an additional signal to detect IBD
interactions of antineutrinos originating from Super-Kamiokande Website
supernovae or reactors.



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

Rejection Efficiency vs Deadtime

* With good neutron detection efficiency * Meanwhile, these cuts affect only
(as in SK-Gd), it is possible to eliminate 10% of the muons, causing minimal
up to 97% of the backgrounds. deadtime.
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