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“Only neutrinos, with their
T extremely small interaction cross
e S e, ot sections, can enable us to see into
the interior of a star and thus
verify directly the hypothesis of
nuclear energy generation 1in
stars.”
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- John Bahcall, 1964
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Neutrino mixing parameters are well known, aside from a
small tension between solar and reactor measurements.
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Neutrino mixing parameters are well known, aside from a
small tension between solar and reactor measurements.

High-quality measurements exist for the flux and spectra of
MeV-scale solar neutrinos.

The next generation of experiments will dramatically
improve the above measurements.

In the absence of new physics, we will soon be able to turn

our attention back towards the Sun and use neutrinos for
solar astrophysics.
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In the meantime...
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In the meantime...

A v look at the Sun: Probing the conditions of the solar core using °B neutrinos

Melanie A. Zaidel 1.2, and John F. Beacom 1,2,3,7 S ﬁ%ﬁp

! Center for Cosmology and AstroParticle Physics (CCAPP), Ohio State University, Columbus, OH 43210
2Department of Physics, Ohio State University, Columbus, OH 43210
3 Department of Astronomy, Ohio State University, Columbus, OH 43210
(Dated: 14 April 2025)

In the coming age of precision neutrino physics, neutrinos from the Sun become robust probes of
the conditions of the solar core. Here, we focus on ®B neutrinos, for which there are already high
precision measurements by the Sudbury Neutrino Observatory and Super-Kamiokande. Using only
basic physical principles and straightforward statistical tools, we calculate projected constraints
on the temperature and density of the ®B neutrino production zone compared to a reference solar
model. We outline how to better understand the astrophysics of the solar interior using forthcoming

neutrino data and solar models. €)

Our paper is on arXiv (2504.10583) with our
code on GitHub (melanieAzaidel/solarLMAO).
We welcome comments and questions!
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https://arxiv.org/abs/2504.10583
https://github.com/melanieAzaidel/solarLMAO
https://orcid.org/0009-0000-1925-7269
https://orcid.org/0000-0002-0005-2631

Solar Astrophysics
and Solar Neutrinos
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From observations...

Solar Surface

Boundary Conditions

= Bolometric Luminosity
= Effective Temperature
= Surface Chemical Abundances
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From observations... From theory...

Solar Surface The Equations of

Boundary Conditions Stellar Structure

= Bolometric Luminosity
= Effective Temperature
= Surface Chemical Abundances

Hydrostatic Equilibrium
Energy Generation + Transport
Stellar Evolution
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From observations... From theory...

Solar Surface The Equations of

Boundary Conditions Stellar Structure

= Bolometric Luminosity = Hydrostatic Equilibrium
= Effective Temperature = Energy Generation + Transport
= Surface Chemical Abundances = Stellar Evolution

Standard Solar Model (BS2085-AGS,OP) M/Msun  R/Rsun T Rho p L/Lsun X Y(He4) He3 c12 N14 016
0.0000004 ©0.00161 1.548e+07 1.505e+02 2.338e+l7 0.00000 0.36462 ©0.62029 8.99e-06 7.79e-06 3.73e-03 6.06e-03
astro-ph/e412440 0.0000005 ©.00172 1.548e+07 1.505e+02 2.338e+17 ©0.00000 0.36462 0.62028 8.99e-06 7.79e-06 3.73e-03 6.06e-03
0.0000006 0.00182 1.548e+07 1.505e+02 2.338e+17 0.00001 0.36463 0.62027 8.90e-06 7.79%e-06 3.73e-03 6.06e-03
Columns in the Standard Model table (below) represent:  ©.0000007 ©.00191 1.547¢+07 1.505¢+02 2.338¢+17 ©.00001 0.36464 0.62026 8.90e-06 7.79¢-06 3.73e-03 6.06e-03
0.0000000 0.00200 1.547e+07 1.504e+02 2.338e+17 0.00001 0.36464 0.62025 8.99e-06 7.79%e-06 3.73e-03 6.06e-03
1) Mass fraction in units of the solar mass 00000011 000215 1.5470107 1.c00es02 2.3380017 0.00001 0.3046 062024 5.900.06 7.790.06 3.730.03 ©.060 03
. . . s . . . e+ . e+ . e+ . . . . e- . e- . e- . e-
2) Radius of the zone in units of one solar radius 0.0000012 0.00222 1.547e+07 1.504e+02 2.338e+17 0.00001 0.36466 0.62023 8.90e-06 7.79%e-06 3.73e-03 6.06e-03
3) Temperature in units of deg (K) 0.0000013 ©0.00228 1.547e+07 1.504e+02 2.338e+17 0.00001 0.36467 0.62022 8.90e-06 7.79e-06 3.73e-03 6.06e-03
4) Density in units of g/cm"3 0.0000014 ©.00235 1.547¢+07 1.504e+02 2.338e+17 ©.00001 ©0.36468 ©0.62021 8.90e-06 7.79e-06 3.73e-03 6.06e-03
5) Pressure in units of dyn/cm*2 0.0000015 0.00241 1.547e+07 1.504e+02 2.338e+17 0.00001 0.36468 0.62020 8.90e-06 7.80e-06 3.73e-03 6.06e-03
6) Luminosity fraction in units of the solar luminosity ¢.0000016 ©.00246 1.547e+07 1.504e+02 2.338e+l7 ©.00001 ©0.36469 ©0.62020 8.90e-06 7.80e-06 3.73e¢-03 6.06e-03
7) X(*1H): the hydrogen mass fraction 0.0000017 0.00252 1.547e+07 1.504e+02 2.338e+17 0.00001 0.36470 0.62019 8.99e-06 7.80e-06 3.73e-03 6.07e-03
8) X(74He): the helium 4 mass fraction 0.0000018 0.00257 1.547e+07 1.504e+02 2.338e+17 0.00002 0.36470 0.62018 8.90e-06 7.80e-06 3.73e-03 6.07e-03
9) X(~3He): the helium 3 mass fraction 0.0000019 0.00262 1.547e+07 1.504e+02 2.338e+l7 0.00002 0.36471 ©0.62017 8.90e-06 7.80e-06 3.73e-03 6.07e-03
10) X(~12C): the carbon 12 mass fraction 0.0000020 0.00267 1.547e+07 1.504e+02 2.338e+17 0.00002 0.36472 0.62017 8.99e-06 7.80e-06 3.73e-03 6.07e-03
11) X(*14N): the nitrogen 14 mass fraction 0.0000021 0.00271 1.547e+07 1.504e+02 2.337e+17 ©.00002 0.36472 0.62016 8.91e-06 7.80e-06 3.73e-03 6.07e-03
12) X(*160): the oxygen 16 mass fraction 0.0000023 0.00276 1.547¢+07 1.504e+02 2.337e+l7 ©.00002 ©.36473 ©0.62015 8.91e-06 7.80e-06 3.73¢-03 6.07e-03
0.0000024 0.00280 1.547e+07 1.504e+02 2.337e+17 0.00002 0.36474 0.62015 8.91e-06 7.80e-06 3.74e-03 6.07e-03
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From observations... From theory...

Solar Surface The Equations of

Boundary Conditions Stellar Structure

= Bolometric Luminosity = Hydrostatic Equilibrium
= Effective Temperature = Energy Generation + Transport
= Surface Chemical Abundances = Stellar Evolution

Standard Solar Model (BS2085-AGS,OP) M/Msun  R/Rsun T Rho p L/Lsun X Y(He4) He3 c12 N14 016
0.0000004 ©0.00161 1.548e+07 1.505e+02 2.338e+l7 0.00000 0.36462 ©0.62029 8.99e-06 7.79e-06 3.73e-03 6.06e-03
astro-ph/e412440 0.0000005 ©.00172 1.548e+07 1.505e+02 2.338e+17 ©0.00000 0.36462 0.62028 8.99e-06 7.79e-06 3.73e-03 6.06e-03
0.0000006 0.00182 1.548e+07 1.505e+02 2.338e+17 0.00001 0.36463 0.62027 8.90e-06 7.79%e-06 3.73e-03 6.06e-03
Columns in the Standard Model table (below) represent:  ©.0000007 ©.00191 1.547¢+07 1.505¢+02 2.338¢+17 ©.00001 0.36464 0.62026 8.90e-06 7.79¢-06 3.73e-03 6.06e-03
0.0000000 0.00200 1.547e+07 1.504e+02 2.338e+17 0.00001 0.36464 0.62025 8.99e-06 7.79%e-06 3.73e-03 6.06e-03
1) Mass fraction in units of the solar mass 00000011 000215 1.5470107 1.c00es02 2.3380017 0.00001 0.3046 062024 5.900.06 7.790.06 3.730.03 ©.060 03
. . . s . . . e+ . e+ . e+ . . . . e- . e- . e- . e-
2) Radius of the zone in units of one solar radius 0.0000012 0.00222 1.547e+07 1.504e+02 2.338e+17 0.00001 0.36466 0.62023 8.90e-06 7.79%e-06 3.73e-03 6.06e-03
3) Temperature in units of deg (K) 0.0000013 ©0.00228 1.547e+07 1.504e+02 2.338e+17 0.00001 0.36467 0.62022 8.90e-06 7.79e-06 3.73e-03 6.06e-03
4) Density in units of g/cm"3 0.0000014 ©.00235 1.547¢+07 1.504e+02 2.338e+17 ©.00001 ©0.36468 ©0.62021 8.90e-06 7.79e-06 3.73e-03 6.06e-03
5) Pressure in units of dyn/cm*2 0.0000015 0.00241 1.547e+07 1.504e+02 2.338e+17 0.00001 0.36468 0.62020 8.90e-06 7.80e-06 3.73e-03 6.06e-03
6) Luminosi Ruiiaiiiniiteiint e 6.06e-03
7)  X(“1H): 6.07¢-03
8) X("4He) 6.07¢-03
9)  X("3He) 6.07¢-03
1@) X(Alzc) 6.07e-03
13 o o
. )
12) Xx(160) 6.07¢-03
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SSMs predict state variables and the profiles of neutrino production.
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SSMs predict state variables and the profiles of neutrino production.
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SSMs predict state variables and the profiles of neutrino production.
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For 8B neutrinos specifically, there are high-precision measurements.
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For 8B neutrinos specifically, there are high-precision measurements.

o Super-K electron spectrum due to °B neutrinos
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https://www-sk.icrr.u-tokyo.ac.jp/en/sk/experience/gallery/

For 8B neutrinos specifically, there are high-precision measurements.

o Super-K electron spectrum due to °B neutrinos

Super-K Collaboration, 2023
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http://web.mit.edu/josephf/www/nudm/SNO.html
https://www-sk.icrr.u-tokyo.ac.jp/en/sk/experience/gallery/

We have high-precision measurements of *B neutrinos, but SSMs are

presented in tabular form and have no free parameters.
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We have high-precision measurements of *B neutrinos, but SSMs are
presented in tabular form and have no free parameters.

How can SSMs be simply constrained and tested

by solar neutrino observations?
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We have high-precision measurements of B neutrinos, but SSMs are
presented in tabular form and have no free parameters.

How can SSMs be simply constrained and tested
by solar neutrino observations?

How can solar neutrino observations be used to
study the solar interior with minimal SSM
dependence?
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Our Approach
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Our Approach

We use the Super-K electron spectrum and the
SNO total flux measurements for B neutrinos to
constrain the solar density and temperature,
respectively.




Our Approach

We use the Super-K electron spectrum and the
SNO total flux measurements for éB neutrinos to

constrain the solar density and temperature,
respectively.

We use a very simple, yet highly effective
approach to do so, which has not been done before.




Neutrino Production

5/19/2025 PHENOMENOLOGY 2025 SYMPOSIUM



. d . Solar B neutrinos are born in the pp-III chain:
Neutrino Production Be + 1H — B +y — %Be” + et + v,

5/19/2025 PHENOMENOLOGY 2025 SYMPOSIUM



. d . Solar B neutrinos are born in the pp-III chain:
Neutrino Production Be + 1H — B +y — %Be” + et + v,

The production rate is calculated by
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. . Solar 8B neutrinos are born in the pp-III chain:
Neutrino Production Be + 1H — OB + y — 9Be’ +c* + v,
The production flafbls calculated by Neglecting density and composition,
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Neutrino Propagation
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Neutrino Propagation

Reactor mixing parameters: tan?(26;,) = 0.436%0:32%,sin2(8,3) = 0.032 + 0.047,Am5,; = (7.58 +0.21) X 107> eV
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Neutrino Detection
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In Super-K, neutrinos from the Sun elastically scatter with

N QUtrinO D ete Ctio n electrons in the water. For a given 5, we numerically predict the

electron spectrum.
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. . In Super-K, neutrinos from the Sun elastically scatter with
N e Utrlno D ete Ct]_O N electrons in the water. For a given f, we numerically predict the
electron spectrum.
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Neutrino Detection
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We find a best fit of § = 17.2159.

= Small values are excluded because a
large upturn in the survival probability is
not observed in the Super-K spectrum.

= Large values are less excluded because
the Super-K observed spectrum does not
rise significantly at very low energies, as
well as because the solar density profile
flattens out at small radii.
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Probes of the Solar Core, py,y,,
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Probes of the Solar Core, py,y,,

20— ———

— Solar model ]

—  Best fit

Normalized Rate
— —
- Ut

Ut

0.00 0.05 0.10 0.15 0.20

5/19/2025 PHENOMENOLOGY 2025 SYMPOSIUM



Probes of the Solar Core, py,y,,

20— ———

i = The best-fit of § = 17 is lower than the value that
— Solar model |

) closely approximates the solar model calculation
— DBest fit 7 (B = 27) but is adequate for our purposes.

= The distributions are shifted but the widths are
comparable.

—_
(&

= The shift in peak between the two curves corresponds
to changes in survival probability of less than 1%.

= For the best-fit npz, 68% of neutrino production
occurs in the to the radial range of 0.031 < r/Rgp <
0.089.
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Probes of the Solar Core, py,y,,

20— ———

— Solar model ]

= The best-fit of § = 17 is lower than the value that
closely approximates the solar model calculation
—— Best fit ' (B ~ 27) but is adequate for our purposes.
- = The distributions are shifted but the widths are
comparable.

= The shift in peak between the two curves corresponds
to changes in survival probability of less than 1%.

—_
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= For the best-fit npz, 68% of neutrino production
occurs in the to the radial range of 0.031 < r/Rgp <
0.089.
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Probes of the Solar Core, Ty,
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Probes of the Solar Core, Ty,

= Monte Carlo analyses of many solar models: ¢y x=~ Tify, for 8B neutrinos.

= Using simple error propagation and 8¢o¢/¢np, = 0.038 from the SNO measurement, we
obtain our temperature constraint.
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Probes of the Solar Core, Ty,

= Monte Carlo analyses of many solar models: ¢y x=~ Tify, for 8B neutrinos.

= Using simple error propagation and 8¢o¢/¢np, = 0.038 from the SNO measurement, we
obtain our temperature constraint.

T2/ Tapz = 0.002
Topz = (1453 +0.002) x 107K
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Constraints on the p, T plane




Constraints on the p, T plane
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Towards Broader Studies

With upcoming measurements of neutrino mixing and progress in

nuclear physics and atomic opacities, we can soon focus our
attention on physics that can only be measured with solar data.
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Towards Broader Studies

With upcoming measurements of neutrino mixing and progress in
nuclear physics and atomic opacities, we can soon focus our
attention on physics that can only be measured with solar data.

An inversion of solar-core parameters from neutrino observations is
not currently possible. Instead, one should consider the forward
problem of varying uncertainties in solar models and carrying these

effects through to neutrino and electromagnetic observables.
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Towards Broader Studies

With upcoming measurements of neutrino mixing and progress in
nuclear physics and atomic opacities, we can soon focus our
attention on physics that can only be measured with solar data.

An inversion of solar-core parameters from neutrino observations is
not currently possible. Instead, one should consider the forward
problem of varying uncertainties in solar models and carrying these

effects through to neutrino and electromagnetic observables.

Solar modelers could collaborate with neutrino experimentalists and
phenomenologists to accurately test which models are allowed. In
this way, neutrino data to probe solar astrophysics in new ways.
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The Future of Solar Neutrino Experiments

and Prospects for Solar Astrophysics




The Future of Solar Neutrino Experiments
and Prospects for Solar Astrophysics

Jiangmen Underground Neutrino
Observatory (JUNO)

= Liquid scintillator detector originally designed to
determine the neutrino mass hierarchy.

= Observations of 'Be, hep, CNO, and B neutrinos will
be possible, which would be helpful in addressing
the solar metallicity problem.

= JUNO will improve uncertainties on the mass-
squared splitting to better than 1%.
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The Future of Solar Neutrino Experiments

and Prospects for Solar Astrophysics

Deep Underground Neutrino Experiment
(DUNE)

= Neutrino beamline with near- and far-detectors
intended to study supernova neutrinos, proton
decay, and neutrino masses and mass ordering.

= DUNE will greatly improve uncertainties on the
neutrino mixing parameters in the absence of strong

matter effects.

= The potential first observation of hep neutrinos will
prove that the rare pp-IV chain occurs in the Sun.
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The Future of Solar Neutrino Experiments

and Prospects for Solar Astrophysics

Hyper-Kamiokande (Hyper-K)

= Similar in design to DUNE, Hyper-K has an 8.4 times
larger fiducial mass than Super-K.

= Hyper-K will greatly improve uncertainties on the
neutrino mixing parameters in the presence of

Special iy
% strong matter effects.
Oilging = The measurable potential upturn in the survival

b, probability at low energies in the recoil electron
. gy spectrum from ®B neutrinos will more finely probe
' the solar temperature and density.

PHENOMENOLOGY 2025 SYMPOSIUM



Acknowledgements

= We are grateful for helpful discussions with Ivan Esteban, Dick
Furnstahl, Yifan Jiang, Ming-Wei Li, Obada Nairat, Marc Pinsonneault,
Georg Raffelt, Michael Smy, and Yasuo Takeuchi.

= M.A.Z. acknowledges this material is based upon work supported by the
National Science Foundation Graduate Research Fellowship under Grant
No. DGE-2240614. The work of J.F.B. was supported by National Science
Foundation Grant No. PHY-2310018.

= Thank you to the Phenomenology 2025 Symposium organizers and the
University of Pittsburgh.

5/19/2025 PHENOMENOLOGY 2025 SYMPOSIUM



View our calculations on GitHub!

solarLMAO

This repository is a collection of Python files, Jupyter Notebooks, and data files for calculating the spectrum of
scattered electrons due to solar ®B neutrinos in Super-K. Please direct any questions to Melanie Zaidel (zaidel.3 [at]
osu [dot] edu).

Short tutorials on ®B neutrino Production and Detection can be found in the corresponding Jupyter Notebook
(*.ipynb) files. The Notebook Tutorial-Detection.ipynb contains our calculation of the scattered electron spectrum
compared to Super-K's Monte Carlo model of their detector.

A Vv Look at the Sun: Probing the Conditions of the Solar Core using B
Neutrinos

The Notebook plotFactory.py contains the code used to produce the figures in our paper.
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SHUT UP ABOUT THE SUN.
SHUT UPSABOUT THE SUN!

5/19/2025 PHENOMENOLOGY 2025 SYMPOSIUM



https://github.com/melanieAzaidel/solarLMAO
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Propagation Details

The three-flavor survival probability of

electron neutrinos at the Earth is The MSW effect is captured in the matter angle via
P,, = cos*(013) Py, (E,) + sin*(0;3) 5
where the twlo-ﬂavor component is cos(26 (Ey, ne)) YD
PZVQ(EV) — E [1 + (COS(ZB(EV))src> COS(2912)] where i
= A= sin(264,)
These formulae depend on mixing " ¢ = {(Ey,ne) — cos(262)
parameters, where we use the central values * { =2V2GpE,n./Am3,

taken from reactor experiments:

= tan2(26;,) = 0.43633:392

Tmax
= sin*(6,3) = 0.032 £ 0.047 (cos(20(E,))sre) = j dr r2T ()P cos(20(E,, ne))
= Am2, = (7.58 4 0.21) x 1075 eV i

The matter angle is averaged over the npz via
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