PO AEHD LB b

Institute of High Energy Physics
Chinese Academy of Sciences

.\‘ ™ . :
L , ‘
« A A
> ]
A A
-~ w o™ Ry
- o ._(\._- — ‘-
“a .? 3 |~'.‘

Review of solar neutrino in 202¢%

)(ue-Feng DING

IHEP, CAS

2026 Jamuart/ 2.gth



Outline

> Introduction
»> Standard solar model
> Neutrino oscillation

> Conclusions



Energt/ Produc‘tion in the SUN

THE SUN
(Energy Source)

@ (Neutrino)

S
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‘p+p-—>d+e"+v|)

@<\
(Neutrino)
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" SOLAR NEUTRINOS (V)
(Generated in both processes!)

FUSION:




Adiabatic transition: no oscillation

SOLAR CORE

Neutrinos

MATTER

|

produced
as ve (ne__.prod)
V‘m(ne__.pr‘od)
vamlne__prod)
ve = VaAm
@ production

(high matter po‘tential)

EIGENSTATES ADIABATIC TRANSITION

& OSCILLATION
(MsSw)

l Vacuum only
L:Li 0 oleg mixing

Energy/bistance_

Pee moves from vocuum
only to A0 mixing due
to modified Homiltonian

VACUUM

vl_vocuum

Va Vacuum

REACH

EIGENSTATES DETECTOR
(EARTH)

EARTH DETECTOR

/l ve |

— —

FLAVOR
EIGENSTATES
(Detection)

Maotter po‘te_ntial modifies Hamiltonian and thus vim and vawm.



DQtQCt;OV\ O'F SOlO\Y' neutrino

1. ES (Elastic Sca‘b‘teﬁng) 3, NC (Weutral Current)

v e. (recoil) Interacts with ALL flavors
- >O e (v,), SAME cross section!

v, +D=>e +n+p+yv,
—) | A o
. v,

Larger cross section with v.,.

Need Spectrum F‘n‘t‘tmg DeteCt]OV\ BYv, + N>v, _+ Nx >N +y
(e recoil spectrum).

(ve, Vi Vo) Vx_>©,\rv?7
2. CC (Charged Current) / ' / \ Ve
(ONLY interacts with v,!] " \L | 4, CEVNS (Coherent Elastic

@v,+D-oe +p+pte V'Nudeus Scat‘tenng)

_7e
Ve —=>(D )—>p Human detects
It CHARGED particles!
e : N (recoil)
(b) Vo * N(A,Z) —> e + N'(A,Zﬂ) Ne,u‘trmos nteract via
v, + BC 2> +PNoPC + et 4y, bosons. Coherent scat'termg oPP entire
¢ (alelayed comc.uoley\ce) ¥ nucleus.
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*\ Metallicity Problem". 9

Scientific cluestion of SOlO\Y' V

@ Measure solar neutrino
flux = Input for SSM
(Standard Solar Model).

VJ\/\ S—
, Wt

@ B% flux > Anchored
Solar Core Temp (T).

@ Combined with CNO flux
- Determine Me_‘ta“icity.

B ————

Help debug "Solar

SOLAR NEUTRINO
SCIENTIFIC
QUESTIONS

j\f} Parameters

e Measure parameters:

2. Solar Oscillation

Oscillation
>» vy

B

—

See the MSW transition
New physics can modipy

|
{ ils shape.

-g Theoretical MSW

ft N\ / Wever Verified)
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E New Pkysics?
A ~\ Wodifies Shape)
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3. MSW Transition
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Part 1 stuo(y the Sun

FUSION PROCESSES EARTH DETECTOR
(e.g-, PP Chodn, CNO) (e.g., Supet*i(, Bor‘exino)

SIGNAL

(e.g., recoil electron)

= = 3. Probe Me‘ta“ici‘ty
A. Ver%i?y Fusion (CNO vs. pp)

Models (SSM)

A
1. Measure Core

Temp & Density

Neutrinos: Direct messengers from the solar core!



FUSION

HAPPENS —

HERE!

OPAQUE
SURFACE

PHOTOSPHERE

RADIATIVE
ZONE

ATMOSPHERE

(CHROMOSPHERE
¢ CORONA)



Standard Solar Model

0077
SSM INPUTS & PHYSICS

4 FUNDAMENT AL ‘

ASSUMPTIONS & EQUATIONS
* Hydrostatic Equilibrium
* Energy Transport

o Ene,rgy Generotion
e Mass Conservation

——

BOUNDARY CONDITIONS
& NUCLEAR PHYSICS

e Radius, Luminosity
(Present Sun)

* Photospheric Composition
* Cross-sections, Opacities

—

EVOLUTIONARY "\
CALCULATION

S—— L —

4

SSM OUTPUTS &
EVOLUTION TRACK

[~ =~

6000 5500 5000 4500
Te

Output: Solar Structure
& Evolution Path over Time

Oberauer, Lothar, Aldo lanni, and Aldo Serenelli. Solar Neutrino
Physics. Wiley, 2020. https://doi.org/10.1002/9783527412723.
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Solar me‘ta\“?city Problem

X 107 - - - . - '
16* « OPLIB-AGSS09 Base of the solar .
"« OPAS-AGSS09 = | convective zone ]
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Buldgen, Gael, Gloria Canocchi, Arthur Le Saux, et al. “The Future of Solar Modelling:
Requirements for a New Generation of Solar Models.” arXiv:2506.14514. Preprint,
arXiv, June 17, 2025. https://doi.org/10.48550/arXiv.2506.14514.
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~{ SSMINPUTS }

|

ENVIRONMENTAL
(Impacts T,)

e Solar Parameters
(L@, to, K, DifoSion)

* Heavy Elements

. (excluding C, Nl y

~ NUCLEAR
(No T, impact)

e Nuclear Matrix
Elements (S-factors)

[ 94 )
(Imgfi‘}ﬂcb

L —————————
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Ve
\

Solar neutrino as a orobe

B8 + CNO Neutrino Flux
—> Determine C+N Abundance

o

=> Solar Metallicity Problem 0
= [In ®(8B) - k * In <D(150ﬂ

Insensitive to Env

& S
-4 Env without CN g/’\ Insensitive to
= (T. modified) Jacobian < | “Env without CN”
x 020 _Q o
In $(8B) vs In $(150) @ Yy ve
= |
A\ 5
3 - In &(8B)
= o ?“l?dea:i -; Cdl\)l N
-
- s (Almost) only depends
TR on NUCLEAR + CN
In (8B) vs In ®(150) )
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Measured CA/ O\EUW\. E(/ BOY&X;V\O

GS98 ———
AGSSO9met |
Cl1 ——
AAG21
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Borexino | | Q |
3 4 5 6 7 8
N, CN [X 10_4]

Appel, S., Z. Bagdasarian, D. Basilico, et al. “Improved Measurement of Solar Neutrinos from the Carbon-Nitrogen-Oxygen Cycle by
Borexino and Its Implications for the Standard Solar Model.” Physical Review Letters 129, no. 25 (2022): 252701.
https://doi.org/10.1103/PhysRevl ett. 129.252701.
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JUNO’s prospects to CNO
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Abusleme, Angel and others. JUNO Sensitivity to “Be, Pep, and CNO Solar Neutrinos. March 2023. 2639017. INSPIRE.
https://arxiv.org/abs/2303.03910.
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CNO n next years

Solar Core / CNO Source Detection Challenges (T odou/) Future Directions

Liquid Scintillator
(JUNO / Borexino-like)

. Spec‘l’m|-on|y

* Degenerate with internal
B backgrounds *

* Radiopurity limited (Bi-210)
* CNO very challenging

Direct Detection TPCs
(LAr / Xe)

* Electron recoil channel
* Huge mass

* Radon-limited

* Possible if Rn controlled

Directional Detectors
(Gas TPCs)

e Electron recoil direction

e Solar pointing /’\/

* Background separation
* pp/ pep / CNO disentangling

Solar
poin‘l‘ing

CNO nevutrinos

 CNO cycle
(~1-2 MeV)

(C, N, 0)

Metallicity-
sensitive

Y

Large DM Detectors
(Next-gen LAr/LXe)

* 100-1000 ton-yr
* ER spectroscopy

* CNO feasible if radon controlled
— o

R&D /

Svstematics
Future Y

dominated

Advanced Scintillator

Concepts
Current Status (2026) * Cherenkov-scintillation separation
* CNO detected, precision limited * Fast timing

* Partial directionality

* Metallicity not yet resolved
* Potential CNO improvement

CNO neutrinos = direct probe of solar core metallicity
Physics Impact Key to resolving the Solar Metallicity Problem
Complementary to helioseismology
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Part 2: stuo(t/ the oscillation

THE SUN EARTH DETECTOR

(Source) (e.g., SNO, Super-K, JUNO)
Propagation & OSCILLATION

v | -
e —> — > |
(electron)
N Z N

(ixe_d) T

\ Ve prooluc‘tion | /"

\

Neutrinos change flavor
as they travell
(MSW effect & Vocuum)

UNDERSTAND OSCILLATIONS

PHYSICS IMPACT: S‘tuoly Neutrino Oscillations! *

¢ Vg >V
o Verify MSW Effect (Matter)
e Measure Osc.Parameters (9,2, Amgi,)J

s Vi conversion
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Abe, K., Y. Haga, Y. Hayato, et al. “Solar Neutrino Abusleme, Angel, 1homas Adam, Kai Adamowicz, et al.
Measurements in Super-Kamiokande-IV.” #hysical “First Measurement of Reactor Neutrino Oscillations at
freview D94, no. 5 (2016): 052010. 1472086, p. 052010. JUNO.” arXiv:2511.14593. Preprint, arXiv, November 18,
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Maltoni, Michele, and Alexeil Yu. Smirnov. “Solar Neutrinos and Neutrino Physics.”
The European Physical Journal A 52, no. 4 (2016): 87. 1383834, p. 87. INSPIRE.
https://doi.org/10.1140/epja/i2016-16087-0.
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JUNO: 5 MeV ®B ES

—10* g 3
> A~ --*B v-¢ ES 3
510 E 2B(1=29ms) C(1=29min) 5 ‘-ON 6’ LIVED ()1 5)
| F AR ’Li’C(1~200ms) [7]'°C(1=28s) 3
10* ¢ 8Li,6He,gB(1:~ls) D]]“Be(‘c=205) ?E ’ 'ZOkt

Li%: 1.2l s | 433 ¢

E E X , il .>
N= L SPEae

* L 10 il : 7
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€B Solar v ES

Channel Bkg
(5 MeV Analysis)
- Cos»«oaey\ic

[ SUPER SHORT LIVED (~29ms)

f
B12: 29.1 ms | 1552 cpd/20kt
(65x signal)

|

[—

| SHORT LIVED (K1s)

, Li9: 257.2 ms | 79 cpoVQ.Ok‘t
Y (3x signal)
o igna

Le Ca: 182.5 ms | 143 cpd/20kt| | ————— —

SUPER LONG LIVED (~20s)

% | S rBa": 19.9s | 40 cpol/Q.Okt\
I— ———

(2x Sigﬂal)

Context: Analysis
cut ot 5 MeV to
. suppress these

(6x signal) Overall Bkg Rate:
| | 2610 cpd/20kt, 100x signal
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JUNO: 5 MeV ®B CC

v 5 < Ep £ 14 MeV (Pnomp‘t Ene_rgy)
vV 1< Ed £ 2 MeV (Delaye,ol Ene,rgy)

‘ Main Cuts (Analysis Window) h |

v 4 ms £ dt € 900 s (Time Coincidence)
vV dr € 0.4 m (Spox‘tial Coincidence) )

20

"

Ac.:o(en‘td gkg
(Uncorrelated)

J

Estimated using
single, rate.
~2A& events.

Ql

0

% ( Final Camolioloctes\}

(n 59 days, 16 kt)

Total = 60 events J

Correlated Bkg
(Cosm03enic) 7

G;e_ne,rox'teo( By Some

2

o

Final Signal j
(B v CC)

parent muon.
~30 events. *
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Next: 2 MeV JUNO
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Abusleme, Angel, Thomas Adam, Shakeel Ahmad, et al. "Feasibility and Physics Potential of
Detecting 8B Solar Neutrinos at JUNO *." Chinese Physics C 45, no. 2 (2021): 023004.
https://doi.org/10.1088/1674-1137/abd92a.
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Dark matter: ER and VR

SAr M AC ¢ Data
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Conclusions

> Solar neutrinos can study both the Sun and oscillations
> For solar w\etallicity problew\, precise CNO flux is essential
> For solar oscillations, JUNO may Puslr\ To 2 MeV

> Dark matter is also evolving fast, yet not world leading.
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