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* A brief introduction to solar neutrinos
* Neutrino magnetic moments & spin-flavor precession

* Experimental sensitivities
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How are solar neutrinos produced
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Solar Environment

* Hydrogen (74 %)
* Helium (24 %)
e Heavier elements

(Oxygen, Carbon,
Neon ..., 2%)

credit: alltheseworlds.US

*Mass fraction
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* High temperature
(15 million K)

* High density
(150 g/cm’)

credit: alltheseworlds.US
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Solar Environment

Quantum tunneling enables
thermonuclear reactions:

proton-proton fusion chain

(pp chain)
_|_

carbon-nitrogen-oxygen cycle
(CNO cycle)

credit: alltheseworlds.US
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Solar Neutrino Production
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Solar Neutrino Production
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Solar Neutrino Production

PP pep N
(p—l—p—>2H+e+ (p+e‘+p—>2H (IQC-{—p—)”’N—Vy H13N—>13C+e+130+p—>14N+7)
| |
99.76% { 0.24% A '
( H+p— 3He+7 ) (15N+p—>12C+4He)<-(150—>15N+e+ 14N+p—>150+7)

99%
19 A
84.6% v} y 15.4% hed 2.5 x 107°% 'L %
C‘He+3He—% 4He—|—2p) (SHe+4He—> 7Be+’y) (3He—i-p—>4He—|-8+ ( SN +p =160 + 4 ) (170 +p—» 14N—I—‘lHeJ

| TV
99.89% { J 0% s ‘L F T
[7Be+e‘—>7Li ( Be+p—>B+y ) ( 60 +p = 1"F +4 )—P(”F—>17O+e+
Be l l '
,;;;11(7L1+p_>4He+4He) GB—>2(4He)+e+/,n,wlli ( "0 +p— BF + 4 )

pp chain (99% solar energy) CNO cycle

pp-1

S. Chen, X.-J. Xu, arXiv:2501.09971

Chui-Fan Kong (IBS-CTPU-PTC) CPNR Workshop 2026 @ CAU, Oct 26, 2026 9



3 Institute for
1 Basic Science

Solar Neutrino Production
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Solar Neutrino Energy Spetrum

1011 -
B
_ c
5 Pp .
|> 109 | Be
O T ;-_,\_\Pep
z 13N d”’—-:”__ L - | \\
T o107k e gk i1
wn ’-"—‘. _'—"—’ -—__—- - ] I 8
L 1]
Ei 107 F - sl
-] 1]
£ 1]
— 1]
103 / I '
[ |
[ /}/
101 P | i j ../(:II. L
101 10° 10!
E, [MeV]

O (O . 1) ~ O ( 1) MeV S. Chen, X.-J. Xu, arXiv:2501.09971
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Solar Neutrino Spatial Distribution
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Around the corec S. Chen, X.-J. Xu, arXiv:2501.09971
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What 1s neutrino magnetic moment
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Neutrino Electromagnetic Interactions

In the Standard Model, neutrinos are neutral particles.

Do they have electromagnetic interactions?
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Neutrino Electromagnetic Interactions

In the Standard Model, neutrinos are neutral particles.

Do they have electromagnetic interactions?

At tree level, no.
At loop level, yes!
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Neutrino Electromagnetic Interactions
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A. De Gouvea, J. Jenkins, arXiv:hep-ph/0603036
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Neutrino Electromagnetic Interactions

A general description:

Vi (pi) vi(py) o . L
Effective interaction Hamiltonian

HE) (2) = 5 (2) Ay ()

with effective EM current
g (V) Z Uk (x A“ pzic

AZ ; ¢ effective EM operator

v(q)

C. Giunti, K. Kouzakov, Y.-F. Li, A. Studenikin
arXiv:2411.03122
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Neutrino Electromagnetic Interactions

Effective EM current acts between two neutrino
Vi (pi) i (pf ) massive states:

(vi(pp)lit, (@) lvi(pi)) = " P PIu (pp) A%, (q)ua(p:)

The requirement of hermiticity of Hamiltonian
and gauge invariance gives

q,u
o) Mo = (v - L) [P + P
Y4
1% M 2 B 2
C. Giunti, K. Kouzakov, Y.-F. Li, A. Studenikin o v [Ff’b (¢7) + ZFf’L (q >75]

arXiv:2411.03122
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Neutrino Electromagnetic Interactions

Effective EM current acts between two neutrino
Vi (pi) i (pf ) massive states:

(i (pp)lit,, (@)|vi(p:)) = PP (p ) A, (@) ui (ps)

The requirement of hermiticity of Hamiltonian
and gauge invariance gives

q" A k2
st~ -22) EEL e
W(Q) j% E
C. Giunti, K. Kouzakov, Y.-F. Li, A. Studenikin — 10 - .

arXiv:2411.03122 Form factors for ch napole,

magnetic, electric
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Neutrino Magnetic Moment

vi(pi) vr(py)
For the coupling with a real photon (q2=0),

2__
FH(q?) i ]

neutirno magnetic moment
(NMM)

v(q)

C. Giunti, K. Kouzakov, Y.-F. Li, A. Studenikin
arXiv:2411.03122
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Neutrino Magnetic Moment (NMM)

What 1s neutrino spin-flavor precession
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Neutrino Magnetic Moment (NMM)
Why people are interested in NMM?
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Neutrino Magnetic Moment (NMM)

Why people are interested in NMM?
For BSM studies, NMM can be generated in many models with massive neutrinos.
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Neutrino Magnetic Moment (NMM)

Why people are interested in NMM?
For BSM studies, NMM can be generated in many models with massive neutrinos.

|

1% V; B 1% A/ My £
kL U;k L Uaj 3L iR kL U;k A Uaj 5L iR

C. Giunti, K. Kouzakov, Y.-F. Li, A. Studenikin
. . . . . . arXiv:2411.03122
Effective dimension-five interaction Lagrangian:

: 1
D —_— D
ﬁmggc = —5 Zyk‘LO-MV,LLk;jVjRFMV —|—h.C.,
k.J
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Neutrino Magnetic Moment (NMM)

Y
|4 “ W
FHJ HH} m; m;
VZL U.’: ; [/ .V:'L = VFR VZL U* W U .V:'L = VT'R
ak o aj ak aj

C. Giunti, K. Kouzakov, Y.-F. Li, A. Studenikin
arXiv:2411.03122
spin flip .
VLI Avir (sterile)
flavor change

undetectable
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Neutrino Magnetic Moment (NMM)

kd
W rj"r .L‘Li W
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Usk a  Ugy ™/ Jc/
VirL,

C. Giunti, K. Kouzakov, Y.-F. Li, A. Studenikin
. . . . . . arXiv:2411.03122
Effective dimension-five interaction Lagrangian:

- 1
M — M
Emgéorana — Z VkLUWMij;LFW + h.c.
k,J
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Neutrino Magnetic Moment (NMM)
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C. Giunti, K. Kouzakov, Y.-F. Li, A. Studenikin
spin flip arXiv:2411.03122
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flavor change
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Neutrino Magnetic Moment (NMM)

Y
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C. Giunti, K. Kouzakov, Y.-F. Li, A. Studenikin
arXiv:2411.03122

C
VjL

Spin-flavor precession (SFP)
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How to costrain on NMM experimentally

Chui-Fan Kong (IBS-CTPU-PTC) CPNR Workshop 2026 @ CAU, Oct 26, 2026 29



3 Institute for
1 Basic Science

Physical Picture

electron neutrinos are produced near the core
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Physical Picture

electron neutrinos are produced near the core

¥

SFP due to the magnectic field inside
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Physical Picture

electron neutrinos are produced near the core

¥

SFP due to the magnectic field inside

¥

oscillated into electron antineutrino

Chui-Fan Kong (IBS-CTPU-PTC) CPNR Workshop 2026 @ CAU, Oct 26, 2026 32



3 Institute for
1 Basic Science

Physical Picture

electron neutrinos are produced near the core

¥

SFP due to the magnectic field inside

¥

oscillated into electron antineutrino

¥

constrained by experiments
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Experimental sensitivities
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Physical Process

Source —> Propagation —> Detection
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Neutrino Source

3 Institute for
1 Basic Science

Ve
1011-
Be
o pp ;
- B
= Ty | BE
'_'2 7 131\3—”‘: ’’’’’ I|
lw LU L i e T (|
c|q ' ”'T{O - e :
< P oy :
— 10°F ’,a’ /
o I
= 10% :
]
I
101 P PR ) . . ./{r
—1 0
10 10
E, [MeV]

S. Chen, X.-J. Xu, arXiv:2501.09971
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Neutrino Propagation

Source —> Propagation

spin flip _ oscillation _
flavor change

i i 2
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E. Akhmedov, P Martinez-Mirave
arXiv:2207.04516
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Neutrino Detection

Source —> Propagation —> Detection

spin flip _ oscillation _ _
Ve Ve ? m > Ve Ve
flavor change

Inverse Beta Decay (IBD)
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Constraints on NMM

There 1s no antineutrino in the standard solar neutrino

A non-detection of antineutrino can constrain on NMM

Chui-Fan Kong (IBS-CTPU-PTC) CPNR Workshop 2026 @ CAU, Oct 26, 2026 39
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Constraints on NMM

®, < 7.60 x 10 cm ™ s~ dy < 6x 10" cm s}
P, .y <13x107* P, .y <35x107°
12 < 6.9 X 10_9311[1{(}] UB 12 < 4.9 X 10_9311[1{(}] UB

For simplicity, 113 = po3 =0
Chui-Fan Kong (IBS-CTPU-PTC) CPNR Workshop 2026 @ CAU, Oct 26, 2026 40




- Institute for
1 Basic Science

Jinping Experiment

JINPING A proposed liquid scintillator
AR \ \;yTRINO .
EXPERIMENT detector w/ 3 kt fiducial mass

20m

credit: CJPL
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Jinping Experiment
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J. F. Beacom et al, arXiv: 1602.01733

credit: CJPL
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Jinping Experimental Sensitivities
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arXiv:2609.14446
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Jinping Experimental Sensitivities

s [np] (B, = 10MeV, B, = 7MG)
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Jinping Experimental Sensitivities
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* Neutrino magnetic moment 1s well motivated in BSM

* Due to the pure neutrino flavor and strong magnetic field,
the sun provides an 1deal source

* Searching for electron antineutrino transited from electron
neutrino at Jinping can set strong constraint on NMM

Chui-Fan Kong (IBS-CTPU-PTC) CPNR Workshop 2026 @ CAU, Oct 26, 2026 47



3 Institute for
1 Basic Science

Back up

Back up
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Neutrino EM Form Factors

e The matrix of FM 1s Hermitian:
FM = PMT « B = (F)”

(/
Vi (pZ) Vy (p g ) the diagonal form factors F;}’ are real
 For antineutrinos,
FM _ —(FM)T _ —(FM)*
7

Fy, = ~Flf = ~(F}l)y
the diagonal form factors are real with opposite sign
* For Majorana neutrinos, neutrino-antineutrino equality
FM _ —(FM>T _ _(FM)*
7(9) o
qu; — _Fz'f — _(Ffi )*
C. Giunti, K. Kouzakov, Y.-F. Li, A. Studenikin

o1l 0312, d1agonal form factors are zero and only imaginary off-

diagonal form factors
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Dirac & Majorana Neutrinos

Loo=——75 ﬂ+ﬂ
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Transition Probability
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