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Solar Neutrino searches at Liquid Scintillator experiments

Neutrinos are produced from the Sun which is the closest star: neutrino flux is high → precise investigation possible 
                                                                                  e.g., neutrino oscillation from the solar neutrino problem

𝜈

JUNO collaboration, JCAP 10, 022 (2023), PoS (ICRC 2025), 1041

• For example, JUNO can observe 8B (5% precision after 10 years), 7Be (0.15 - 1.0%), pep (3 - 17%), and possibly CNO 
(12-19%) after 6 years of running depending on the radiopurity level: 10-16 - 2×10-19 g/g

SK/SNO 
best fit

Dashed: 8B 
Dotted: 7Be 
Solid: combination 
10 years running

Bakhti, Rajaee, Seo, SS, PRD 109, 095030 (2024)

• Combination of each measurement enables us to precisely determine the solar parameters. + reactor results

Bakhti, Rajaee, Seo, SS, PRD 109, 095030 (2024)



Neutrino Magnetic Dipole Moments

𝜈

Neutrinos are produced from the Sun which is the closest star: neutrino flux is high → precise investigation possible 
                                                                                  e.g., neutrino oscillation from the solar neutrino problem

• Precise investigation on the neutrino dipole moment (MDM) is also possible. How can a neutral particle have a MDM?

De Gouvea, Jenkins, PRD 74, 033004 (2006)

ℓ±

ℓ±

𝛾 𝛾
- Loop by charged particles 

<latexit sha1_base64="tD0xsNdsOGXrLXXpLkGzUQIyO90="></latexit>
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<latexit sha1_base64="jd0svGFuQlySNPFHvfoiB2+OI6Y="></latexit>
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Dirac

For Majorana 𝜈, only 
transition moments exist!

For Dirac 𝜈, 
converted into 𝜈𝑠𝑅 

<latexit sha1_base64="aKU4/rRHDRx32aHMJuhWsjQkZP8=">AAACGnicbVBNS8NAFNzUr1q/oh69LBbBiyURqV6EohePFWwtNLG8bLft0s0m7G6EEvo7vPhXvHhQxJt48d+4aQNq68DCMDOPt2+CmDOlHefLKiwsLi2vFFdLa+sbm1v29k5TRYkktEEiHslWAIpyJmhDM81pK5YUwoDT22B4mfm391QqFokbPYqpH0JfsB4joI3UsV0vTDqeSO5SD3g8AOwFVMMYn+Mj/GNlGp4Gxh277FScCfA8cXNSRjnqHfvD60YkCanQhINSbdeJtZ+C1IxwOi55iaIxkCH0adtQASFVfjo5bYwPjNLFvUiaJzSeqL8nUgiVGoWBSYagB2rWy8T/vHaie2d+ykScaCrIdFEv4VhHOOsJd5mkRPORIUAkM3/FZAASiDZtlkwJ7uzJ86R5XHGrler1Sbl2kddRRHtoHx0iF52iGrpCddRABD2gJ/SCXq1H69l6s96n0YKVz+yiP7A+vwHVLKDC</latexit>
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𝜇: 𝐶-odd
<latexit sha1_base64="Gaoxj+xGh/ZCEHdbYUiFIsyvAvQ=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4scyIVDdCqQguK9gHdIaSyWTa0CQzJJlCGbpx46+4caGIW//BnX9j2s5CWw9cODnnXnLvCRJGlXacb2tpeWV1bb2wUdzc2t7Ztff2mypOJSYNHLNYtgOkCKOCNDTVjLQTSRAPGGkFg5uJ3xoSqWgsHvQoIT5HPUEjipE2Utc+uoXX8Ax6Q4Khx1Po4TDWs2cNdu2SU3amgIvEzUkJ5Kh37S8vjHHKidCYIaU6rpNoP0NSU8zIuOiliiQID1CPdAwViBPlZ9MrxvDEKCGMYmlKaDhVf09kiCs14oHp5Ej31bw3Ef/zOqmOrvyMiiTVRODZR1HKoI7hJBIYUkmwZiNDEJbU7ApxH0mEtQmuaEJw509eJM3zslspV+4vStVaHkcBHIJjcApccAmq4A7UQQNg8AiewSt4s56sF+vd+pi1Lln5zAH4A+vzB8B+ljc=</latexit>

E = →ωµ · ωB
CPT invariance in QFT

<latexit sha1_base64="fqKb/RKAdg9/n0lKBdcF0ZqC2JM=">AAACBXicbZDLSgMxFIYzXmu9jbrURbAIrsqMSHVZFMRlBXuBzjhk0rQNTTJDLkIZunHjq7hxoYhb38Gdb2PaDqKtPwQ+/nMOJ+ePU0aV9rwvZ2FxaXlltbBWXN/Y3Np2d3YbKjESkzpOWCJbMVKEUUHqmmpGWqkkiMeMNOPB5bjevCdS0UTc6mFKQo56gnYpRtpakXsQKNrj6C4LuIGBMCN4Ff1w5Ja8sjcRnAc/hxLIVYvcz6CTYMOJ0Jghpdq+l+owQ1JTzMioGBhFUoQHqEfaFgXiRIXZ5IoRPLJOB3YTaZ/QcOL+nsgQV2rIY9vJke6r2drY/K/WNrp7HmZUpEYTgaeLuoZBncBxJLBDJcGaDS0gLKn9K8R9JBHWNriiDcGfPXkeGidlv1Ku3JyWqhd5HAWwDw7BMfDBGaiCa1ADdYDBA3gCL+DVeXSenTfnfdq64OQze+CPnI9vaOGYiA==</latexit>

ωµωFµω

- Spin flip of out-going neutrino

• Effective dim. 5 operator requires the chirality flip of a neutrino



Neutrino Magnetic Dipole Moments

• Dim. 5 effective 𝜈MDM is generically suppressed by neutrino mass due to the chirality flip of a neutrino. (∴ 𝜇 → 𝜇𝑖𝑗)

If only SM particles are in the loop,
<latexit sha1_base64="4KrH+yO6sg2+MM0bnqXf5G/eiEg="></latexit>
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)
<latexit sha1_base64="06/I80bRnB1ri+hArHBuuexjNHo="></latexit>
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∣∣∣∣
ωe
ge

⊋
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2me
⊋ → 5.788↑ 10→5 eV/T(simplest) Dirac

De Gouvea, Jenkins, PRD 74, 033004 (2006)

ℓ±
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<latexit sha1_base64="9axgh+Pff5Hq/PwHRoy7/C8Xq4k=">AAACEHicbVC7TgJBFJ3FF+ILtbSZSIgWSHYJQUuCjSUm8kjYdTM7DDBhZnYzM2tCNnyCjb9iY6ExtpZ2/o2zQKHgSW5ycs69ufeeIGJUadv+tjJr6xubW9nt3M7u3v5B/vCorcJYYtLCIQtlN0CKMCpIS1PNSDeSBPGAkU4wvk79zgORiobiTk8i4nE0FHRAMdJG8vNnLo/9xBVxCSLoCgKDKXQV5dCx75OLSnXqltKOhp8v2GV7BrhKnAUpgAWafv7L7Yc45kRozJBSPceOtJcgqSlmZJpzY0UihMdoSHqGCsSJ8pLZQ1NYNEofDkJpSmg4U39PJIgrNeHm1iJHeqSWvVT8z+vFenDlJVREsSYCzxcNYgZ1CNN0YJ9KgjWbGIKwpOZWiEdIIqxNhjkTgrP88ippV8pOrVy7rRbqjUUcWXACTsE5cMAlqIMb0AQtgMEjeAav4M16sl6sd+tj3pqxFjPH4A+szx+7T5sk</latexit>

µω,a →=b → 10↑24 µB Unitarity of UPMNS



Neutrino Magnetic Dipole Moments

XENONnT: 𝜇𝜈 < 6.4×10-12𝜇𝐵

TRGB cooling: 𝜇𝜈 < 1.5×10-12𝜇𝐵
Capozzi, Raffelt, PRD 102, 083007 (2020)

XENONnT collaboration, PRL 129, 161805 (2022)

GEMMA : 𝜇𝜈 < 2.9×10-11𝜇𝐵
GEMMA collaboration, Phys. Part. Nucl. Lett. 10, 139 (2013)

elastic scattering of      with 𝑒-  
<latexit sha1_base64="d9UlXLnNlmiAeFU7i41qg7zG/Us=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWy2k3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCalGwSU2DTcCO6lCGocC2+Hodua3n1BpnsgHM04xiOlA8ogzaqz06IdUEV9mPeyVK27VnYOsEi8nFcjR6JW//H7CshilYYJq3fXc1AQTqgxnAqclP9OYUjaiA+xaKmmMOpjML56SM6v0SZQoW9KQufp7YkJjrcdxaDtjaoZ62ZuJ/3ndzETXwYTLNDMo2WJRlAliEjJ7n/S5QmbE2BLKFLe3EjakijJjQyrZELzll1dJ66Lq1aq1+8tK/SaPowgncArn4MEV1OEOGtAEBhKe4RXeHO28OO/Ox6K14OQzx/AHzucPLbKQnQ==</latexit>

ω̄e

cooling by 
<latexit sha1_base64="k3FxiENvTF4oP5sFx60T6EDP73s=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXJUZkeqy6MZlBfuAzlDupJk2NMkMSUYoQzf+ihsXirj1M9z5N2baLrT1QOBwzr3cnBOlnGnjed/Oyura+sZmaau8vbO7t+8eHLZ0kilCmyThiepEoClnkjYNM5x2UkVBRJy2o9Ft4bcfqdIskQ9mnNJQwECymBEwVuq5x8EAhAAcmAQHMsNBBKogPbfiVb0p8DLx56SC5mj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPg0wwWdW6eM4UfZJg6fq740chNZjEdlJAWaoF71C/M/rZia+DnMm08xQSWaH4oxjm7ZoA/eZosTwsSVAFLN/xWQICoixnZVtCf5i5GXSuqj6tWrt/rJSv5nXUUIn6BSdIx9doTq6Qw3URARN0DN6RW/Ok/PivDsfs9EVZ75zhP7A+fwBmYKVyQ==</latexit>

ω → εε̄

<latexit sha1_base64="unSQ8TmMjRuabpX+a/VGBLl1mvg=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCQi1WVRBJcV7AOaECbTSTt0MhlmJkIJ+Qk3/oobF4q4Fdz5N07aLLT1wMDhnHu5c04oGFXacb6tpeWV1bX1ykZ1c2t7Z9fe2++oJJWYtHHCEtkLkSKMctLWVDPSE5KgOGSkG46vC7/7QKSiCb/XE0H8GA05jShG2kiBfepFEuFsAD1FhzHKDbsJZA49IROhEziz3Twr1MCuOXVnCrhI3JLUQIlWYH95gwSnMeEaM6RU33WE9jMkNcWM5FUvVUQgPEZD0jeUo5goP5umyuGxUQYwSqR5XMOp+nsjQ7FSkzg0kzHSIzXvFeJ/Xj/V0aWfUS5STTieHYpSBk3coiI4oJJgzSaGICyp+SvEI2R60KbIqinBnY+8SDpndbdRb9yd15pXZR0VcAiOwAlwwQVoglvQAm2AwSN4Bq/gzXqyXqx362M2umSVOwfgD6zPH+k+n1A=</latexit>

dω

dEr
→ 1

Er

𝑁eff for Dirac: 𝜇𝜈 < 2.7×10-12𝜇𝐵 very light (Dirac) 3 𝜈𝑅 
Li, Xu, JHEP 02, 085 (2023)

Obs./Exp. bounds : 𝜇𝜈 < (10-11 ~ 10-12)𝜇𝐵

Room for BSM
(precise observation 

needed)

• Dim. 5 effective 𝜈MDM is generically suppressed by neutrino mass due to the chirality flip of a neutrino.

If only SM particles are in the loop,
<latexit sha1_base64="4KrH+yO6sg2+MM0bnqXf5G/eiEg="></latexit>
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<latexit sha1_base64="9axgh+Pff5Hq/PwHRoy7/C8Xq4k=">AAACEHicbVC7TgJBFJ3FF+ILtbSZSIgWSHYJQUuCjSUm8kjYdTM7DDBhZnYzM2tCNnyCjb9iY6ExtpZ2/o2zQKHgSW5ycs69ufeeIGJUadv+tjJr6xubW9nt3M7u3v5B/vCorcJYYtLCIQtlN0CKMCpIS1PNSDeSBPGAkU4wvk79zgORiobiTk8i4nE0FHRAMdJG8vNnLo/9xBVxCSLoCgKDKXQV5dCx75OLSnXqltKOhp8v2GV7BrhKnAUpgAWafv7L7Yc45kRozJBSPceOtJcgqSlmZJpzY0UihMdoSHqGCsSJ8pLZQ1NYNEofDkJpSmg4U39PJIgrNeHm1iJHeqSWvVT8z+vFenDlJVREsSYCzxcNYgZ1CNN0YJ9KgjWbGIKwpOZWiEdIIqxNhjkTgrP88ippV8pOrVy7rRbqjUUcWXACTsE5cMAlqIMb0AQtgMEjeAav4M16sl6sd+tj3pqxFjPH4A+szx+7T5sk</latexit>

µω,a →=b → 10↑24 µB Unitarity of UPMNS



Neutrino Magnetic Dipole Moments

ℓ±

𝛾 𝛾

New Physics 
w/ scale 𝛬

Diagram for 𝜇𝜈 is closely related with the diagram for 𝑚𝜈.  

<latexit sha1_base64="LS5BgeSKgDEyg9xTdo1+0VxgMx0="></latexit>µω

µB
=

memω

!2
→↑ µω =

memω

!2
µB

When 𝛬 ~ TeV and 𝑚𝜈 ~ 0.1 eV, we still 
get 𝜇𝜈 ~ 10-20 𝜇𝐵

Still suppressing

Voloshin symmetry 

(𝐶-conserving) Mass term is not allowed:

(𝐶-violating) MDM term is allowed:

<latexit sha1_base64="q547EALpBoxJvbivIFif3HSfaD8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpREpHosevEgUsV+QJuGzXbbLt1swu5GKaH/w4sHRbz6X7z5b9y2OWjrg4HHezPMzPMjzpS27W8rs7S8srqWXc9tbG5t7+R39+oqjCWhNRLyUDZ9rChngtY005w2I0lx4HPa8IdXE7/xSKVioXjQo4i6Ae4L1mMEayN1im0Rezcn6Na775BjL1+wS/YUaJE4KSlAiqqX/2p3QxIHVGjCsVItx460m2CpGeF0nGvHikaYDHGftgwVOKDKTaZXj9GRUbqoF0pTQqOp+nsiwYFSo8A3nQHWAzXvTcT/vFasexduwkQUayrIbFEv5kiHaBIB6jJJieYjQzCRzNyKyABLTLQJKmdCcOZfXiT105JTLpXvzgqVyzSOLBzAIRTBgXOowDVUoQYEJDzDK7xZT9aL9W59zFozVjqzD39gff4ArJWRWA==</latexit>

(ωL, N
c
R)

<latexit sha1_base64="6dTV7Lvk1gcgsqyJzXZ8LusJbeQ=">AAACDHicbVDLSgMxFL1TX7W+qi7dBIsgCGVGpLosunEhUsU+oDMdMmnahmYyQ5IRSukHuPFX3LhQxK0f4M6/MW1H0NYDgcM553JzTxBzprRtf1mZhcWl5ZXsam5tfWNzK7+9U1NRIgmtkohHshFgRTkTtKqZ5rQRS4rDgNN60L8Y+/V7KhWLxJ0exNQLcVewDiNYG8nPF9wAS3Tt3yJXJP4VOkI/QotMpRYxKbtoT4DmiZOSAqSo+PlPtx2RJKRCE46Vajp2rL0hlpoRTkc5N1E0xqSPu7RpqMAhVd5wcswIHRiljTqRNE9oNFF/TwxxqNQgDEwyxLqnZr2x+J/XTHTnzBsyESeaCjJd1Ek40hEaN4PaTFKi+cAQTCQzf0WkhyUm2vSXMyU4syfPk9px0SkVSzcnhfJ5WkcW9mAfDsGBUyjDJVSgCgQe4Ale4NV6tJ6tN+t9Gs1Y6cwu/IH18Q2XFJl1</latexit>

N̄RωL + N̄ c
Rω

c
L

<latexit sha1_base64="a1JCWjjlipyNMlUO6IzQu1WCb5I=">AAACDHicbVDLSgMxFL1TX7W+qi7dBIvgxjIjUl0W3bgQqWIf0JkOmTRtQzOZIckIpfQD3Pgrblwo4tYPcOffmLYjaOuBwOGcc7m5J4g5U9q2v6zMwuLS8kp2Nbe2vrG5ld/eqakokYRWScQj2QiwopwJWtVMc9qIJcVhwGk96F+M/fo9lYpF4k4PYuqFuCtYhxGsjeTnC26AJbr2b5ErEv8KHaEfoUWmUouYlF20J0DzxElJAVJU/Pyn245IElKhCcdKNR071t4QS80Ip6OcmygaY9LHXdo0VOCQKm84OWaEDozSRp1Imic0mqi/J4Y4VGoQBiYZYt1Ts95Y/M9rJrpz5g2ZiBNNBZku6iQc6QiNm0FtJinRfGAIJpKZvyLSwxITbfrLmRKc2ZPnSe246JSKpZuTQvk8rSMLe7APh+DAKZThEipQBQIP8AQv8Go9Ws/Wm/U+jWasdGYX/sD6+AaaQpl3</latexit>

N̄RωL → N̄ c
Rω

c
L

loop level breaking generating 𝑚𝜈

• There are two classes of new physics (NP) scenarios which can drop off 𝑚𝜈 and expect larger 𝜈MDM.

1. 𝑚𝜈 being replaced by other NP parameters, e.g., SUSY, LR symmetric models 

2. 𝑚𝜈 being forbidden by (approximate) extra symmetries, e.g., global SU(2)H

Voloshin, Sov. J. Nucl. Phys. 48, 512 (1988)

Up to 𝜇𝜈 ~ 10-10 𝜇𝐵

Up to 𝜇𝜈 ~ 10-15 𝜇𝐵



Spin-Flavor Precession

𝜈

Solar magnetic field provides a source for the rotation of spin (c.f., Larmor precession): spin-flavor precession (SFP)



Spin-Flavor Precession

𝜈

Solar magnetic field provides a source for the rotation of spin (c.f., Larmor precession): spin-flavor precession (SFP)

Majorana neutrino (transition into different flavor 𝜈𝑐): 
SFP osc.

<latexit sha1_base64="o5hS1IulG1fzyioprUWMAJeeM5U=">AAACGXicbVDLSgMxFM34rPU16tJNsAiuyoxIdVl048JFLfYBnWHIpJk2NMkMSUYoQ3/Djb/ixoUiLnXl35hOB9TWA4HDOedyc0+YMKq043xZS8srq2vrpY3y5tb2zq69t99WcSoxaeGYxbIbIkUYFaSlqWakm0iCeMhIJxxdTf3OPZGKxuJOjxPiczQQNKIYaSMFtuOJNMgIvJlAT8fQC5GEueTxFDZ/xCLWnAR2xak6OeAicQtSAQUagf3h9WOcciI0Zkipnusk2s+Q1BQzMil7qSIJwiM0ID1DBeJE+Vl+2QQeG6UPo1iaJzTM1d8TGeJKjXlokhzpoZr3puJ/Xi/V0YWfUZGkmgg8WxSlDJpzpzXBPpUEazY2BGFJzV8hHiKJsDZllk0J7vzJi6R9WnVr1drtWaV+WdRRAofgCJwAF5yDOrgGDdACGDyAJ/ACXq1H69l6s95n0SWrmDkAf2B9fgNho5/w</latexit>

ωeL → ω̄µR → ω̄eR

Appearance of solar electron anti-neutrino via IBD
Akhmedov, PLB 255, 84 (1991) Raghavan, Balantekin, Loreti, Bltz, Pakvasa, 

Pantaleone, PRD 44, 3786 (1991)

Proposed to resolve the 
solar 𝜈 problem

Cisneros, Astrophys. Space Sci. 10, 
87 (1971)

Dirac neutrino (conversion into 𝜈𝑠𝑅): <latexit sha1_base64="rWOc+SzGqHzNUqMS8z8L0ho7vRQ=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCUGGsYGFgKIg+pCaqHPemteo4ke0gVVEWfoWFAYRY+Qw2/gY37QAtR7J0fM69ss8JEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4lhSaNeSw7AVHAmYCmZppDJ5FAooBDOxhdT/z2I0jFYvGgxwn4ERkIFjJKtJF69qEn0l4G+DbHno5xcVP4Pu/ZFafqFMCLxJ2RCpqh0bO/vH5M0wiEppwo1XWdRPsZkZpRDnnZSxUkhI7IALqGChKB8rMiQI5PjNLHYSzNERoX6u+NjERKjaPATEZED9W8NxH/87qpDi/9jIkk1SDo9KEw5dhEnbSB+0wC1XxsCKGSmb9iOiSSUG06K5sS3PnIi6R1VnVr1drdeaV+NaujhI7QMTpFLrpAdXSDGqiJKMrRM3pFb9aT9WK9Wx/T0SVrtnOA/sD6/AHqapX9</latexit>ωeL → ωsR

Disappearance of solar neutrino

Akhmedov, PLB 213, 64 (1988) & Sov. J. Nucl. Phys. 48, 382 (1988) Lim, Marciano, PRD 37, 1368 (1988)

Akhmedov, Berezhiani, Senjanovic, 
Tao, PLB 298, 391 (1993) 

(a 4-generation 𝜈)

Resonant SFP (RSFP) with transition moments
<latexit sha1_base64="zrCyzXQMnvF5E0q3E6tF4KwZT54=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCUGGsYGFgKIg+pCaqHPemteo4ke0gVVEWfoWFAYRY+Qw2/ga3zQAtR7J0fM69ss8JEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4lhSaNeSw7AVHAmYCmZppDJ5FAooBDOxhdT/z2I0jFYvGgxwn4ERkIFjJKtJF69qEn0l4G+DbHno5xcbvPe3bFqTpT4EXiFqSCCjR69pfXj2kagdCUE6W6rpNoPyNSM8ohL3upgoTQERlA11BBIlB+Ng2Q4xOj9HEYS3OExlP190ZGIqXGUWAmI6KHat6biP953VSHl37GRJJqEHT2UJhybKJO2sB9JoFqPjaEUMnMXzEdEkmoNp2VTQnufORF0jqrurVq7e68Ur8q6iihI3SMTpGLLlAd3aAGaiKKcvSMXtGb9WS9WO/Wx2x0ySp2DtAfWJ8/1QiV7w==</latexit>ωeL → ωeR(In the presence of matter, is highly suppressed.)

Now, we know the LMA-MSW is the answer but RSFP can still 
have a subdominant effect.

✔︎



Appearance of electron anti-neutrino

Borexino, PLB 696, 191 (2011)

<latexit sha1_base64="M4TxIaLCum392PCKBT1vCoK4S+4="></latexit>

µω < 6.9→ 10→9B→1
↑ [kG]µB

<latexit sha1_base64="JQuPUMBvb/INsFbdK2nUzvUSyQU=">AAACFnicbVC7TsMwFHV4lvIKMLJYVEgsjRKoCgNDBQtjkehDakLkuE5r1XEi20Gqon4FC7/CwgBCrIiNv8FNM0DLkSyde869ur4nSBiVyra/jaXlldW19dJGeXNre2fX3NtvyzgVmLRwzGLRDZAkjHLSUlQx0k0EQVHASCcYXU/9zgMRksb8To0T4kVowGlIMVJa8s1q089cnvoEuiqGboAEzMsJvISOdaZVGhEJHfs+q9YmvlmxLTsHXCROQSqgQNM3v9x+jNOIcIUZkrLn2InyMiQUxYxMym4qSYLwCA1IT1OO9DIvy8+awGOt9GEYC/24grn6eyJDkZTjKNCdEVJDOe9Nxf+8XqrCCy+jPEkV4Xi2KEwZ1AlMM4J9KghWbKwJwoLqv0I8RAJhpZMs6xCc+ZMXSfvUcupW/bZWaVwVcZTAITgCJ8AB56ABbkATtAAGj+AZvII348l4Md6Nj1nrklHMHIA/MD5/AL+8nTk=</latexit>

Pωe→ω̄e < 1.3→ 10↑4

<latexit sha1_base64="wiEIlqZHJ0+wFFwatco1Tfmke1A="></latexit>

!ω̄e < 7.60→ 102 cm→2s→1
<latexit sha1_base64="LgstdlSFMIxoIk1BGxKgwDchMOo="></latexit>

!ω̄e < 6→ 101 cm→2s→1

<latexit sha1_base64="xi5QPvas7wLwK4uK8lyegN5Sa+M=">AAACFnicbVC7TsMwFHXKq5RXgJHFokJiaZQALQwMFSyMRaIPqQmR4zqtVceJbAepivoVLPwKCwMIsSI2/ga3zQAtR7J07jn36vqeIGFUKtv+NgpLyyura8X10sbm1vaOubvXknEqMGnimMWiEyBJGOWkqahipJMIgqKAkXYwvJ747QciJI35nRolxItQn9OQYqS05JuVhp+5PPUJdFUM3QAJOC3H8BKeWlWt0ohI6Nj3WaU69s2ybdlTwEXi5KQMcjR888vtxTiNCFeYISm7jp0oL0NCUczIuOSmkiQID1GfdDXlSC/zsulZY3iklR4MY6EfV3Cq/p7IUCTlKAp0Z4TUQM57E/E/r5uq8MLLKE9SRTieLQpTBnUCk4xgjwqCFRtpgrCg+q8QD5BAWOkkSzoEZ/7kRdI6sZyaVbs9K9ev8jiK4AAcgmPggHNQBzegAZoAg0fwDF7Bm/FkvBjvxsestWDkM/vgD4zPH8eRnT4=</latexit>

Pωe→ω̄e < 3.5→ 10↑5

KamLAND, ApJ, 925, 14 (2022)

• Reactor neutrinos are main background: 𝐸vis ∈ [8.0, 16.8] MeV preferred.

Ventura, Panibra Churata, ApJ. 996, 1 (2026)

90% C.L.,  20kt × 5 yrs8B 𝜈

In the solar core < 0.2 𝑅◉, 7 MG possible from the helioseismic study. Antia, JAA 29, 
85 (2008)

Better than 
the current 

bounds!

<latexit sha1_base64="Dq0zp5NcYRqo24LMRJIASzMsxuE="></latexit>

µ12 < 4.9→ 10→9B→1
↑ [kG]µB

<latexit sha1_base64="H1sCOU9QszkpyD/P5X/pg2IVKK0=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSZXqRii6cVnBXqANYTKdtENnJmFmIpSQja/ixoUibn0Md76N0zQLbf1h4OM/53Dm/EHMqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKOiRGLSxhGLZC9AijAqSFtTzUgvlgTxgJFuMLmd1buPRCoaiQc9jYnH0UjQkGKkjeXbRwOe+Gn9PIPXMEc3R8e3q07NyQWXwS2gCgq1fPtrMIxwwonQmCGl+q4Tay9FUlPMSFYZJIrECE/QiPQNCsSJ8tL8gAyeGmcIw0iaJzTM3d8TKeJKTXlgOjnSY7VYm5n/1fqJDq+8lIo40UTg+aIwYVBHcJYGHFJJsGZTAwhLav4K8RhJhLXJrGJCcBdPXoZOveY2ao37i2rzpoijDI7BCTgDLrgETXAHWqANMMjAM3gFb9aT9WK9Wx/z1pJVzByCP7I+fwD4XZS5</latexit>

µ23 = µ13 = 0For simplicity
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Other experiments with less reactor neutrino contamination, e.g., Jinping, can push the sensitivity further.
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• For 𝐸vis > 8 MeV DSNB is the most significant background (but still smaller than the signal for 𝐸vis ≲ 11 MeV).

• The reactor neutrino background for 𝐸vis < 8 MeV still dominates but the number is below % level of JUNO reactor bkg.

• For 𝐸vis > 13 MeV, the signal is suppressed even compared to the atmospheric 𝜈 background events.

𝐵⫠ ∝ 𝑟-1
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• For the LS detectors, 𝛴 (𝑇𝑒 + 𝐸𝛾ann.) = 𝐸vis = 𝐸𝜈 - 0.78 MeV.

• Two signal regions: i) Low-background SR 𝐸𝜈 ∈ [8.78, 13.78] MeV  
                                  ii) Full SR of IBD 𝐸𝜈 ∈ [1.8, 16.8] MeV         (16.8 MeV is for comparison with JUNO result)

15 kt･yr at Jinping experiment for 𝐵⟘ = 107 G and 𝜇12 = 10-12𝜇𝐵 
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Appearance of electron anti-neutrino

• The sensitivities are translated into 𝜇12 (for a maximally possible 𝐵⟘) using the 3-flavor neutrino framework. 
Akhmedov, Martinez-Mirave, JHEP 10, 144 (2022)
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• Jinping 15 kt･yr (30 kt･yr) data can provide a better sensitivity:
<latexit sha1_base64="hr3jXhOEn+d9DA5oS5L1pR8pjG8=">AAACHHicbVDLSgMxFM3UV62vqks3wSLUhWWmanVZdOOygn1AZxwy6W0bmskMSUYoQz/Ejb/ixoUiblwI/o3pY6GtBwLnnnMvN/cEMWdK2/a3lVlaXlldy67nNja3tnfyu3sNFSWSQp1GPJKtgCjgTEBdM82hFUsgYcChGQyux37zAaRikbjTwxi8kPQE6zJKtJH8/Gmt6IrEB+zqCLsBkXhSHmOXg1KKhdgplY3JQlDYse/Tk/ORny/YJXsCvEicGSmgGWp+/tPtRDQJQWjKiVJtx461lxKpGeUwyrmJgpjQAelB21BBzDIvnRw3wkdG6eBuJM0TGk/U3xMpCZUahoHpDInuq3lvLP7ntRPdvfRSJuJEg6DTRd2EYxPEOCncYRKo5kNDCJXM/BXTPpGEapNnzoTgzJ+8SBrlklMpVW7PCtWrWRxZdIAOURE56AJV0Q2qoTqi6BE9o1f0Zj1ZL9a79TFtzVizmX30B9bXDyl0n48=</latexit>

P (ωe → ω̄e) ↭ 1.2↑ 10→5

<latexit sha1_base64="vu3QWtlpECQe2yHCGKFmW8kWIz8=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoC8uMSO2y6MZlBfuATi2Z9LYNzWSGJCOUod/hxl9x40IRd+LGvzGdzkJbDwTOPedebu7xI86UdpxvK7eyura+kd8sbG3v7O7Z+wdNFcaSQoOGPJRtnyjgTEBDM82hHUkggc+h5Y+vZ37rAaRiobjTkwi6ARkKNmCUaCP1bLde8kTcA+zpEHs+kTgtT7HHQSnFAlw1FgtAYde5T84q055ddMpOCrxM3IwUUYZ6z/70+iGNAxCacqJUx3Ui3U2I1IxymBa8WEFE6JgMoWOoIGZZN0lPm+ITo/TxIJTmCY1T9fdEQgKlJoFvOgOiR2rRm4n/eZ1YD6rdhIko1iDofNEg5tjEMMsJ95kEqvnEEEIlM3/FdEQkodqkWTAhuIsnL5PmedmtlCu3F8XaVRZHHh2hY1RCLrpENXSD6qiBKHpEz+gVvVlP1ov1bn3MW3NWNnOI/sD6+gE8kZ8j</latexit>

P (ωe → ω̄e) ↭ 8↑ 10→6
<latexit sha1_base64="6Gjaho1+fk3FJ2nZPaHMdeJf9NA=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJigJI0qDBWZWEsEn1ITYgc122t2klkO0hV1M9g4VdYGECItRt/g9NmgMKRLB2dc66u7wliRqWyrC+jsLK6tr5R3Cxtbe/s7pn7B20ZJQKTFo5YJLoBkoTRkLQUVYx0Y0EQDxjpBOObzO88EiFpFN6rSUw8joYhHVCMlJZ888LliZ/a1Sl0GZFSUg6diuNAV1FOJLSth/TcdrR7BrNkwzfLVsWaA/4ldk7KIEfTN2duP8IJJ6HCDEnZs61YeSkSimJGpiU3kSRGeIyGpKdpiPRaL50fNoUnWunDQST0CxWcqz8nUsSlnPBAJzlSI7nsZeJ/Xi9Rg2svpWGcKBLixaJBwqCKYNYS7FNBsGITTRAWVP8V4hESCCvdZUmXYC+f/Je0qxW7VqndXZbrjbyOIjgCx+AU2OAK1MEtaIIWwOAJvIA38G48G6/Gh/G5iBaMfOYQ/IIx+waLdp2U</latexit>

µ12 ↭ 3.33→ 10→13 µB

<latexit sha1_base64="FHBbUsceRqzwkUGyS9pq7I78Yxk=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJigBKXqjBWZWEsEn1ITYgc122t2klkO0hV1M9g4VdYGECItRt/g9N2gMKRLB2dc66u7wlizpR2nC8rt7K6tr6R3yxsbe/s7tn7By0VJZLQJol4JDsBVpSzkDY105x2YkmxCDhtB6ObzG8/UqlYFN7rcUw9gQch6zOCtZF8+8IViZ+i8gS6nCqlmICVEnKgq5mgCiLnIT1Hl8Y9g1my7ttFp+TMAP8StCBFsEDDt6duLyKJoKEmHCvVRU6svRRLzQink4KbKBpjMsID2jU0xGatl84Om8ATo/RgP5LmhRrO1J8TKRZKjUVgkgLroVr2MvE/r5vo/rWXsjBONA3JfFE/4VBHMGsJ9pikRPOxIZhIZv4KyRBLTLTpsmBKQMsn/yWtcglVS9W7SrFWX9SRB0fgGJwCBK5ADdyCBmgCAp7AC3gD79az9Wp9WJ/zaM5azByCX7Cm34UDnZA=</latexit>

µ12 ↭ 4.10→ 10→13 µB

<latexit sha1_base64="uR797e+3Dz4pIb5WaIJNsBlRjJg=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgQkoi0roRSl3oRqhgH9CEMJlO2qGTyTAzEUoo+CtuXCji1u9w5984bbPQ1gMXDufcy733hIJRpR3n21paXlldWy9sFDe3tnd27b39lkpSiUkTJyyRnRApwignTU01Ix0hCYpDRtrh8Hritx+JVDThD3okiB+jPqcRxUgbKbAP64EniBTwCla9s8yTMby7GQd2ySk7U8BF4uakBHI0AvvL6yU4jQnXmCGluq4jtJ8hqSlmZFz0UkUEwkPUJ11DOYqJ8rPp+WN4YpQejBJpims4VX9PZChWahSHpjNGeqDmvYn4n9dNdXTpZ5SLVBOOZ4uilEGdwEkWsEclwZqNDEFYUnMrxAMkEdYmsaIJwZ1/eZG0zstupVy5vyjV6nkcBXAEjsEpcEEV1MAtaIAmwCADz+AVvFlP1ov1bn3MWpesfOYA/IH1+QMy4ZRf</latexit>

B→ = 7MG

JUNO 100 kt･yr (8 - 16.8 MeV):  
<latexit sha1_base64="zzOPdSIyrldgtgjoyUmZaz/gw0A=">AAACGHicbVDLTgIxFO3gC/E16tJNIzFxoThFRZYENy4xkUfCIOmUAg3tzKTtmJAJn+HGX3HjQmPcsvNv7MAsFDxJk5Nzzs3tPV7ImdKO821lVlbX1jeym7mt7Z3dPXv/oKGCSBJaJwEPZMvDinLm07pmmtNWKCkWHqdNb3Sb+M0nKhUL/Ac9DmlH4IHP+oxgbaSufeGKqBuj4gS6nCqlmIDXBVSGrmaCKoicx/gcXRr3DCbJatfOOwVnBrhMUEryIEWta0/dXkAiQX1NOFaqjZxQd2IsNSOcTnJupGiIyQgPaNtQH5u1nXh22ASeGKUH+4E0z9dwpv6eiLFQaiw8kxRYD9Wil4j/ee1I98udmPlhpKlP5ov6EYc6gElLsMckJZqPDcFEMvNXSIZYYqJNlzlTAlo8eZk0igVUKpTur/KValpHFhyBY3AKELgBFXAHaqAOCHgGr+AdfFgv1pv1aX3NoxkrnTkEf2BNfwCTi52Z</latexit>

µ12 ↭ 5.18→ 10→13 µB

KamLAND (2022): 
<latexit sha1_base64="lDatbFaxjGGwsQwoPsPEscBVcNs=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwoSEppXVZ6sZlBfuAJobJdNIOnUnCzEQooX/hxl9x40IRt7rzb5y0XWjrgYHDOedy554gYVQq2/42CmvrG5tbxe3Szu7e/oF5eNSRcSowaeOYxaIXIEkYjUhbUcVILxEE8YCRbjC+zv3uAxGSxtGdmiTE42gY0ZBipLTkm5bLUz9zKlPoMiKlpBzWrHoVuopyIqFj32eX2nUvYB5s+mbZtuwZ4CpxFqQMFmj55pc7iHHKSaQwQ1L2HTtRXoaEopiRaclNJUkQHqMh6WsaIb3Vy2Z3TeGZVgYwjIV+kYIz9fdEhriUEx7oJEdqJJe9XPzP66cqvPIyGiWpIhGeLwpTBlUM85LggAqCFZtogrCg+q8Qj5BAWOkqS7oEZ/nkVdKpWE7Nqt1Wy43moo4iOAGn4Bw4oA4a4Aa0QBtg8AiewSt4M56MF+Pd+JhHC8Zi5hj8gfH5AzOYnXE=</latexit>

µ12 ↭ 6.74→ 10→12 µB

c.f., solar neutrino measurement expectations & constraints

Jinping better than JUNO (7 times larger)
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• Inclusion of the Full SR 𝐸𝜈 ∈ [1.8, 16.8] MeV provides slightly better sensitivities albeit with more background 
contamination.
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• For 𝐸𝜈 ≳ 8 MeV, the transition probability asymptotically energy independent.
<latexit sha1_base64="2uWmXq8gIzNIlPiX5Gk9Fjd02XQ="></latexit>

P (ωe → ω̄e) ↑ 1.1↓ 10→10

(
µ12B↑

10→12 µB · 10 kG

)2

Akhmedov, Martinez-Mirave, JHEP 10, 144 (2022)

• The transition probability                       is a function of 𝐸𝜈, 𝜇12, and 𝐵⟘ at the location of production.
<latexit sha1_base64="IwdHyQeJRafj46rqSP9V4cHS51s=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRIZakShApjBQtjkehDaqLIcW9aq44T2Q5SVXXhV1gYQIiVz2Djb3DTDNByJEvH59wr+5ww5Uxpx/m2VlbX1jc2S1vl7Z3dvX374LCtkkxSaNGEJ7IbEgWcCWhppjl0UwkkDjl0wtHtzO88glQsEQ96nIIfk4FgEaNEGymwj5tVT2QBYE8n2AuJxPn1PLArTs3JgZeJW5AKKtAM7C+vn9AsBqEpJ0r1XCfV/oRIzSiHadnLFKSEjsgAeoYKEoPyJ3mAKT4zSh9HiTRHaJyrvzcmJFZqHIdmMiZ6qBa9mfif18t0dO1PmEgzDYLOH4oyjk3YWRu4zyRQzceGECqZ+SumQyIJ1aazsinBXYy8TNoXNbdeq99fVho3RR0ldIJOURW56Ao10B1qohaiaIqe0St6s56sF+vd+piPrljFzhH6A+vzBxJ7lXM=</latexit>

P (ωe → ω̄e)

Approximated analytic formula in the 3-flavor framework
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• For a wide range of 1kG < 𝐵⟘ < 10 BG, the expected sensitivities on 𝜇12 range from 10-9𝜇𝐵 to 10-16𝜇𝐵. 

𝐵⟘ ~ 7 MG
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• The conversion of the sensitivities into MDM rely on the calculation methods. Our realistic results expect about 1.4 
weaker values than the widely used simplified results.

Akhmedov, Pulio, PLB 553, 7 (2003)
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Disappearance of solar neutrino

𝜈

Solar magnetic field provides a source for the rotation of spin (c.f., Larmor precession): spin-flavor precession (SFP)

Majorana neutrino (transition into different flavor 𝜈𝑐): 
SFP osc.

<latexit sha1_base64="o5hS1IulG1fzyioprUWMAJeeM5U=">AAACGXicbVDLSgMxFM34rPU16tJNsAiuyoxIdVl048JFLfYBnWHIpJk2NMkMSUYoQ3/Djb/ixoUiLnXl35hOB9TWA4HDOedyc0+YMKq043xZS8srq2vrpY3y5tb2zq69t99WcSoxaeGYxbIbIkUYFaSlqWakm0iCeMhIJxxdTf3OPZGKxuJOjxPiczQQNKIYaSMFtuOJNMgIvJlAT8fQC5GEueTxFDZ/xCLWnAR2xak6OeAicQtSAQUagf3h9WOcciI0Zkipnusk2s+Q1BQzMil7qSIJwiM0ID1DBeJE+Vl+2QQeG6UPo1iaJzTM1d8TGeJKjXlokhzpoZr3puJ/Xi/V0YWfUZGkmgg8WxSlDJpzpzXBPpUEazY2BGFJzV8hHiKJsDZllk0J7vzJi6R9WnVr1drtWaV+WdRRAofgCJwAF5yDOrgGDdACGDyAJ/ACXq1H69l6s95n0SWrmDkAf2B9fgNho5/w</latexit>

ωeL → ω̄µR → ω̄eR

Appearance of solar electron anti-neutrino via IBD
Akhmedov, PLB 255, 84 (1991) Raghavan, Balantekin, Loreti, Bltz, Pakvasa, 

Pantaleone, PRD 44, 3786 (1991)

Dirac neutrino (conversion into 𝜈𝑠𝑅): <latexit sha1_base64="rWOc+SzGqHzNUqMS8z8L0ho7vRQ=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCUGGsYGFgKIg+pCaqHPemteo4ke0gVVEWfoWFAYRY+Qw2/gY37QAtR7J0fM69ss8JEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4lhSaNeSw7AVHAmYCmZppDJ5FAooBDOxhdT/z2I0jFYvGgxwn4ERkIFjJKtJF69qEn0l4G+DbHno5xcVP4Pu/ZFafqFMCLxJ2RCpqh0bO/vH5M0wiEppwo1XWdRPsZkZpRDnnZSxUkhI7IALqGChKB8rMiQI5PjNLHYSzNERoX6u+NjERKjaPATEZED9W8NxH/87qpDi/9jIkk1SDo9KEw5dhEnbSB+0wC1XxsCKGSmb9iOiSSUG06K5sS3PnIi6R1VnVr1drdeaV+NaujhI7QMTpFLrpAdXSDGqiJKMrRM3pFb9aT9WK9Wx/T0SVrtnOA/sD6/AHqapX9</latexit>ωeL → ωsR

Disappearance of solar neutrino

Akhmedov, PLB 213, 64 (1988) & Sov. J. Nucl. Phys. 48, 382 (1988) Lim, Marciano, PRD 37, 1368 (1988)

Akhmedov, Berezhiani, Senjanovic, 
Tao, PLB 298, 391 (1993) 

(a 4-generation 𝜈)

Resonant SFP (RSFP) with transition moments
<latexit sha1_base64="zrCyzXQMnvF5E0q3E6tF4KwZT54=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCUGGsYGFgKIg+pCaqHPemteo4ke0gVVEWfoWFAYRY+Qw2/ga3zQAtR7J0fM69ss8JEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4lhSaNeSw7AVHAmYCmZppDJ5FAooBDOxhdT/z2I0jFYvGgxwn4ERkIFjJKtJF69qEn0l4G+DbHno5xcbvPe3bFqTpT4EXiFqSCCjR69pfXj2kagdCUE6W6rpNoPyNSM8ohL3upgoTQERlA11BBIlB+Ng2Q4xOj9HEYS3OExlP190ZGIqXGUWAmI6KHat6biP953VSHl37GRJJqEHT2UJhybKJO2sB9JoFqPjaEUMnMXzEdEkmoNp2VTQnufORF0jqrurVq7e68Ur8q6iihI3SMTpGLLlAd3aAGaiKKcvSMXtGb9WS9WO/Wx2x0ySp2DtAfWJ8/1QiV7w==</latexit>ωeL → ωeR(In the presence of matter, is highly suppressed.)

✔︎

• 3 flavor: Majorana (strongly constrained by the appearance), Dirac scenarios

depends on the solar magnetic field profile (unknown) 
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Constrained by the solar neutrino measurements: subdominant effect



Disappearance of solar neutrino

𝜈

Solar magnetic field provides a source for the rotation of spin (c.f., Larmor precession): spin-flavor precession (SFP)

Majorana neutrino (transition into different flavor 𝜈𝑐): 
SFP osc.

<latexit sha1_base64="o5hS1IulG1fzyioprUWMAJeeM5U=">AAACGXicbVDLSgMxFM34rPU16tJNsAiuyoxIdVl048JFLfYBnWHIpJk2NMkMSUYoQ3/Djb/ixoUiLnXl35hOB9TWA4HDOedyc0+YMKq043xZS8srq2vrpY3y5tb2zq69t99WcSoxaeGYxbIbIkUYFaSlqWakm0iCeMhIJxxdTf3OPZGKxuJOjxPiczQQNKIYaSMFtuOJNMgIvJlAT8fQC5GEueTxFDZ/xCLWnAR2xak6OeAicQtSAQUagf3h9WOcciI0Zkipnusk2s+Q1BQzMil7qSIJwiM0ID1DBeJE+Vl+2QQeG6UPo1iaJzTM1d8TGeJKjXlokhzpoZr3puJ/Xi/V0YWfUZGkmgg8WxSlDJpzpzXBPpUEazY2BGFJzV8hHiKJsDZllk0J7vzJi6R9WnVr1drtWaV+WdRRAofgCJwAF5yDOrgGDdACGDyAJ/ACXq1H69l6s95n0SWrmDkAf2B9fgNho5/w</latexit>

ωeL → ω̄µR → ω̄eR

Appearance of solar electron anti-neutrino via IBD
Akhmedov, PLB 255, 84 (1991) Raghavan, Balantekin, Loreti, Bltz, Pakvasa, 

Pantaleone, PRD 44, 3786 (1991)

Dirac neutrino (conversion into 𝜈𝑠𝑅): <latexit sha1_base64="rWOc+SzGqHzNUqMS8z8L0ho7vRQ=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCUGGsYGFgKIg+pCaqHPemteo4ke0gVVEWfoWFAYRY+Qw2/gY37QAtR7J0fM69ss8JEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4lhSaNeSw7AVHAmYCmZppDJ5FAooBDOxhdT/z2I0jFYvGgxwn4ERkIFjJKtJF69qEn0l4G+DbHno5xcVP4Pu/ZFafqFMCLxJ2RCpqh0bO/vH5M0wiEppwo1XWdRPsZkZpRDnnZSxUkhI7IALqGChKB8rMiQI5PjNLHYSzNERoX6u+NjERKjaPATEZED9W8NxH/87qpDi/9jIkk1SDo9KEw5dhEnbSB+0wC1XxsCKGSmb9iOiSSUG06K5sS3PnIi6R1VnVr1drdeaV+NaujhI7QMTpFLrpAdXSDGqiJKMrRM3pFb9aT9WK9Wx/T0SVrtnOA/sD6/AHqapX9</latexit>ωeL → ωsR

Disappearance of solar neutrino

Akhmedov, PLB 213, 64 (1988) & Sov. J. Nucl. Phys. 48, 382 (1988) Lim, Marciano, PRD 37, 1368 (1988)

Akhmedov, Berezhiani, Senjanovic, 
Tao, PLB 298, 391 (1993) 

(a 4-generation 𝜈)

Resonant SFP (RSFP) with transition moments
<latexit sha1_base64="zrCyzXQMnvF5E0q3E6tF4KwZT54=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCUGGsYGFgKIg+pCaqHPemteo4ke0gVVEWfoWFAYRY+Qw2/ga3zQAtR7J0fM69ss8JEs6Udpxva2l5ZXVtvbRR3tza3tm19/ZbKk4lhSaNeSw7AVHAmYCmZppDJ5FAooBDOxhdT/z2I0jFYvGgxwn4ERkIFjJKtJF69qEn0l4G+DbHno5xcbvPe3bFqTpT4EXiFqSCCjR69pfXj2kagdCUE6W6rpNoPyNSM8ohL3upgoTQERlA11BBIlB+Ng2Q4xOj9HEYS3OExlP190ZGIqXGUWAmI6KHat6biP953VSHl37GRJJqEHT2UJhybKJO2sB9JoFqPjaEUMnMXzEdEkmoNp2VTQnufORF0jqrurVq7e68Ur8q6iihI3SMTpGLLlAd3aAGaiKKcvSMXtGb9WS9WO/Wx2x0ySp2DtAfWJ8/1QiV7w==</latexit>ωeL → ωeR(In the presence of matter, is highly suppressed.)

✔︎

• 3 flavor: Majorana (strongly constrained by the appearance), Dirac scenarios

• 3 + 1 flavor: Majorana, Dirac scenarios w/ conversion into the SM singlet
<latexit sha1_base64="6LYC6L24sey/LckgFsKNBozkoV4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSpHos6sFjBfsBbQyb7aRdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMr2d+5xGkYrG415MEvIgMBQsZJdpIvl3u3wDXBEd+5rjTh5pvV5yqMwdeJW5OKihH07e/+oOYphEITTlRquc6ifYyIjWjHKalfqogIXRMhtAzVJAIlJfND5/iU6MMcBhLU0Ljufp7IiORUpMoMJ0R0SO17M3E/7xeqsNLL2MiSTUIulgUphzrGM9SwAMmgWo+MYRQycytmI6IJFSbrEomBHf55VXSrlXderV+d15pXOVxFNExOkFnyEUXqIFuURO1EEUpekav6M16sl6sd+tj0Vqw8pkj9AfW5w+TZJJn</latexit>

!m2
01 Solar magnetic field profile
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Conclusions


