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1) Neutrino Electromagnetic Properties
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Minimal Neutrinos AT
Tsung-Dao Lee Institute

Georg . Raffelt

Stars as Laboratories

for Fundamental Physics

The Astrophysics of Neutrinos, Axions, and Other
Weakly Interacting Particles

In the standard model, neutrinos have been assigned the most min-
imal properties compatible with experimental data: zero mass. zero
charge. zero dipole moments, zero decay rate. zero almost everything.
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Pauli’s Proposal of Neutrino A AT

Tsung-Dao Lee Institute
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Neutrino Magnetic Properties A @RSy

Tsung -Dao Lee Institute

® Four types

CPV
2
— ) 1/ - q TL’
Hpvy =7 {_qu (pFdesam bt (’m - qu) q (< 6> + amﬁ)] vA*(q),
MDM EDM Charge Apapole

Radius

® Flavor Structures jﬁv) = u(p;) Aif(q)u(pj)

Al (q) = (%u q;g) 3@ + £ — Fi(@Diowd” + FE(dP)owd s

(o) = aj = f{0) ui = f0) € = f2(0)
® Dirac vs Majorana
@) = ~qid, )T =l (@) =, and (a)T = al
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Neutrino Electron Scattering A g v
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® MDM & EDM

do vae—Xe TTO-’Q 1 1 T2
= — |
il 3 i e AT: B

|HEH‘2 = Z { m(ﬂu = 52)13 7 T 2Im[Uq; (/J’VEI/)‘E,? ]}
]

® Charge Radius & Anapole
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1 Combinations
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Solar & Nuclei Scattering A AT
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® Solar Neutrinos @ Electron Scattering

Ihils ‘ (12)? = Z |Uei | |(1)ij — i(en)i |

2, W @—DUEJH i — 6(au)i|

Combinations

® Nuclei Scattering

do GiM MT,
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Combinations
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Celestial Constraints A A5
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® Neutrino Decay

my

3
1 mf — mz
s =smpsh gl = ( 3) 1 a)ig? + 1(e)i ]

Combinations
® Stellar Cooling

®\2 2 \(’-’"3>z‘j|2 12
(1)* = Y { 2m2. | F22EL 4 |(a,)y

]

+ | (p)s* + |(€u)ij|2}

Combinations
)

All measurements & observations are a
complex combination of various EM property
\elements & mixing matrix elements! )
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Atomic Neutrino Pair Emission A ¥y

Tsung -Dao Lee Institute

M. Yoshimura, Phys. Rev. D v
75, 113007 (2007)
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Weak Interactions A g Aasy
Tsung-Dao Lee Institute
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Atomic Radiance T Lt
Tsung-Dao Lee Institute

® Spontaneous radiance

Q Excited (meta-stable) State (|e >)

—

~

Ground state (|g >)

® Stimulated radiance

Excited (meta-stable) State (|e >)

g AN —
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QD Ground state (|g >)
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Macroscopic Coherence A AT

Tsung-Dao Lee Institute

spontaneous emission explosive PSR
from a body of target atoms

Fukumi et al, Prog. Theor. Exp. Phys. 2012, 04D002 [1211.4904]

Shao-Feng Ge [gesf@sjtu.edu.cn] Dec/16, 2023 @ TeV 2023, REKZF 12



Spectral Function A BT
Tsung -Dao Lee Institute
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Measurable Properties A @Ry

Tsung-Dao Lee Institute

1) Mass

Song et al [1510.00421]; Zhang & Zhou [1604.08008]

2) CP phase
Yoshimura & Sasao [1506.08003]

3) Dirac vs Majorana
Dinh, Petcov, Sasao, Tanaka & Yoshimura [1209.4808]
4) Unitarity
Huang, Sasao, Xing & Yoshimura [1904.10366]

5) Sterile neutrino
Dinh & Petcov [1411.7459]
6) Axion
Huang & Zhou [1905.00367]

/) Dark photon
Bhoonah, Bramante & Song [1909.07387]

Shao-Feng Ge [gesf@sjtu.edu.cn] Dec/16, 2023 @ TeV 2023, ZEAF 14



Light Mediators
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Tsung -Dao Lee Institute

Eﬁg - 0“;%

Z'/ -;f)

(V7 V)

AN

M ~

q*
4
g

(q2 + m2)2 ~

Shao-Feng Ge [gesf@sjtu.edu.cn] Dec/16, 2023 @ TeV 2023, REAKZF

g* 4 m? < q°

= m2 =>> q2

15



Vector Light Mediator A EHEy
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Scalar Light Mediator
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Tsung-Dao Lee Institute
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Light mediator ~ Massless Photon? [ERitileis

Tsung-Dao Lee Institute

® Massless photon is also a light mediator!

® RENP can also be sensitivity to EM interactions

Shao-Feng Ge [gesf@sjtu.edu.cn] Dec/16, 2023 @ TeV 2023, REKZF 18



M1 vs Electron Magnetic Moment f*z’z@‘r"w

Tsung-Dao Lee Institute

v) . Z/
’:f B * {:Jﬁf:‘i I,_f
A E1 x M1
T e =
| ® Can electron side contribute M1?
—— 1g) e Electron has both charge & MM

1y O, —my =0
_ 6 -
e A, vyH R Rwa“ywﬂw
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EM Moments Scan AT
Tsung-Dao Lee Institute

: 3x 1071 15z
.
J
3| L) e
25‘-- (1,1)— (2,2)
o (1L3) - (3.3) f"“’fﬁﬂiﬂf'lﬂia’" Yb, NO, my = 0.01 eV ey
1068 1.060 1.070 1.071 1069 1.070 1.071

w [eV] w [eV]

Tune trigger laser frequencies to scan multiple points.

Shao-Feng Ge [gesf@sjtu.edu.cn] Dec/16, 2023 @ TeV 2023, REKZF 20



EM Moments Scan
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Tsung-Dao Lee Institute

Yh, NO, m; = 0.01 eV
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e
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[ — SM
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Tune trigger laser frequencies to scan multiple points.

Shao-Feng Ge [gesf@sjtu.edu.cn]

Dec/16, 2023 @ TeV 2023, ZEA¥
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EM Moments Scan Aty g 45
Tsung-Dao Lee Institute

' ' Yb, NO, m; = 0.01eV

0.08

0.02

0.00
1.067 1.068 1.069 1.070 1.071 1.072

w [eV]
Tune trigger laser frequencies to scan multiple points.
Shao-Feng Ge [gesf@sjtu.edu.cn] Dec/16, 2023 @ TeV 2023, KEAKF 22



A BN

Tsung-Dao Lee Institute

Distinguishing EM Types
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Sensitivity on Individual Elements it tis

Tsung-Dao Lee Institute

"1._+ Yb, NO, m; = 0.01 eV Borexino

l—._

- (i, ) -

-
" S — — —

|(pt)ij] or |(€)ij] [LO7M pug]

-- (1,1 (1,3) v (2,3
i - (1,2) — (2,2) == (3,3) |
R G 90%C.L. ..
[ [ Cort [ [ [ | [ C

I1HH2IH 3 45678 9HH10
Exposure T' x V @ each frequency w; [10 days x 100 cm”]
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Summary AT
Tsung-Dao Lee Institute

1) Advantages of RENP

2) NSI with light mediator

® Typical momentum transfer @ eV

® Sensitivity improved by 2~3 orders

3) Neutrino EM moments

® Disentangle v EM moments

® |dentify individual elements

Thank You

Shao-Feng Ge [gesf@sjtu.edu.cn] Dec/16, 2023 @ TeV 2023, REKZF 25



Neutrino Oscillation A M5
Tsung-Dao Lee Institute

i f?_a(e.g. )
L
Amp b4 = \‘,{-
Source
_ b i _
=X Amp W \;
i UL Prop(v,) Up;
i Source Target i
[Kayser, https://arxiv.org/abs/hep-ph/0506165]
(Bt By, | o
Va=p_i Uaiti —=| > Uaie! B Py [=1 57, UaiPiU g [E2_5 Aagls
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3-Neutrino Oscillation L

Tsung -Dao Lee Institute

Mass difference + Mixing — Neutrino Oscillation

Ve

Vi

v‘[

e PMNS Matrix Q-0
( C.C S.C s,e 10D \ /
Svr S*r r @
UPI\{NS =P —SsCy — Cssasre“SD +CsCy — Sssasre“s SaCr Q

\—|—5553 - CsCaSrehsD _Cssa - SSCaSre'(S CaCr y

with P = diag(e’?t, &2, e'?3) & Q = diag(e'®M1, 1, e/M3)
[(s,a,r) = (12,23,13) for (solar, atmospheric, reactor) angles]

Shao-Feng Ge [gesf@sjtu.edu.cn] Dec/16, 2023 @ TeV 2023, REKZF 27



Neutrino Properties AWML
Tsung -Dao Lee Institute

(for NO) = Best Value +1o

Am? = An, (10%eV?) 7.30 7.50 772

Am2 = Am%;| (1073eV?) 2.52 2.56 2.59
sin® O (0 = 612) 0.302 (33.3°)  0.318 (34.3°)  0.334 (35.3°)
sin” @, (0, = 6,3) 0.544 (47.54°) 0.566 (48.79°) 0.582 (49.72°)

sin” @, (0, = 013) 0.02147 (8.43°) 0.02225 (8.58°) 0.02280 (8.69°)

op 191° 216° 257°

Omi 77 ?? ??

Salas, Forero, Gariazzo, Martinez-Mirave, Mena, Ternes, Tortola & Valle, [arXiv:2006.11237]
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Neutrino Masses A M
Tsung-Dao Lee Institute

Normal Ordering (NO) Inverted Ordering (10)
m2 A A m2
V3 V2
A'n’?‘gnl
41
A’r"’?’i’r,rﬂ
A"‘r"/‘}ét;lll
Vo
,/_\77?,301 !
vy I v
Ve Vy Ur
my S mp < m3 m3 < m < mp
mi m; = \/ m3 + Am?
. 2 2
m2_\/m1+Ams m2:\/m§—|—Am§—|—Am§
m3 = \/ m? + Am? M3

LI 1R {F5E56 (JUNO)
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All in One? A d T
Tsung-Dao Lee Institute

1) Masses (0m?;, ordering, absolute values)
2) Mixing Angles (012, 023, 015)

3) CP Phase

4) Dirac vs Majorana

5) Non-Standard Interactions

Is it possible to measure all
these in a single experiment?

® RENP provides an independent measurement of these!

Shao-Feng Ge [gesf@sjtu.edu.cn] Dec/16, 2023 @ TeV 2023, REKZF 30



Stimulated Radiance A g5
Tsung-Dao Lee Institute

® |dentical bosonic particles

T

a
0 N, +1) =2 k__|IN

v (ay) ™

(90,1
|Ni) = (2wr) N

(Ni + L lal, INe) = /20,0000, |06V Ne + 1+ (1= 63))

( ik .z R
VN, F 1Ml ons(B, — B, —wy) if k=K,
<9,Nk + 1I<:”T‘€,Nk> — < N kjeilz’-j;’ L3/2 < g > | ) |
s 2m0(Ee — By — wyy) if k#K,
M = —iwirelg|d - € le) I' ¢ ny
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Selection Rules A @Ry
Tsung-Dao Lee Institute

.i.
_,.G'F ZU aijV; 0V,

(gldlp) - E - (p|Sele)

Epg =
e) E1l M1
AJ 0,+1 0,+1
AM;  0,+1 0,+1

Parity m =-—7mf m =7y

Coupling Luew |Non-Relativistic Transition | Type
scalar ysee (fl) El
pseudo-scalar| iypeéyse {flo|i) M1

vector gy evte ((f|3>, . (flooli)) El
axial-vector |ghevy"vy,e (ch (flali), (fleli)) M1
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Neutrino EM Dipole Moments A g5

Tsung-Dao Lee Institute

Hy =v [—fM(QQ)iOWQV T fE(C]2)UWQVV5] v A" (q)

Magnetic _ Electric _
Moment: P = fM (O) Moment: € = fE(O)

Both are negligibly small in SM!

® EDM violates CP!

® Majorana Neutrino

(v )ij = — ()i (€v)ij = —(€);i

Shao-Feng Ge [gesf@sjtu.edu.cn] Dec/16, 2023 @ TeV 2023, REKZF 33



Existing Constraints A A5

Tsung-Dao Lee Institute

Super—g  KamLapg  Gemm, — Borexing XENONjp This Wy
(Lz)
Corona, Bonivento, Cadeddu, Cargioli & Dordei [2207.05036]
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Existing Measurements A g v
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® Electron recoil experiments
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1) Recoil measurement is sensitive to not just MDM but also EDM
2) Not a single element, but a linear combination of multiple elements

3) Possible cancellations

. i * —
® Plasmon decay in stellar cooling o= VY
O\2 — Z 12 P
(1)” = [(0)iz]™ + [ (€0)45]
vJ
Suffers from various uncertainties Giunt & Studenikin [1403.6344]
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