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Neutrino Electromagnetic Interactions

> Effective Hamiltonian:  H¥)(x) —j}f" (x)A¥ (x) = Z H(x)ﬂffvj(x)A”(x)

k.j=1
» Effective electromagnetic vertex: vi(pi) \\/ \/ ve(pr)
(ve (Pl (0)vilpr)) = T (pr)Aj(a)ui(pi) N
q=pPi — Pf g

» Vertex function:
Na(@) = (9 — qud/a°) [Fa(a®) + Fa(a®)a*vs] — iouwq” [Fm(q®) + iFe(a*)7s]

| orentz-invariant

form factors: charge anapole magnetic electric
=0 — q a Iz €
helicity-conserving helicity-flipping
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Neutrino magnetic and electric moments

» Extended Standard Model with right-handed neutrinos and AL = 0:

~ 3.2 % 10~1¢ (m“‘) D _¢o
Hkk x B xY; kk
D 2
Foig —23 my £ mj x Mg
. ~ —3.9 x 10 1L E U* U,.
1.&75} B ( eV ) k= (mT)
EZE?H!T

off-diagonal moments are GIM-suppressed

[Fujikawa, Shrock, PRL 45 (1980) 963; Pal, Wolfenstein, PRD 25 (1982) 766; Shrock, NPB 206 (1982) 359;
Dvornikov, Studenikin, PRD 69 (2004) 073001, JETP 99 (2004) 254]

» Extended Standard Model with Majorana neutrinos (|AL| = 2):
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pyg ~ —7.8 x 10722 gi (my + my) Z Im [Uyy Upjl —— -
t=equ,T w

M 23 m;
M~ 7.8 %1078 ugi(me — my) S Re[Uj Uyl —%
f=e,n.,T w

[Shrock, NPB 206 (1982) 359]

GIM-suppressed, but additional model-dependent contributions of the scalar
sector can enhance the Majorana transition dipole moments
[Pal, Wolfenstein, PRD 25 (1982) 766; Barr, Freire, Zee, PRL 65 (1990) 2626; Pal, PRD 44 (1991) 2261]
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CEvNS with v magnetic moments

Neutrino magnetic (and electric) moment contributions to CErNS
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The magnetic moment interaction adds incoherently to the weak
interaction because it flips helicity.

The m, is due to the definition of the Bohr magneton: g = e¢/2m..




Experimental Bounds

Method Experiment Limit [pg] CL Year
Krasnoyarsk py, < 2.4 x 10710 90% 1992
Rovno fy, < 1.9 x 10710 05% 1993
Reactor 7, e~ MUNU fy, < 9 x 10711 90% 2005
TEXONO ., < 7.4 x 1071 90% 2006
GEMMA fy, < 2.9 x 1071 90% 2012
Accelerator v e™ LAMPF py, < 1.1 x 107° 90% 1992
Accelerator (v,,7,) e~ BNL-E734 pv, < 8.5 x 10710 90% 1990
LAMPE f, < 7.4 x 10710 90% 1992
LSND f, < 6.8 x 10710 90% 2001
Accelerator (vr,v-)e” DONUT . < 3.9 x 1077 90% 2001
Solar v e~ Super-Kamiokande pus(E, > 5MeV) < 1.1 x 1071 090% 2004
Borexino ps(Ey, < 1MeV) < 2.8 x 10711 090% 2017

[see the review Giunti, Studenikin, arXiv:1403.6344]
» Gap of about 8 orders of magnitude between the experimental limits and
the < 10719 1g prediction of the minimal Standard Model extensions.
> 1, > 1019 up discovery = non-minimal new physics beyond the SM.

» Neutrino spin-flavor precession in a magnetic field
[Lim, Marciano, PRD 37 (1988) 1368; Akhmedov, PLE 213 (1988) 64|
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COHERENT constraints on v magnetic moment

— ArCEvNS ... DIEFK-YBe) CEVNS+ES More details in Corona, cee YFL, et al,
—— Csl CEWNS —— DII(HMVE-Fef) CEVNS+ES
— Gsl+Ar CEVNS - - - DI(HMK~Fef) CEVNS+ES 2205.09484
—— Csl+ArGEVNS+ES -~ DIEFK-Fef) CEVNS+ES
DI(HMVE-YBe) CEVNS
DII(HMVE-Fef) CEVNS MUNU (90% CL) —— Ar CEVNS —— Csl+Ar CEVNS BNL-E734 (90% CL)
DI(HMVE-YBe) CEVNS+ES TEXONO (90% CL) —— Csl CEVNS — Csl+Ar CEVNS+ES —— LAMPF (90% CL)
DII(HMK-YBe) CEVNS+ES GEMMA (90% CL) LSND (90% CL)
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Iny,| [ue] iy, | [107"%ug]

v, | < 213 x 1071% up Dresden — IT (CEvNS + ES), .| < 10.3x 107 pp
[, | < 18 x 107 45 CsI(CEwvNS + ES) + Ar (CEvNS) <:> |l~%/f| < 15.6 x 10712 1

A combined analysis of DM direct detection experiments (see 2309.17380)
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Active-sterile v magnetic moment:

d _
L — ——~(No,,v*F") + h.c. i
NDP 9 (Nopuw ) An important portal to
:> the dark sector
dp = YIOEM | fve | | 996 |Hra|  Gey—1
Me HB 1B
v XENONIT XENONIT /,} [V“ coupling 0111}7] > Above Ge.\l:
J~nuclear \r‘ecoil electron recoil—am LEP/ LHC with 10-3 GeV-!
- 107 - _'_/".__. y ;\.*()M”)
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= 1 cooling v
Q 1079 i . I.r |
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.é 1071 < > MeV -_ GEVI
: v scattering plays an
iy important role!
T S Borexino, CHARM-II etc.
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NDP from low-Energy v-nucleus scattering data

Li, YFL, Xia, 2406.07477

Solar

;104_ DresderEIEI: :104_ Xe
% 5,
T 105 L
g L 10%4
5 Y
9102 T
ié Standard Model g 1024 Standard Model
2101] — de=1x 10-7GeV~1, my = 1MeV § — d=5x 107 7GeV1, my = 1MeV
l% — d.=2x%1077GeV~!, my=1MeV w — d;=1x10"%GeV~!, my = 1MeV

—— do=5x10"7GeV-!, my =5MeV —— d;=1x107%GeV~!, my =5MeV

100 . 10} .
1071 10° 107! 10°
TnlkeV] ThlkeV]
COHERECl\SIIT > We consider Dresden-lIl, full set of

T Csl, and Xe-based low threshold
2. data (PandaX-4t and Xenon-1t)
5
2 > All enhance the energy spectra:
¥ | — Standard Mode low mass scenario have more
o — dy;=1%10"7GeV~!, my=1MeV . . .
B 4 —2%107GeVY, my = 1MeV distortion at low energies;

— dy=5x1077GeV"", my = 30MeV while, high mass case will be more

10~ 10° 10* significant at high energies.

TrlkeV]
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Li, YFL, Xia, 2406.07477

Dresden-ll" Zo
(this work) 9N
~
-8
1070-1 100 101 102
my[MeV]

> Dresten-Il provides the leading constraints for the MeV range,
but the quenching factor matters at lower energies.

» COHERENT data present weaker constraints, but can extend to
tens of MeV, comparable to the limits from LSND and SK
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Li, YFL, Xia, 2406.07477

» COHERENT data provide leading constraints for 10—50 MeV, and

dulGeV~1]

107°

Charm-Ii

COHERENT fthis work)

-8
1010—1 100

extend to MeV range at the level of 10-7 GeV-!

» Our limit is around one order of magnitude better than previous works,
because of additional time information, more stats., better systematics.
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Li, YFL, Xia, 2406.07477

Nature sources, such
as solar and
| atmospheric vs, have
10-6! XenonlT (this work) abundant t-flavor
T PandaX4T (this work) fluxes at detectors.
>
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» The solar v-nucleus scattering in DM direct detection exp. provides
independent constraints up to 10 MeV, compared to the electron

scattering at Borexino & SuperkK.
> Our constraints are a factor of three better than previous work because

of low threshold data are employed.
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Conclusion

> The low energy coherent neutrino nucleus data are
unique probe of the neutrino magnetic moment!

> Active neutrino magnetic moment:

.| < 2.13 x 107 ug Dresden — II (CEvNS + ES),
o, | <18 x 10710y CsI(CEWNS + ES) + Ar (CEvNS)

> Active-sterile neutrino magnetic moment:

(a) leading constraints at the MeV mass range (e-flavor)
(b) leading constraints at the 10 MeV mass range (u-flavor)
(c) independent constraints for the t-flavor scenario

» A window for new physics beyond the standard model:
promising prospects with future measurements
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Electromagnetic Vertex Function

Nu(q@) = (vu — aud/a”) [Fo(a®) + Fa(®)q*ys| — iouwd” [Fm(a®) + iFe(a®)s)
Lorentz-invariant f / /

form factors: charge anapole magnetic electric

» Hermitian form factors: Fgo = FEE,, Fa=F}, Fy= FL, Fe = FE

» Majorana neutrinos: Fg = —Fg, Fa = Fi, Fm = —Fﬂ;. Fe = _F.-:I

no diagonal charges and electric and magnetic moments in the mass basis

» For left-handed ultrarelativistic neutrinos 75— — 1 = The
phenomenology of the charge and anapole are similar and the
phenomenology of the magnetic and electric moments are similar.

» For ultrarelativistic neutrinos the charge and anapole terms conserve
helicity, whereas the magnetic and electric terms invert helicity.
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Neutrino scattering with magnetic moments

2
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CEVNS with solar neutrinos

Type Target Exposure Optimal/Nominal Threshold Background
[txyear] [keV] [t~lyear'keV 1]
Ge-Gen-II Ge 0.2 0.04/0.1 1
Ge-Future Ge 2 0.04/0.1 1
Si-Gen-11 Si 0.2 0.04/0.1 1
Si-Future Si 2 0.04/0.1 1
Xe-Gen-II Xe 20 1/3.5 2
Xe-Future Xe 200 1/3.5 2
Ar-Gen-II Ar 200 1/3.5 2
Ar-Future Ar 3000 1/3.5 2 - = Xe
TABLE 1: Experimental scenarios and their typical parameters employed in this work. et — Ge
= —— Nominal Threshold — sj
e Optimistic Threshold Ar
1077 Next Generation Detector 107 Future Detector
104 107 10% 100

Mz/MeV

2201.05015

107t

d(GeVv~1]

102

=

i
Borexino 7-*‘ Borexino
1011 Xe Vs = vy 1011 Xe Vs = vy
— Ar TEXONO — Ar TEXONO . 107
Ge XenonlT(v,) Ge Xenon1T(v,) o
Si W XenonlT(vy) Si W XenonlT(vy)
m-’lzn-’ 10-? 10° 10! 10? 10"12[:_, 10! 107 10! 10?
my[MeV] malMeV]
1074
2203.16525 . o
» Active neutrino magnetic moment: — Nominal Threshold ~ — 5
R e Optimistic Threshold Ar

limited by the threshold
» Active-sterile magnetic moment (dipole portal) Mz tev

romising prospect !
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