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Neutrino Magnetic Moment

» The quest for measuring a possible magnetic moment of the
neutrino was begun even before the discovery of the neutrino.
Cowan, Reines and Harrison set an upper limit on in the process of
measuring background for a free neutrino search experiment with
reactor antineutrinos.

> Reines was awarded the 1995 Nobel Prize in Physics for his co-
detection of the neutrino with Clyde Cowan in the neutrino ;
experiment. Frederick Reines

PHYSICAL REVIEW VOLUME 96, NUMBER 5§ @MBER ID

Upper Limit on the Neutrino Magnetic Moment*

C. L. Cowan, Jr., F. REINES, AND F. B. HARRISON
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico

(Received August 18, 1954)

A liquid scintillation detector and neutrinos from a fission reactor were employed to set a new upper limit
of 1077 Bokr magnetons for the neutrino magnetic moment.
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Neutrino Magnetic Moment:
Experimental Searches

Reactor based experiments

« KRASNOYARSK (1992): W,< 2.7 %1010,
« ROVNO (1993): U,<1.9x 1010,
« MUNU (2005): W,<1.2x10%0p,
« TEXONO (2010): W, < 2.0 x 1010,
- GEMMA (2012): M,<2.9x 101 pg S
| pectrorimsogermen |
« LAPMF (1993): W, <7.4x1010p,
- LSND (2002): W, <6.4x 1010,
—[ Solar neutrino experiment
- Borexino (2017): M, < 2.8 X 10-1 Hg
« XENONLT (2020)
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Neutrino Magnetic Moment:
From Astrophysics and Cosmology

/

Evolution of stars can provide indirect constraints on the magnetic moments of
either Dirac or Majorana neutrinos.

A
p

Photons in the plasma of stellar environments can decay either into vv for the
case of Dirac neutrinos or into v,v, for the case of Majorana neutrinos.

AN
e

Such decays are kinematically allowed in a plasma since the photon acquires a Y
mass.

N v
4 )

If such decays occur too rapidly, that would drain energy of the star, in conflict
with standard stellar evolution models which appear to be on strong footing.

AN
e

S

__d

Limits on p, have been derived by requiring the energy loss in such decays to be Vi Vf
not more than via standard processes.

AN
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Neutrino Magnetic Moment:
From Astrophysics and Cosmology

"The best limit on K, from this argument arises from red giant
branch of globular clusters, resulting in a limit of I

(K, <45 %1012 .
>

Validity of this limit would make the neutrino magnetic
moment interpretation of the XENONLT excess questionable. I

N

" We note that these indirect constraints from astrophysics may
be evaded if the plasmon decay to neutrinos is kinematically I Y
\forbidden.

/

There are also cosmological limits arising from big bang
nucleosynthesis. I

N
P

However, these limits are less severe, of order 101% ;.

‘ 7 Vs

o
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Neutrino Magnetic Moment and
XenonlT electron recoil excess

(LXe TPC)
GXe % = 82
« low background, £ =
* low threshold,
« large exposure I
LXe drift time
(depth)
Incoming particles: S1
nuclear recoils (NR)
(WIMPs, neutrons)

« Electronic Recoil (ER) electronic recoils (EF
. (gamma, beta, axions and
 Nuclear Recoil (NR) ALPS)
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Neutrino Magnetic Moment and
XenonlT electron recoil excess
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XENON Collaboration, E. Aprile et al. (2020)
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Neutrino Magnetic Moment and
XenonlT electron recoil excess

« 214Pp
« 8Kr

—{_Intrinsic Backgrounds |
o 124Xe

o 136Xe

» Solar neutrino

° l3lmxe

e 133Xp
o 1251

—[ Contaminant Backgrounds

o 83mKr
» Materials
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(LXe TPC)

LXe

Incoming particles:

nuclear recoils (NR)
(WIMPs, neutrons)

electronic recoils (ER

(gamma, beta, axions and
ALP)

drift time
(depth)

§t

SC: E. Shockley
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Neutrino Magnetic Moment and
XenonlT electron recoil excess
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***Without any bias, for the full list of references, | will recommend to follow . .
the last paper (2009.02315 until now) appeared on arXiv. XE N O N COI Ia bO rat|0n, E . Ap ri Ie et al' (2020)
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Neutrino Magnetic Moment and
XenonlT electron recoil excess

(I IJ

The origin of such excess is
unclear - it could be the
presence of new physics,

or a large background
mismodeling.

However, the XenonlT
result, if due to new
physics, would revolutionize
the field of particle
physics.

***Without any bias, for the full list of references, | will recommend to follow
the last paper (2009.02315 until now) appeared on arXiv.
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Neutrino Magnetic Moment and
XenonlT electron recoil excess

Y

a vﬂ

The excess in electron recoil events observed by XENON1T
collaboration may be explained by solar neutrinos which have
nonzero magnetic moments. The preferred range of an effective
neutrino magnetic moment is

K€ (1.4 —2.9) x 101 g

/

With its low threshold, XENONLT detector is very sensitive to
magnetic moments of Dirac neutrinos or to transition moments of
Majorana neutrinos, since in either case the neutrino-electron
scattering cross-section at low energies will increase

-
Ve

We show the consistency of this scenario when a single component
transition magnetic moment takes values

H, 0 € (1.65 - 3.42) x 1071 g
o
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Neutrino Magnetic Moment and
XenonlT electron recoil excess

In order to compute XENON1T signal prediction and analyze the recoiled electron spectrum for a
single component transition magnetic moment, one can define the differential
event rate in terms of the reconstructed recoiled energy (T) as

TFLELD TILAL
dN Ey T dcry e p dcry
=1, X dE — 2
dT'r TILITE Tth. /
number of target solar neutrino flux detect f
electrons in fiducial etector a normalized
volume of one ton spectrum efficiency Gaussian smearing
_ 10, -2 -1 function in order to
wenon fpp = 5.3 X 10 em ™5™, account for the
detector finite energy
|
g, = 4.86 x 10°cm™"s resolution

It is clear that the pp flux is dominant with the 7Be flux an order of magnitude smaller.
Flux from 8B and other sources are even smaller at low energies. It is sufficient then to
Kkeep only the pp flux in the calculation of electron recoil excess.
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Neutrino Magnetic Moment and
XenonlT electron recoil excess

The differential cross section for
the neutrino-electron scattering in the presence of a

magnetic moment _
/

dgyu & _I_ 71‘052 " 1‘|I 1 }‘-Lgff ?
— _— I— — —
dT Jgy m2 \T: E,] \ ps

<

~ Ggme

SM 27

fa (3 fa fa T ? a? o’ &
@v+9ﬂ?+@v—gﬁzoffﬁﬁ +(m1—9v)751

The flavor dependent vector and axial vector
coupling is given by:

1 1

e — 9gj 26' . e _ =

gv S W+2:- ga +2
1 1

BT = 2sin®0y — =5 g7 = —=
Gy SN Uy 2 94 9
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Neutrino Magnetic Moment and
XenonlT electron recoil excess

v, S produced in the solar core oscillate into v, with a =, 7,
with the flavor transition being adiabatic inside the Sun.

Since solar neutrinos arriving at earth are a mixture of
incoherent states, the effective magnetic moment relevant
for the neutrino-electron scattering can be defined as

P:gff = 6082 913 ‘)\12i2 - [1 = 0032 913(1 — ley)] ‘)\13‘2 - (1 = (’3082 913PE21”) |/\23|2
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Neutrino Magnetic Moment and
XenonlT electron recoll excess -

140 : .
= Background
- :

/ - : \ 120l - SB'ackglround_;S‘:glia(l)l_" ]
One sees that owing to the presence of sizable 1gnal fhy,y,=3.4X10 " 1p
neutrino magnetic moment, and the resulting 100l * XENONIT Data
1/T enhancement in the cross section, the signal ~
spectrum gives a good fit to the observed data in - %
the electron recoil energy range between (1 — 7) = 80r )
keV peaking around 2.5 keV. hed

\ / g 60} .l !

y oE 1

= 40} ]
We show the consistency of this scenario when a
single component transition magnetic moment
takes values 20¢
My, € (1.65 — 3.42) x 10 g
\_ / 0 5 10 15 20 25 30

Recoil energy T, [keV]

Babu, SJ, Lindner (2020)
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Neutrino masses and mixings:
New physics beyond the SM
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Neutrino Mass Generation

© Lowest higher dim. operator O9=> : Lg_5 = g =LLHH

Weinberg, PRL43 (79) 1566

22
H. / H =
= A EWSB y
Y e | \
—> — — -— —_— — - -—
L . L v . v

o Realization of Weinberg op. —

» See-saw: there are many seesaw realizations —
* Type-l  Minkowski (77), Ramond,Slansky (79), Yanagida (79), Glashow (79),
Mohapatra, Senjanovic (80)
* Type-ll Schechter,Valle (80), Lazarides, Shafi, Wetterich (81), Mohapatra, Senjanovic (81)
* Type-lll Foot, Lew, He, Joshi (89), Ma (98)
* Linear, Inverse, etc ...

» Loop-induced:
* 1-loop  Zee (80). Ma (99)
* 2-loop  Babu (88)
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Seesaw Model

A natural theoretical way to understand why 3 v-masses are very small.

Type-I: SM + 3 nght-handed Majorana Vv’s
(Minkowski 77; Yanagida 79; Glashow 79; Gell Mann, Ramond, Slanski 79; Mohapatra, Senjanovic 79)

7, v (U—h.~ \ ,:FU v v
* * HONS ¢ HO * X
I 1 1 1
H°1 I HO L AO HO1 1 HO
1 N 1 1 1 0 1
1 R 1 - | I 1
v, Y, YT Vi vy YA v, Ve Yp Y, Vi
M, 6 ~ —v%Y LYT M, =~ A.Y v’ M, ~ —v?Y, LYT
v VMR v v ay &M_& e TMT T

Type-II: SM + 1 Higgs triplet
(Magz, Wetterich 80; Schechter, Valle 80; Lazarides et al 80; Mohapatra, Senjanovic 80; Gelmini, Roncadelli 80)

Type-III: SM + 3 tniplet fermmons
(Foot, Lew, He, Joshi 89)
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Many models of m, ——— Which is the true one ~

T
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Neutrino Magnetic Moment-Mass
Conundrum

/

In the absence of additional symmetries (and without severe fine-tuning) one would expect neutrino
masses several orders of magnitude larger than their measured values., if g, ~ 10 pg

\

/

The main reason for this expectation is that the magnetic moment and the mass operators are both
chirality flipping, which implies that by removing the photon line from the loop diagram that induces p,
\one would generate a neutrino mass term.

N

'd

M?

V" 2mepy,

This would lead to the naive estimate of m, originating from such diagrams given by m

/
5

N
Ve

M represents the mass of a heavy particle circling inside the loop diagram.

~

AN

vV A vV v (Aj v
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Neutrino Magnetic Moment-Mass
Conundrum

/

Since the photon is emitted from an internal line to induce a magnetic moment operator, at least some of
the particles inside the loop must be electrically charged.

- /
- h
Experimental limits show that any such charged particle should be heavier than about 100 GeV and it
would lead to m, ~ 0.1 MeV, some six orders of magnitude larger than the observed masses.
-
\

If the internal particles are milli-charged, direct experimental limits won’t exclude them from being
light. Even in this case, owing to other experimental constraints on milli-charged particles, the
maximum induced W, ~ 10 pg
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Neutrino Magnetic Moment-Mass
Conundrum

/

This magnetic moment-mass conundrum was well recognized three decades ago when there was great interest
in explaining the apparent time variation of solar neutrino flux detected by the Chlorine experiment in anti-
correlation with the Sun-spot activity.

o 4

/
Such a time variation could be explained if the neutrino has a 1, ~ 10-1° g which would lead to spin-flip
transition inside the solar magnetic field. Such transitions could even undergo a matter enhanced resonance.

b

/‘
This explanation of the solar neutrino data has faded with the advent of other experiments,

\ /

-
In the late 1980°s and early 1990°s there were significant theoretical activities that addressed the compatibility of
a large neutrino magnetic moment with a small mass.

h

v

After that, in the theory side, no interesting developments have been made.

L
Ve

~ | These discussions become very relevant today.
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Neutrino Magnetic Moment-Mass
Conundrum in the SM and beyond

* SM + v, : The magnetic moment and mass operators for the neutrino
have the same chiral structure, which for a Dirac neutrino has the form:

LD MV?LO'MVI/RF'U’V + mylV Vi + H.c.

* In the Standard Model (SM), when right-handed neutrinos are introduced
so that the neutrino has a small Dirac mass, its magnetic moment is given by

eGrm,, o0 ( m, )
— Y 3% 107 Pug
3> 10 0.1 eV

s 8/ 272

K. Fujikawa and R. Shrock (1980)
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Neutrino Magnetic Moment-Mass
Conundrum in the SM and beyond

* If neutrinos are Majorana particles, their transition magnetic moments
resulting from Standard Model interactions is given by

3€GF mg
i = ————(m; + m, UpUp;—-
Hij 32\/571'2( J) Z V4 Ejm‘z/v

gzeip77-

*The resulting transition magnetic moment is even smaller than the previous
estimate: at most of order |1, ~ 1023 g

*Clearly, these values are well below the sensitivity of current experiments.

P. B. Pal and L. Wolfenstein (1982)
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Neutrino Magnetic Moment-Mass
Conundrum in the SM and beyond

* LRSM: Nonstandard interactions of the neutrinos can lead to enhanced magnetic moments,
esepcially when the new physics lies near the TeV scale. For example, in left-right symmetric
models, the right-handed neutrino couples to a W, gauge boson, which also has mixing with the W
boson:

Gpmy
I, >~ ——— sin 2§

2/ 272

C. Giunti and A. Studenikin (2014)
* This mixing angle is constrained by muon decay asymmetry parameters, as well as by b — sy
decay rate, leading to a limit p, < 104,

* In supersymmetric extensions of the SM, lepton number may be violated by R-parity breaking
interactions. In such contexts, without relying on additional symmetries, the neutrino transition
magnetic moment will be (imposing experimental constraints on the SUSY parameters) of the
order at most about 101 g

oy ~ N2 /(167 )mi Ay /M
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A. Spin Symmetry Mechanism and
Large Neutrino Magnetic Moment

/
In 1990, Barr, Freire, and Zee (BFZ) proposed a spin symmetry mechanism which
provides for a large neutrino transitional magnetic moment with a relatively small

neutrino mass.
-

>

P

To illustrate the mechanism, they extended the scalar sector of the popular Zee model
of neutrino mass with an additional Higgs doublet.

AN

\

P

Subsequently it was shown in 1992 by Babu et al. that this mechanism can be realized
within the Zee model without the addition of a third scalar doublet, providing large
neutrino magnetic moment.

/

However, the contribution of two-loop graphs for the neutrino transition magnetic
moments have not been quantitatively analyzed thus far.

AN

_4

We perform such an analysis and derive admissible values of the neutrino transition
magnetic moment in the Zee model as well as in its BFZ extension.

\
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A. Spin Symmetry Mechanism and
Large Neutrino Magnetic Moment

o N
In renormalizable gauge theories there are no direct couplings of the type yW*S-

where S~ is a charged scalar field. ‘

o

>

. : . M

However, such a coupling could be generated via loops. Barr, Friere and Zee used this |

induced vertex to construct models of large . At the two loop level, this vertex will ‘

\contribute to ,. |

I b
As for its contribution to m,, it is well known that for transversely polarized vector

bosons, the transition from spin 1 to spin 0 cannot occur. ‘

A
P

h

Only the longitudianl mode, the Goldstone mode, would contribute to such transitions.

(e - . : . I N

This implies that in the two loop diagram utilizing the yW*S— for generating pv, if the
photon line is removed, only the longitudinal W# bosons will contribute, leading to a
\suppression factor of m3?/m,,? in the neutrino mass.

I b
We perform a thorough analysis and derive admissible values of the neutrino
transition magnetic moment in the Zee model as well as in its BFZ extension.
\
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A. Spin Symmetry Mechanism and
Large Neutrino Magnetic Moment

Babu, SJ, Lindner (2020)
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A. Spin Symmetry Mechanism and
Large Neutrino Magnetic Moment

300 400 500 600 700 800 900 1000
my [GeV]

Current limits in top quark Yukawa
coupling in Zee model in from SM
Higgs observables as well as
Heavy Higgs searches. Gray, red
and cyan shaded regions

are excluded from current di-
Higgs limit looking at different
final states 2b2y, 4b,

and 2b2t respectively; Blue and
green shaded zones are excluded
from the resonant ZZ and WW
searches

L, = YiQrdpH; + i;:iQLdRHQ + YuQLuRﬁl + i}uQLuRﬁZ
+ Yob Hypr + Yo Haop + forprnt + Hee.
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Babu, SJ, Lindner (2020)
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A. Spin Symmetry Mechanism and
Large Neutrino Magnetic Moment

0.8 // a4 0.8 _
[/ £

9. 9.

= =
- p— - p—

w w

500 1000 1500 2000 ’ 500 1000 1500 2000
mpy+ [GeV] my+ [GeV]
”v(v,.x“)_"[l-lﬂ’] #v,v,x")_"[ﬂB]
| [ [ [ | [
0.05 0.08 0.10 0.12 0.15 0.20 0.22 0.25 0.02 0.04 0.06 0.08 0.10

In this optimized setup, one can achieve neutrino transition magnetic moment as
big as 3 x 107" ug,, which is insufficient to explain the observed XENONIT

electron recoil excess

Babu, SJ, Lindner (2020)
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B. SU(2),, Symmetry for Enhanced
Neutrino Magnetic Moment

- N

While the neutrino mass operator and the magnetic moment operator both are
chirality flipping, there is one important difference in their Lorentz structures.

N 4
e N

The mass operator, being a Lorentz scalar, is symmetric, while the magnetic moment,
being a Lorentz tensor operator is antisymmetric in the two fermion fields.

A
o 3

In 1988, Woloshin proposed a new SU(2), symmetry that transforms v into v°.

AN

by the SU(2), symmetry, while the magnetic moment operator, v’ Co,, v¢F*" is

antisymmetric under the exchange.
N

\
A neutrino mass term, being symmetric under this exchange, would then be forbidden J

\

1989: Barbieri and R. N. Mohapatra pointed out that its hard to implement the
Voloshin symmetry since it does not commute with SM.
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B. SU(2),, Symmetry for Enhanced
Neutrino Magnetic Moment

/We showed that a horizontal symmetry acting on the electron and the muon families
can serve the same purpose, which is easier to implement as such a symmetry
commutes with the weak interactions. This would lead to a transition magnetic |
\moments for Majorana neutrinos. )
. N
Our simplification is that the symmetry is only approximate, broken explicitly by
electron and muon masses. Fewer new particles would then suffice to complete the
model.

\- J
4 h
The explicit breaking of SU(2),, by the lepton masses is analogous to chiral symmetry
breaking in the strong interaction sector by masses of the light quarks.

\ J
4 b
Such breaking will have to be included in the neutrino sector as well. SU(2),, cannot be
exact, as it would imply m, = m,. We propose to include explicit but small breaking of
SU(2)y, so that realistic electron and muon masses can be generated.

o )
4 N
We have computed the one-loop corrections to the neutrino mass from these explicit
breaking terms and found them to small enough so as to not upset the large magnetic

\moment solution. Babu, SJ, Lindner (2020) |
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B. SU(2),, Symmetric model for
Enhanced Neutrino Magnetic Moment

Leptons of the Standard Model transform under SU(2), x U(1), x SU(2),, as follows:

_ V. UV 1
YL = ( p) (2} _51 2)
e K/,

wR = (B #)R (1:_12)
. 1
Vst = (”) 2.-31)
T
TR (15_]— ]-)
The Higgs sector of the model:
Y
bs = ( oS (2.4.1)
N,
+
@ — (bl @2 \ (2’ %? 2)
& B )
n=m" ) (1,1,2) .

Here SU(2),, acts horizontally, while SU(2), acts vertically.
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B. SU(2),, Symmetric model for
Enhanced Neutrino Magnetic Moment

Yukawa Lagrangian of the model:

A‘CYuk

0hy |(Teerds + eLerds) — (PubirdS + Arprds)]

Shs [—(Vrerdd + Trerdl) — (Frprdt + Topurd))]

(vo Cp — epCvr) i + (v, O — p Cuz) i |
DeTr$T + ELTr®Y) — (PuTrOS + ArTrRE?)| + H.c.

+ + +
S
N

Babu, SJ, Lindner (2020)
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B. SU(2),, Symmetric model for
Enhanced Neutrino Magnetic Moment

y
- - T -~
- 7 - + 7 A Q%_
¢’1!/ > 1o 4 \\
!

> 1 > 3¢ > « > 1 « 3% < <
Ve TR TL Yy Ve TL TR Vi

% The Lagrangian of the model does not respect lepton number. The SU(2),, limit of the model
however respects L, — L, symmetry. This allows a nonzero transition magnetic moment, while
neutrino mass terms are forbidden.

% Feynman diagrams generating neutrino transition magnetic moment in the SU(2),, model. There
are additional diagrams where the photon is emitted from the t lepton line. The same diagrams
with the photon line removed would contribute to Majorana mass of the neutrino.

% In the SU(2),, symmetric limit, the two diagrams add for p,.,,,, while they cancel for m,.

Babu, SJ, Lindner (2020)
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B. SU(2),, Symmetric model for
Enhanced Neutrino Magnetic Moment

X
"_*__Te:'rr‘ "_xn;ef

” LN b —|—
- s - + 7
N g Tl y \Qﬁ?
\ \
/ \ d \
! \ ! \
> 1 > % > < > L < 3% « <
Ve TR TIL Yy Ve TL TR Vi
! 1 m> 1 m?
Moo, = fmeT sin 2av [ s {111 h; — 1} — {ln H; — 1}]
8T my mz T+ ms

Babu, SJ, Lindner (2020)
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B. SU(2),, Symmetric model for
Enhanced Neutrino Magnetic Moment

| ff 'sin 2a|

XENONIT preferred at 90% C.L.,
W mpe= mpe+1 GeV
W - -+ 10 GeV
= s+ 100 GeV
e

1072

- - - Borexino

A= T decay asymmetry
M 1 " M 1 M " 2 1 "
250 450 650

my,+ [GE:V]

my+= mp+1 TeV

10—3 MR TP i . A A J
850 100 200 300 400 500

Babu, SJ, Lindner (2020)

fr : 1 M L M+
iy, = @mT sin 2¢ - In ool 1y — mi]-&- In m2 —1

ht

40
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B. SU(2),, Symmetric model for
Enhanced Neutrino Magnetic Moment

" € 1
200 4(l]ﬂ Béﬂ B(l}(] 1000
J mg (GeV)

Babu, SJ, Lindner (2020)
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C. Generalization to SU(3),, Symmetry -
for Enhanced Neutrino Magnetic
Moment

The main idea is that if the three lepton families transform as a 3 of an SU(3),
symmetry, the neutrino magnetic moment term, which is part of the antisymmetric
3*2in the decomposition 3x3 = 3*2+ 6° of SU(3),, may be allowed, while the neutrino
mass term belonging to the 6* could be suppressed. This could happen if the
symmetry breaking sector does not include a 6 of SU(3),, but contains a 3.

¥ N NooaF
Th/’ \‘i’; Tiz/" h 2
! | ! |
\ \
!
L «—¢ + ‘ = - L < % + ;
Ve by E}g Yu Vy Er E}{ Ve

s
3

Babu, SJ, Lindner (2020)
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Neutrino Magnetic Moment:
From Astrophysics and Cosmology

/

Evolution of stars can provide indirect constraints on the magnetic moments of
either Dirac or Majorana neutrinos.

A
p

Photons in the plasma of stellar environments can decay either into vv for the
case of Dirac neutrinos or into v,v, for the case of Majorana neutrinos.

AN
e

Such decays are kinematically allowed in a plasma since the photon acquires a Y
mass.

N v
4 )

If such decays occur too rapidly, that would drain energy of the star, in conflict
with standard stellar evolution models which appear to be on strong footing.

AN
e

S

__d

Limits on p, have been derived by requiring the energy loss in such decays to be Vi Vf
not more than via standard processes.

AN
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Neutrino Magnetic Moment:
From Astrophysics and Cosmology

"The best limit on W, from this argument arises from red giant
branch of globular clusters, resulting in a limit of

(K, <45 %1012 g .
>

Validity of this limit would make the neutrino magnetic
moment interpretation of the XENONL1T excess questionable.
o

" We note that these indirect constraints from astrophysics may
be evaded if the plasmon decay to neutrinos is kinematically I Y
\forbidden.

P

There are also cosmological limits arising from big bang
nucleosynthesis. I

.
P

However, these limits are less severe, of order 1019 g .

o

SUDIP JANA | MPIK 44



Mechanism to evade astrophysical
limits on neutrino magnetic moments

2
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i

2

We closely follow the recent field theoretic evaluation of the medium-

dependent mass of the neutrino in the presence of a light scalar that also f
couples to ordinary matter in illustrating our mechanism. Such

interactions would provide the neutrino with a matter-dependent mass.

Phenomenological implications of this scenario, including long-range force
effects, were studied and phenomenological constraints from laboratory ‘
experiments, fifth force experiments, astrophysics and cosmology are > >
analyzed. [Parke et al. (2018), Smirnov et al.(2019), Babu et al. (2019)] | Vo Vg

Babu, SJ, Lindner (2020)

We make use of these constraints here in providing a neutrino trapping |
mechanism.
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Mechanism to evade astrophysical
limits on neutrino magnetic moments

2
Yo — = Mag— m,
L3 —%31/3@{3 —ysfof - Tdi’&“ﬁ - 7%2

/We recall that horizontal branch stars have core temperature of order 10 \
keV, radius of 5x10* km and density of 10* g/cc. Red giants have core
temperature of order 10 keV, radius of 10 km and density of 108 g/cc. Thus,
R™ =2x107"4eV for the case of red giants. Usingm, =2 x 1074eV, y, =5 x f
10739y, =2 x 1077, we obtain from the effective mass of the neutrino inside
red giants to be 12 MeV, which is essentially the largest value of the induced

\neutrino mass can have, consistent with other constraints. / |
6
- 3 '
I
. . N . L
Since the induced mass of the neutrino inside red giants can be as large as 12 Vo Vg
MeV, plasmon decays would be highly suppressed. We could also consider _
interactions of ¢ with the nucleon instead of the electron. Babu, SJ, Lindner (2020)

\ v
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Conclusions
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