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At lower energies, beyond Standard Model
physics is described by local operators
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Introduce a maghetic moment operator,

Example: Neutrino-electron scattering via magnetic moment

o Sl = o'l

a'i

Dirac magnetic moment |1’ = (i

Majorana magnetic moment (" = —u

The matrix representation of this operator is best given
in the mass basis



Neutrino-electron !
scattering at reactors
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Neutrino-electron Y
scattering at reactors
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+1/2 for electron neutrinos
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Neutrino Magnetic Moment in the Standard Model
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Standard Model (only)
contribution to the
Majorana neutrino

magnetic moment
measured at reactors

Cosmological limits
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weak only
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Physical Processes with a Neutrino Maghetic Moment
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v-e scattering Spin-flavor precession

Plasmon deca
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A large enough neutrino
magnetic moment implies
enhanced plasmon decay
rate: y—=vv. Since the
neutrinos freely escape
the star, this is turn cools

a red giant star faster delaying helium ignition.
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central temperature [K]

Neutrino magnetic moment may impact stellar evolution
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The effect of the neutrino
magnetic moment on neutrino
decoupling in the BBN epoch
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lonization rate
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Decoupling temperature of three flavors
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The change in the BBN
abundances due to the
neutrino magnetic moment

Solid lines: u, =107" u,
black: u,, =107,

red: u,, =4x107" u,
blue: u, =6x 107" u,

Dashed lines: u, =6x107" u,
black: u,, =107" u,

red: u,, =4x107""u,

blue: u,, =6x107" u,

Vassh, Grohs, Balantekin, Fuller, arXiv:1510.0042
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DETECTION OF AN UNIDENTIFIED EMISSION LINE IN THE STACKED X-RAY SPECTRUM OF GALAXY
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Data / Prediction
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Does the reactor-flux anomaly imply active-sterile neutrino mixing?
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Does the reactor-flux anomaly imply active-sterile neutrino mixing?
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Questions about sterile neutrinos in no specific order

*Is there any v, disapperance?

* Do both reactor and non-reactor v,'s disappear?
*Is there visible oscillatory behavior?
* Can the sterile nature of the new flavors be established
without recourse to the Z width?
*Is there any associated CP violation?

Oscillatory behavior of the neutral-current
event rate, would establish, without recourse to
the Z-width, oscillation into sterile flavor(s).



Neutrino Coherent Scattering
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First calculated by
Freedman.

This reaction is
background to the
dark matter searches
with nuclear targets.
Nuclear form factors
need to be included.
McLaughlin, Engel.

A calculation for
scintillators with the
state-of-the-art
nuclear interactions is
shown on the left.
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do o’m , 1 1
ar, m> “|T, E,
2

For a sufficiently heavy sterile neutrino the phases with (E, — E;)L average to zero
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For a sufficiently heavy sterile neutrino the phases with (E, — E;)L average to zero
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A positive result would be consistent with 3+1 light active
neutrinos and NH, IH, and quasi-degenerate scenario, but not
definitive as to mechanism
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ORNL/UT

Development of 2D and
3D models for core-
collapse supernovae:

Complex interplay
between turbulence,
neutrino physics and

thermonuclear
reactions.
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Neu.rr'inos fr'om . Pre-supernova star
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CP-violation

1 O 0 Ci3 0 Sl3e_i(S ¢, S 0
LT, =1 0 ¢y Sy 0 1 0 -8, ¢, 0
0 =853 Cy3 _S13ela 0 Ci3 0 0 1
c; =cosf, s; =sinb
; Y, E 0 0 Ve 0 0
ia ~u =TT, 0 E, O Tlngg + 0 Szzsvw —C53853 V2
lpr O O E3 0 _CZBS 23Vw C§3 Vw
P, = cosO,,y, —sind,,y,

Y,

sin 0231/JM +C08 0,y

2
1+0(aﬂ) ]
mW

2
320G, [ m m, (N, N
V., =- F( ’) [(Np+Nn)long +( L+ ”)}

- 2
msin” 6, \ my, w 2 3

‘/eu = 2\/§GFN6

< =

=

<,

xQ



We need to solve an evolution equation

iiU=HU
ot

If we ignore V,, it is easy to show that the CP-violating phase factorizes:

(1 0 0
US)=SUWB=0)S" S=[ 0 1 0
\O 0 eié)

This factorization still holds when collective oscillations are include, but
breaks down if there 1s spin-flavor precession

This factorization implies that neither
P(v,—v,)

nor

P(v,—v,)+P(v,—v,)

depend on the CP-violating phase 0.



If the v, and v, luminosities are the same at the neutrinosphere of a
core-collapse supernova, this facforization implies that v, and v,
fluxes observed at terrestrial detectors will not be sensitive to the
CP-violating phase!l To see its effects you need to measure v, and v,
luminosities separately!

If you see the effects of & in either charged- or neutral current
scattering that may mean any of the following:

« There are new neutrino interactions beyond the standard
model operating either within the neutron star or during
propagation.

« Standard Model loop corrections (very easy to quantify) are
seen.

* There are sterile neutrino states.



Factorization of the CP-violating phase
if there are no sterile neutrinos

H()=H,+H, =SH(5=0)S'
(1 )
S=| 0

\ 0)

S = O

0
0
o0

/

Holds if neutrino magnetic moment is ignored.

MSW Hamiltonian: Balantekin, Gava, Volpe, Phys. Lett B662,
396 (2008).

Collective Hamiltonian in the mean-field approximation: Gava,
Volpe, Phys. Rev. D78, 083007 (2008).

Exact collective Hamiltonian: Pehlivan, Balantekin, Kajino,
Phys. Rev. D90, 065011 (2014).



Collective oscillations of three flavors
with maghetic moment

Neutrinos:

=a/(p)a,(p)

Antineutrinos: T, (- p)=—b;(p)bi(l3)

P)T;(E",p')
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z] lEpEp

H+H =S (H +H,6)S,

with 6=0 with 6=0




HV +va +HSFP(M2 = S: Hv +va +H5FP(Meff2 5

) with 60 \ with 6=0 )
( i5 )
0 Uy, U3¢ °
Uets = SiMST = —YUp 0 M23€i5
i5 i8
—U L —U.E 0
\ U5 Uys /

Pehlivan et al., Phys. Rev.D 90, 065011 (2014)






