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Questions about Neutrinos

Standard properties of active neutrinos

w ! 042ftdziS YI &4&- Structure in cosmologyeptogenesis,
supernovaime of flight

wMass ordering (hierarchy) Supernova neutrino oscillations

wLeptonic CP violation Leptogenesis

w 5 A Nhjdbanad a Leptogenesis

Non-standard properties of active neutrinos
w 9f SOUNRBYI Iy SiA EGnetgNBst i didinarBsiars & SNe

wGravitational interaction - SNtime offlight
wNonstandard/secret interactions- Cosmology, SNe, cosmic propagation

Sterile neutrinos

w 9PARSYOS T2N SBKaaV 8ay dhal, warm dark matter
wMasses & mixing parameters - Structure in cosmology (eStale masses)
- SN neutrinos: energy loss & transfer
flavor oscillations, nucleosynthesis
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Neutrino Electromagnetic Form Factors

Effective fl oW wo Charge g=R(0) =0

coupling of O .

electromagnetic uw I w! O  Anapole moment &0)

field to a Po w, wo Magnetic dipole momentn= F,(0)
neutral fermion g

E"o W, [ WO Electric dipole momene= G)0)

wCharge form factorf{qz) and anapole ng) are shortrange interactions
If charge F(0)=0
wConnect states of equal helicity
wln the standard model they represent radiative corrections to weak interaction

wDipole moments connect states of opposite helicity
wViolation of individual flavor lepton numbers (neutrino mixing)
- Magneticor electric dipole moments can connect different flavors
or different mass eigenstates ¢ ¢ N} Y aA GA2Y Y2YSy(acé¢.
W adzt ffé& YSFadNBR nyye2m,. 2KNJ YI Iy Su2ya
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Standard Dipole Moments for Massive Neutrinos

Standarcelectroweakmodel:
Neutrinodipole and
transition moments
areinduced at higher order

Massive neutrinos (Q phcho)
mixed to form weak eigenstates

EXxplicitly for:Dirac neutrinos
Magnetic moments

Electric moments
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Standard Dipole Moments for Massive Neutrinos

Diagonal-case:
Magnetic moments
of Dirac neutrinos

Off-diagonal case
(Transition moments)
First term in'Qd ), &
does not contribute:
aDLa.- Oy OSt

Largest neutrino mass eigenstatasgt VA 6
For Dirac neutrino expect

P pT | P8 pTm
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Astrophysical Magnetic Fields
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Neutrino SpirFlavor Oscillations in a Medium

Two-flavor oscillationsof Majorana neutrinoswith atransition magnetic momenm
andordinary flavor mixing in enedium
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3 6 & jt0® VCOo(¢ -& )andd  VGO( -& )
w wS a2 yflayoripreéessibrn/(RSFP) can be a subdominant effect for solar
neutrino conversion andan produce a small solar ameutrino flux

wCan be important for supernova neutrinos

Limits on solaf flux (BorexinarXiv:1010.0029KamLAND arXit05.3516)
nC ©7 ) vd pr1m (90% CL)
Not yet sensitive t0 even for largest assumed solaffiBlds
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Neutrinos from ThermaProcesses
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In this note we make a detailed survey of the experimental information on the neutrino charge, charge
radius, and magnetic moment. Both weak-interaction data and astrophysical results can be used to give
precise limits to these quantities, independent of the supposition that the weak interactions are charge

conserving.

I. INTRODUCTION

OST physicists now accept the prospect that there

are two neutrinos—v», and »,—identical except
for interaction (v, couples weakly with electrons and
v, with muons) and that these neutrinos have the
simplest properties compatible with existing experi-
mental evidence; i.e., zero mass, charge, electric, and
magnetic dipole moments. However, the weak inter-
actions have produced so many surprises that it is
worthwhile, from time to time, to study the experimental
limits that have been set on these quantities. In this
note we present a systematic survey of the properties of
the two neutrinos that can be inferred from experiment.

II. PROPERTIES

We begin by listing the properties of the neutrinos to

tritium experiments give
m,, <200 eV, (2)

and the experiments are consistent with m,,=0.

(2) v,: The mass of the muon neutrino is the least
well known of the parameters associated with either
neutrino. The best measurements of it come from the
energy-momentum balance in = decay. The experiment
of Barkas et al.? gives*

m,,<3.5 MeV. 3)

The reason for this uncertainty lies in the kinematic fact
that the small neutrino mass is given as the difference
between measured quantities of order 1. In the 7 — p+v»
decay, the accuracy with which the neutrino mass can
be determined is given by



Galactic Globular Cluster M55
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ColorMagnitude Diagram of Globular Cluster M5

/ Brightest red giant
measures nonstandard energy los:
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Viaux, Catelan, Stetson, Raffelt, Redondo, Valcarce & Weiss, arXiv:1308.46.
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Neutrino Dipole Limits from Globular Cluster M5

I-be_md bnghtpess —>01 Detailed account of theoretical and
of tip of red-giant brach

. observational uncertainties
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Neutrino magnetic dipole momenp|[ Tt

Most restrictive limit on
neutrino electromagnetic
properties
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Viaux, Catelan, Stetson, Raffelt, Redondo, Valcarce & Weiss, arXiv:1308.46.
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White Dwarf Luminosity Function
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Miller Bertolami, Melendez, Althaus & Isern, arXiv:1406.7712, 1410.1677
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dr/dt [10™"° s/s]
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Period Change of Variable White Dwarfs

Period change of pulsating white darfs depends on cooling speed

- e——e seismological model (IT=489.47 s, =1, k= 11)
PG 1351+489 (I1= 489.33 s)

u, 1107 gl
White dwarf PA351+489, Corsico et ahrXiv:1406.6034
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Neutrino Radiative Lifetime Limits
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Forlow-mass neutrinos, plasmon decay in globular cluster star:
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yields the most restrictivemits
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CoreCollapse Supernova Explosion

End state of a Collapse of Bounce atw Grav. binding E

massive star degenerate cord@ Shock wave form

- mezW- . explodes the starj@ emitted as nus
' of all flavors

Neutrino
cooling by
diffusion

w | dzZ3S NEne@rinsT (28
(tens of MeV) over few seconds..... =
in largevolume detectors A>
wA few corecollapse SNe in ouréa
galaxy per century

wOncein-a-lifetime opportunity
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Shock Revival by Neutrinos

Stalledshock wavanust
receive energyo start
re-expansiomgainst
ram pressureof
Infallingstellar core

Shockcan receive
freshenergyfrom
neutrinos!

Flavor oscilllations
(active-active) : | % S 4 VSV gsgk

suppressed by matter
out to stalled shock. T

SIf-induced conversion

also suppressed
(with caveats).
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Degenerate Fermi Seas in a Supernova Core

Equilibration by flavor
lepton number violation,
but flavor oscillations
ineffective (matter effect)

[MeV]
400

Non-standard interactions
could be effective, most
sensitive environment

200

Consequences in core
collapse should be
studied numerically
Equilibration by lepton R-parity violating SUSY

number violation, but interactions?

Majorana masses too smalle\fscale bileptons?

Occupation Number
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SterileNeutrino EnhancedsupernovaExplosions?

20

sin

Numerical study:
Warren Meixnetr Mathews
Hidaka & Kajino,
arXiv:1405.6101

Non-local energy transfer from deep inside to
neutrino sphere
Hidaka & Fuller, astrph/0609425,arXiv:0706.3886

10 x explosion energy;
~

1.5 x explosion
' energy

i T

Dark

Matter

10° 10°

Sterile Neutrino Mass (eV)
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Three Phases of Neutrino Emission

Ve Burst Accretion Cooling
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wShock breakout wShock stalls 150 km Coolingon neutrino
wDe-leptonization of wNeutrinos powered by diffusiontime scale
outer core layers infalling matter

Spherically symmetric Garching modeb M, ) with Boltzmann neutrindransport
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EarlyPhase Signal in Antleutrino Sector

Garching Models with M = 10a ¢

Average Energy Luminosity IceCube Signature
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Time post bounce [ms] Time post bounce [ms] Time post bounce [ms]
w LY LINAYOALIX S OSNEB aSyairidiAgds
w a{ 0 Yy RI NRcoitmgdBy other thanZarching models

Abbasi et al. (IceCube Collaborati®®A535 (2011) A109
Serpico, Chakraborty, Fischeidgpohl, Janka & MirizzarXiv:1111.4483
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Variabllity seen inNeutrinos (3D Model)

800-IceCubé | | | o7 M -
_ SASI modulation sun
o0 Ve 80 Hz )
Ig 600f
E‘SOO' -\-,'X
&:“ 400
300r For subeV neutrino masses,
200k no washingout by time-of-flight effects!

100 200 300 400 500
Time [ms]

o

Tamborra, Hanke, Mler, Janka & Raffelt, arXiv:1307.7936
See also LundMarek, LunardiniJanka & RaffelarXiv:1006.1889
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Sky Map of LeptorfNumber Flux11.2 M, Model)

Leptonnumber flux i, h) relative to 4 average
Deleptonization flux into one hemisphere, roughly dipotistribution
(LESA Lepton Emission Sebustained Asymmetry)

ra, Hanke, JankaNkr, Raffelt & Marek, arXiv:1402.5418

Tambor
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Spectra in the two Hemispheres

Neutrino flux spectra (11.2 M,ymodel at 210 ms) in opposite LESA directions

Direction of
maximum lepton-number flux

11107 em™ s

Neutrino Energy [MeV]

11107 em™ s

Direction of

minimum lepton-number flux

Neutrino Energy [MeV]

During accretion phase, flavedependent fluxes
vary strongly with observer direction!
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Growth of LeptorNumber Flux Dipole

Lepton Number [1056 3'1]

Tamborra et al.arXiv:1402.5418
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Schematic Theory of LESA

Accretion) Feedback loop consist

of asymmetries in

w I OONB (A 2

wlepton-number flux

wneutrino heating rate

wdipole deformation
of shock front

Convective
overturn

-
’_— AL RS
- S
L4 ~

Electron

Tamborra et al.
arXiv1402.5418
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LESA Dipole and PNS Convection
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Neutrino
sphere

PNS

. Colorcoded
Convection

lepton-number flux
along radial rays
(11.2 My, ymodel
pd at 210 ms)

Lepton flux dipole builds up mostly
below the neutrino sphere

In a region of strong convection
_In the proto-neutron star (PNS)
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Three Phaseg Three Opportunities

Luminosity [10°" erg/s]

Ve Burst Accretion
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w SN theory (progenitor, 3D effects,
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w Multi-messenger core collapse
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strong impact on signal
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Transfer Function with Massive Neutrinos

Power suppression fdr.gm 100Mpc/h

(kes= 2P /¢4
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Transfer function
P(k) = T(k) Py(k)

Effect of neutrino free
streaming on small scales

T(k)=1- 8W,/ Wy
valid for 8W,/ WL 1

Power suppression much
larger (factor 8) than
corresponds to neutrino
mass fraction!
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Neutrino Mass Limits Post Planck (2013)

Depends on used data sets
Many different analyses in the literature

Planck+WP+highL

3 = = = Planck+lensing+WP+highL

O 8 L . Planck-+WP+highL (A.)
' \
‘\ Planck—lowL+highL+7prior
()é \
b s - . . .

= 06 L . Planck—lowL+lensing+highL+7prior |
Q. \
e ==+ Planck—lowL-+7prior
=78

03007 08 12 16 20
rm, [eV]

Planck alone: Sm,<1.08 eV (95% CL)
CMB + BAO limitSm,<0.23eV (95% QL

Adeet al. (PlanckCollaboration)arXiv:1303.5076
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Constraints on Light Sterile Neutrinos

Fully thermalised

a [eV]

Includes

/ SBL data

Sterile neutrinos with
parameters favored by
short-baseline (SBL)
experiments are in conflict
with cosmology

(complete thermalization)

But thermalization could be
suppressed (matter effect fromr
strong interactionsamong
sterile nus or asymmetries
among active nus)
[arXiv:1303.5368, 1310.5926
1310.6337, 1404.5915,
1410.1385]

Archidiacono, Fornengo, Gariaz@unti, Hannestad, LavedexrXiv:1404.1794
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