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Sterile neutrino

Light

No weak interactions:
- singlets of the SM

symmetry group " compo“"‘ms
of neut rinos

E}v%& I o Hwsesc opbm Mix with active neutrinos
Sov. Phys. JETP 26 984 (1968)

in the context of idea of
neutrino-antineutrino oscillations
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New evidences?
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Reactor neutrino anomaly

Increase of the Revised value of G.Mgnf/bn etal,
Mean flux by 3% cross-section arXiv: 1101.2755

R = 0.937 +/- 0.027

react

214 &

Am2>15 eV?

sin 26 =0.17 +/- 0.1
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Gallium anomaly
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Controversial and

Consistency -

With reactor anomaly global fit of data in terms of nu-sterile becomes better
Limit on U,, becomes weaker
U412:0.02 > 0.04

Smaller values of U 4 are allowed to explain LSND/MiniBooNE -
less tension with SBL experiment bounds

U,412:004 > 0.02

n
3+2 v
Global fit = - 5
Am512 = 087 eV2

Am412 =047 eV?

J Kopp, M. Maltoni, T.Schwetz Ues = 0.128 U5 =0.138

1103.4570 [hep-ph]




Extra radiation in the Universe

. 0.86 ] - WMAP-7 E. Komatsu et al
Nes = 4.34 g (68 % CL) - Barion Acoustic Oscillations arXiv: 1001.9538

- Hubble constant [astro-ph.CO]

Ny = 5.3+/-1.3 (68%CL) - WMAP-7 J. Dunkley et al
- Atacama Cosmology Telescope .-x;v.7009 0866

[astro-ph.CO]
A N = (0.02 - 2.2) (68% CL) J. Hamann et al

PRL 105 (2010)181301
BBN

N Y. I. Izot dTXTh
N, = 3.68 * 28 (68 % cL) Sy ¥

-070 Astrophys J 710 (2010) L67




Cosmological bounds

E Giusarma et al 1102.4774 [astro-ph]
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Inverse approach:
wCDM + 2v¢

1). we -1

2). Age of the Universe

| 1
68% |95% 12.58 +/- 0.26 Gyr

w “to0 young?
- WMAP The oldest globular clusters

run 1 (blue) - SDSS (red galaxy clustering) 13.4 +/- 0.8 +/- 0.6 Gyr
- Hubble (prior on Hy ) BBN
+

run 2 (red) - Supernova Ia Union
Compilation 2 (in add)




Mass scales
Y

40 - 70 MeV - LSND, MiniBooNE

1 MeV
S 1 keV
- LSND, MiniBooNE
- Reactor anomaly
‘ leV B 05-2 eV - Calibration experiments
- Extra radiation
‘ H (2-4)10° eV _ solar neutrinos
10-3 eV - Extra radiation

in the Universe




Mixing

Mass
matrix

For mgs ~1eV tand;s = m;s/Mgs ~ 0.2 - is not small

produces large corrections to the active neutrino mass matrix
Sm,J ~o- TGH@,STGHGJS mss ~ 004 mss mSS >> mab ' mClS

In general can not be considered as small perturbation!

Effect can be small if

Active neutrino spectrum Mes M, Mg have 7 Barry.

is quasi degenerate certain symmetry /_M//eé%:{;hm”’

Mss ~ Mgy arXiv: 1105.3911




plications

m,= m, + Smé
X

Original active mass Induced mass matrix
matrix e.g. from see-saw due to mixing with nu sterile

dm can change structure (symmetries) of the original
mass matrix completely (not a perturbation)

Enhance lepton mixing

~ Be origin of difference of
Up

MNS. <V oy




The Sun:

shining in sterile

P. C. de Holanda, A. Yu. S. 1012.5627 [hep-ph]
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Problem?

X LMA
- QP < Qar
2.55 +/- 0.25 SNU >3.1 SNU

| No turn up of the spectrum in SK

P. de Holanda, A.S. Light sterile neutrino R,= Amgy?/ Am,% <« 1
Phys. Rev. D69 (2004)

113002 hep-ph 0307266 a << 1 - mixing angle of sterile- active neutrinos

Motivation for the low energy solar neutrino
experiments BOREXINO, KamLAND ..



Up urn?
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Level crossing

H e Ao > (0.2 - 2) 105 eV 2

Vom
sin22a =104 -103

non-adiabatic
level crossing

density




Mixing scheme and transitions

Vo

U=U, U, Vy

A

U, - rotationin 12-plane on 6,,

N V. mixes in v, and v
U, - rotation in O1- plane on a . 0 1

Scheme of transitions

interference
- wiggles Vs

P(ve> ve) ~ (U™ Agq + UggAgs |2 U,y |2 + |U,,2]U,, |2



Survival probability
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speCtra sin“2e.= 107 (red), 5107 (blue)
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BOREXINO: Be line
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R,

pep-suppressed

lm data

R, = 0.007 - 0.07

. 3

Am012 >0.5b 10_5 eVZ

Predictions for pep-neutrinos
R,=0.07 -0.115

P(pep) =0.2-0.3
P(Be) = 0.55

R,>0.12
P(pep) = 0.53




Fit of spectra

x2 fit of spectra with sterile neutrino dip:
SK-I, SK-IIT, SNO-LETA, SNO-NC, Borexino

Best fit values:  Amy,2 ~ 1.5 10-5 e V2 sin2 20~ 103 Ay2=75

Interval with

= - - ) ~ _ -3
6 Amy?=(1-2)10%eV? sin?20~(0.5-1)10

B m,>0.003 eV

Alternative: mixing with level v,

R,= Amg2/Am,2 =11  sin?2a~(0.5-1)103




Implications

my ~ 0.003 eV G
Mo = MPIanck M~ 2-3TeV
mixing
sin® 2a ~ 10-3 i o8 LN;/EML h=0.1
in2 -1 VEw
sin¢ 23 ~ 10 B~



Level crossing scheme

H

P. De Holanda, A.S.

Mixing with the third active state




Extra radiation in the Universe

Production of sterile in the Early universe

Mixing of v, in v;

V3 = COS B v, Py nB v, M Cirelli & Marandella A Strumia F Vissani

, . N O s A
Wher'e V,c - C05923 VT + S|n923 V],L - ‘:'-. r
l- "_. q:l .- J
5 2 A
7 | X wt Y _J
Ams2 ~ 2.5 103 eV? i, 1
E 1] + .
Atmospheric neutrinos: ':E |
: if+ 'He
sin?f < 0.2 - 0.3 (90%) . B
i CMB
MINOS: .
* a2 o ]_[rlﬂ
sin“g < 0.23 (507%) s ot o 10 1@t s

tan2p



Other consequences

A{EM@@[@[@@W c m@wﬁw Inos

e peak 10 - 15 GeV

IceCube Deep Core

dupernova neutrinos

Additional suppression of v, flux




SearchingI for sterile

Inlce




H Nunokawa O L & Peres
R Zukanovich-Funchal
Phys. Lett B562 (2003) 279

v, - Vs oscillations with Am2 ~ 1 eV? are enhanced
in matter of the Earth in energy range 0.5 - few TeV

This distorts the energy spectrum and zenith angle distribution
of the atmospheric muon neutrinos, also modifies p/e ratio

, JHEP 0712 (2007) 014

b
Can be tested by IceCube 5 oty

First data from IceCube




IceCube
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3 1) scheme - Sy

LSND/MiniBooNE: vacuum
oscillations

P ~ 4|Ue4 IZIUH4 |2

T 2

Restricted by short baseline
experiments CHOOZ, CDHS,
NOMAD

With new reactor data:

Am412 =178 eV2
U, = 0.15
Upe = 0.23




Level crossing scheme

* 3 m Normal mass hierarchy in
the flavor block; my ~ 1 eV

B Three new level crossings

B (U, [UyP
are large enough, so that
evel crossings are adiabatic

m V.- V,=\26 (0, - n,/2)




v+ Mass Mixing scheme

Vs Vo
v, Ysr=UxU,
v v,

1)

v, mixes in the mass states v; and v,

Vo = - SinaL v, + COSaL v, where
V3= €OSa. V3 + Sina v V3 = €0S0,3 v, + SinO,g v,
vV, = ;2 62 - C05623 VH - S|n923 V.

ve mixes with v,
Propagation basis: Ve, Vs, Vs

Evolution is reduced to 2v-problem exactly



Evolution

Propagation basis

decouples
projection  propagation projection

S

P(v, > v,) = |€0s?0,3A;;, + Sin%0,3A3; |2
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Energy spectra

Averaged over 6, = §7° — 180° ]

Averaged over 6, = 124° — 1807
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Zenith .
angle ‘
distribution - - -
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1 1
Illustrative fit
mixing scheme

% \ 2

stat. unc. % & ' stat. + 5%
- 1

only 1 ' s syst. unc.

002 004 006 008 002 004 006 008

. 7 -
SlnTor slnTar

LSND: sin2a> 004 + 5% uncorrelated
systematic errors

Statistical errors +
free normalization + tilt




V5=V, » MiXing

Vs Vo
v, Up=UglUp
v, vV,

ve mixes with v,

- sin v, + cosP vq
- CosP sinB,3 v, + €oS 0,3 v, - sinB sinO,3 v
- SIHB C05923 VM + Sin 923 V. - COSB C05623 Vg

Propagation basis = flavor basis

Evolution is not reduced to the 2v - evolution exactly



Probabilities

antineutrinos __ | neutrinos

Amg; = 1 eV’
cosf, =—0.8

Amg; (eV?)
. i
sin” fay = 0.02
cosf, = — 1.0

Ami; = lev?

sin fy, = 0.02




Zenith
angle

distribution

Vs - Vv, MmiXing
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Fit with sterile is even better
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Summary

New evidences/hints of existence of sterile: MiniBooNE, reactors,
Gallium calibration, solar, additional radiation in the Universe

Convincing? Consistent? Controversial?
Light sterile neutrino mix
ixed  Amg2 ~ 15105 eV?

in v; or/and v, with
sin? 20 ~ 1073

iBne*lrr}‘\% Ewai;fleddn.% with sin’g ~ 0.2 sterile can be generated
y Universe AN,¢¢ ~ 1, thus explaining additional radiation




TceCube has high sensitivity
to sterile mixing with

Depending on values of parameters, U 4, U ,, Am,,?
large variety of zenith angle distribution can be obtained.




MINOS bound

E = 200 MeV
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Dependence on mixing Scheme

In general,
the Hamiltonian H= Ag Vo x Vo' + A, Vo x V,T

VT=(Ug,U,;,U,), A=amg2/2E  (i=0,2)

In the lowest H ~ AO VO X VOT VOT = ( USO ' U’EO / UHO )
order at high
energies P(v, > v,) ~ | sin?0" A33(a) + cos20 |2

TGHO':—UHO/ U’EO
SinZOL: |U“0|2+ | UTO|2

U,l2 ~0.02-0.04 Amg2=1eVZ LSND/MiniBooNE
lU.ol2 < 0.5 MINOS, Atmospheric neutrinos




Fluxes
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alllum anomaly
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Calibration  Gallex/GNO >!Cr G Mention et al,
SAGE 51 Cr, 37Ar arXiv: 1101.2755

R, = 0.87 +/- 0.05

C Giunti, M. Laveder




w . I
Evolution between two sterile resonances

Interference of two amplitudes 02— . . —
of transition

— E=8217MeV
— E=844MeV

projection transitions

adiabatic

Vi

hon-adiabatic
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Energy spectra
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Number of events
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FEvents
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p : G
roduction of sterile in the N = 0.8 -1
Early universe

can be generated

A D Dolgov, F L Villante

- Resonance case - Non resonance case

log( Am? /eV?)




ropapilities
Or airreren
mixing schemes

, 0.5 vs- mass mixing
2n - S
i { 10, vs-v, -mixing

no strong suppression in vertical bin

sinB decreases

sina. increases,
resonance disappears

. B

distortion of the E and 6,
distributions becomes weaker
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les
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sin” @ = 0.04
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urvival probability
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Zenith angle distributions
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mixing schemes
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