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Sterile neutrine -

Light

No weak interactions:
- singlets of the SM

symmetry group H_Componen’fs
of neutrinos

f;}\,%o Weuntame sl Mix with active neutrinos

Sov. Phys. JETP 26 984 (1968) mace 3¢ Majorang
€rms

mGleq[ miXing?

in the context of idea of
neutrino-antineutrino oscillations







1, Motivations & Status



Mass scales
Y

40 - 70 MeV - LSND, MiniBooNE

1 MeV
S 1 keV
- LSND, MiniBooNE
- Reactor anomaly
‘ leV H 05-2 eV _(Ga-calibration experiments
- Extra radiation
‘ u (2-4)107 eV _ solar neutrinos
103 eV - Extra radiation

H in the Universe

fich phienomenclogy



Sterile neutrinos as a solution to

I neutrino probl
all neutrino problems ...

Juha Pelto

- Neutrino
= antineutrino o
i, scill
17 kev neutrinos ations

- Dark €nergy and mass vqr
- solar, atm

- OPERA

Sterile neutrinos (effectively) propagate faster
than light in 4D, " " short-cut” in extra dimensions

H Pas, S Pakvasa, T Weiler
hep-ph/0504096

“ Only small part of neutrino flux (state) propagates
‘ ‘Q\\e faster than light or/and

Ying neutrinos

ospheric neutrinos

whole the v, signal is strongly suppressed

contradicts OPERA result (especially the latest one
with 3 ns neutrino bunches )




New evidences?

Steriles are back? MiniBooNE




Extra radiation in the Universe

+0.86 . - WMAP-7 E. Komatsu et al
Ne¢s = 4.34 jgg (68 % CL) - Barion Acoustic Oscillations — arXiv: 10014538

- Hubble constant [astro-ph.cO]

N =5.3+/-13 (68%CL) - WMAP-7 J. Dunkley et al
- Atacama Cosmology Telescope X/ 7009 0866

[astro-ph.COJ

A N = (0.02 - 2.2) (68% CL) J. Hamann et al

PRL 105 (2010)181301
BBN

i Y. I Izot dTXTh
N, = 3.68 * 980 (68 % CL) o Y.

_0.70 Astrophys J 710 (2010) L67




Cosmological bounds

E Giusarma et al 1102.4774 [astro-ph] J R Kristiansen, O Elgaroy

= ACOM 1104.0704 [astro-ph]
\

o N6 BRESOEEEE  TInverse approach:
\.\ \\

& wCDM + 2v,

1). we -1

i 2). Age of the Universe
68% 95% | 12.58 +/- 0.26 Gyr

2 3 4
\ “too young?

, WM;AP The oldest globular clusters

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

run 2 (red) - Supernova Ia Union
Compilation 2 (in add)
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Searches for sterile :-
&

Accelerator neutrinos

—+— Near Detector Data

. Monte Carlo Prediction
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MINOS bound

- ——

105

S

e,

- [ ] MINOS 90% CL
... CDHS 90% Cl
[ ccrroo%cL
(| MlmBooNE 90% CL

— SmBooNlE MlnlBooNECO/ CL

02 04 06 08 1
l Sin‘(20,,) A. Sousa

|U,4l2 < 0.015 (90% CL)




MINOS bound

S —
|| —— 90% CL unsubtracted
i} —— 99% CL unsubtracted
| 90% CL subtracted
p 99% CL subtracted
N e KARMEN2 90% CL

LSND 90% CL

I:] LSND 99% CL
| | L sl

107° 102
sin“(20)

vV, ~ Vs MIXING

In assumption of
no-oscillations in ND

|U4l2 < 0.015 (90% CL) 613= O
|U,4l? < 0.019 (90% CL) 03 = 11.5°
LSND/MiniBooNE require:

|UM4|2 > 0.025 Am412 <05 eV?

or modification of Cosmology:
AN = 123 (massless)
o =-111
chemical potential for v,

J Hamann et al 1108.4136




Iso contact
Interactions

’th&l

E/Hi:en sector 0
with certain [ I

symmetries
I

<o Mck scale physics ‘
__ _
-




Theoretical implications

ey mer meS

Mass Mys
matrix M.s

Mss

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

produces large corrections to the active neutrino mass matrix
Sm,J ~ - TaneisTGnejs mss ~ 004 mSS mSS >> mab ) mas

In general can not be considered as small perturbation!

Effect can be small if

Active neutrino spectrum Mes M,s M. have /. Barry

is quasi degenerate certain symmetry /_M//eé%igham’

Mss ~ Mgy arXiv: 1105.3911




plications

m,= m, + Smé
&

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)

ce dominant W - block
mall de‘rarmmar\’r

produ
with s

Enhance lepton mixing

~ Be origin of difference of
Up

MNs <V oo




2, The un;

shining in sterle

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




Problem?

H ex LMA
QAr' P < 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 ..
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SNO: LETA

—*— Fit result + total uncert

== Statistical uncert

mmmm Systematic uncert

SR Undistorted spectrum
LMA prediction
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E, [MeV]

v, - survival probability from solar

neutrino data vs LMA-MSW solution

\'\i&\\ﬁ\\ﬁ\\

Counts /2 MeV / 345.3 days
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Energy [MeV]



KamLAND solar

S. Abe, at al., [The KamLAND collaboration]
1106.0861 [hep-ex]
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3 41) scheme - Sy

v T |

4

Very light sterile neutrino

Motivated by

- solar neutrino data

- additional radiation

in the Universe if mixed in v
- no problem with LSS

(bound on neutrino mass)




Level crossing

H - Amg? > (0.2 - 2) 105 eV 2

Vom
sin22a =104 - 103

hon-adiabatic
level crossing

density




Mixing scheme and transitions

U, - rotationin 12-plane on 6, : :
N . v, mixes in vy and v,
U, - rotation in O1- plane on a

Scheme of transitions

interference
- wiggles Vs

P(ve™ ve) ~ U™ Agp + U gmAg |2 |Ugy 12+ [U,, ™2|U, 2



Survival probability

— = no sterile

]TTT

2 4
sin 20=1x10

5 4
sin 20=2x10

- dip
- wiggles
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sin2o. = 103 (red), 5 10-3 (blue)
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BOREXINO: Be and pep-line
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== sin20=5x10"

1
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§ E =144 MeV

pep

| ! I

_[,6 data

0,02 0,04

0,06

R

0,08

A

0,1

0,12 0,14

Be

R, = 0.007 - 0.07

. 3

AmOIZ >0.5b 10—5 €v2

BOREXINO:

pep- flux is consistent
with the LMA suppression

P(pep) = 0.53

R,>0.12

Am012 >0.9 10-° eV2




pep-neutrinos

BOREXINO Collaboration,
ArXiv: 1110.3230
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Fit of spectra

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

Best fit values: Amg2 ~ 1.5 105 eV?2 sin?2a, ~ 103 Ay?= 75

Interval with

Amg2=(1-2)10%eV2 sin?2a ~(0.5-1)103
Ay? > 6

B m>0003eV

Alternative: mixing with level v,

R,= AmOlz /AmZIZ =11 sin22a, ~ (0.5-1)103




Implications

2
my ~ 0.003 eV Mo = x\\m k "~ 2. 3
mixing
h
sin2 20 ~ 103 o~ o h=0.1
sin2 2B ~ 10! B —EW




Level Crossing scheme

H

P. De Holanda, A.S.,

Mixing with the third active state




Extra radiation in the Universe

Mixing of v, in v;
v3 = cosP v, + sinp v
Wher'e VT, = C05623 V. + S|n923 VH

Am302 ~ 25 10-3 eVZ

Atmospheric neutrinos:
sin’f < 0.2 -0.3 (90%)

MINOQOS:

sin?f < 0.23 (90%)

Production of sterile in the Early universe

M Cirelli & Marandella A Strumia F Vissani
1P 2v approxdmation: v, /v, or v /v,

. 4

1 N &/
Y //%,_ny ,

F
102 By

Am? inegV?
[
q
S~

108 "He

108 CMB

1+
s ot i 1 @ gt 18

tan?p




Atmospheric neutrinos

ER ~ 12 GeV

v, 2 Vv resonance peak 10 - 15 GeV

v

T

' - v, resonance

Phase shift and decrease of

amplitude of oscillations:
Interplay of v, 2 v, and

v, 2 v, oscillations
P. De Holanda, A. S.

1 l ..T.. T T T ] ].. T"A>.T T l T {7 T T l I .--Lv T T T ] l'.
0.8} 0.8} e
0.6k 06
04} 04
02 021 \/\
- ( -
171 A
0 0
02 = 02} -
041 - 04 -
- — sino=0.1 : R=002| 1 — sin20=0.1 ; R.=002|
A A
061 = 1 - 061 -
++ no sterile + no sterile
g AP AP
08} - 08}
Y I | ] - | |
5 10 5 20 5 10 15 20

Energy (GeV)

IceCube Deep Core

Energy (GeV)

~ 20 % suppression of rate of events in the
muon energy bins 5 - 15 GeV



3, Searching for

sterile In lce




|
, Large Scintillator
1 Neutrino Detector

Los Alamos Meson Physics Facility

+ v,
+ —

decay at rest

Vetp2 et +n

v, 2> Vv,

P=(2.64+/- 0.67 +/-0.45) 10-3

Oscillations?
Am2>0.2 eV?

3.8c excess
- how less?

Cherenkov cone + scintillations | 200 t mineral
oil scintillator




c f. t. ,
onrrmation:

Now an excess is observed both

1 B in neutrino and antineutrino channels

MI"IBOONE In both channels an excess exists both

at small (below 475 MeV) and at high energies
Hh LSND An excess smoothly increases with decrease

of energy starting from ~800 MeV

L/E consistency K

It seems this is the same effect and
there is no justification to split data

Neutrino and antineutrino data are consistent

No need to introduce second sterile
Not possible to explain by oscillations?

Large uncertainties in neutrino cross-sections

_ Energy determination?




In spite of this....

New experiments:

- Reactors (NUCIFER, SCRAAM)

- MegaCurie strength sources

- Accelerator SBL experiments
OscSNS BooNE
MicroBooNE (LArTPC),
CERN-PS

.2
sin ZOSBL

C Giunti, M Laveder
1107.1452 [hep-ph]




0oKing for sterile in ice

TceCube H Nunokawa O L G Peres

= R Zukanovich-Funchal
Som(-  IceTop ‘ /D/7y5' Lett B562 (2003) 279

v, - Vs oscillations with Am# ~ 1 eV?

are enhanced in matter of the

Earth in energy range 0.5 - few TeV
e This distorts the energy spectrum
and zenith angle distribution of the
atmospheric muon neutrinos

Can be tested by IceCube

S Choubey JHEP 0712 (2007) 014

il
= 324m

Eifel Tower

Deep Core S Razzague and AYS
1104.1390. [hep—ph]
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R. Abbasi et al, arXiv:1010.3980
[astro-ph.cO]
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Unfolded neutrino spectrum

Events per bin

April 2008 - May 2009
40 strings

100 GeV - 400 TeV

18 000 up-going muons
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Cos(8),)




3 41) scheme - Sy

LSND/MiniBooNE: vacuum
oscillations

P~ 4|Ue4 |2|U“4 |2

AM? snp I '

Restricted by short baseline
experiments CHOOZ, CDHS,
Am* NOMAD

Am?

With new reactor data:

Am412 =178 eV2
U, = 0.15
Uye = 0.23




Level crossing scheme

H : :
m Normal mass hierarchy in
the flavor block; my ~ 1 eV

B Three new level crossings

B (Ul Ul
are large enough, so that
evel crossings are adiabatic

mV.-V,.=\26: (n, - n,/2)




v+ Mass mixing scheme

2 2 Vs Vo
S24° = S34 v. Up=UxU,
v V,

w

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

Vo = - SinaL v, + COSaL v, where
V3 = Cosa 03 + S'h& VS 33 = C05623 \ + S|n923 Vp
V2 = :/2 gz - C05923 Vu - S|n923 V,c

v, mixes with v,
Propagation basis: Vs, V3, Va

Evolution is reduced to 2v-problem exactly



Evolution

Propagation basis

decouples
projection ~ propagation  projection

S

P(v, > v,) = |cos20,3A,, + sin%0,3A53 |2




AmZ = 1eV?
cosf. =—08

Amg, (eV?)
s
sin® @ = 0.08
cosf. =—1.0

Amp; = 0.5eV?

sin® @ = 0.04

104

..\m,-:,, = leV?
cosf. =-0.8

sin® @ = 0.08
cosf. =— 1.0

AmZ, = 0.5eV?

sinca = 0.04

2 \

Am;, (eV7)
0-5 ----- -
1.0 o
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S = N(osc.)/N(no osc.)
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| | a a
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e 2 0.08 ‘
_ - 0.04

1100

Events per bin
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Vg - Mass mixing case

Free normalization
and tilt factor

vents per bin

-0.6
Cos(6.)




1 1
Tllustrative fit
oun s on mIXIn in the simplest
mixing scheme

stat. unc. % stat. + 5%
only \ syst. unc.

0.5 kS . |
0.02 0.04 0.06 0.08 0.02 0.04 0.06 0.08

4

. p) ”
sSIn-a sin“a

LSND: sin2a> 004 + 5% uncorrelated
systematic errors

Statistical errors +
free normalization + tilt




Vs~V, = MiXing -

Vs Vo
v, Y =UglUp
v, v,

vs mixes with v,

Vo= -sinB v, + cosP v
v3 = - CoSB SinO,3 v, +€0S 0,3 v, - SINB SiNB,3 v,
VZ - - SIHB C05923 Vu + S|n 923 V‘t - COSB C05923 VS

Propagation basis = flavor basis

Evolution is not reduced to the 2v - evolution exactly

0
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S
S

Zenith
angle

distribution -

Vs' VM m|XIn9

1100

1000 |

Events per bin

1100

Events per bin

Free normalization
and tilt factor

Fit with sterile is even better

ETh =0.1TeV

Events per bin

0.6 —0.4 —-0.2 0.0
Cos(6.)




Zenith angle distributions

In General
1.00

For different
mixing schemes

o
o
[

Varying |U ,|?

2
S
S24° * S34

sinép =

4
@)
o+
=
(V]
U
A
0
7 0.80
o
Py
Fy
.
7D,

.(:?
|
[

mngs = 1 eV?
4n’ 6y = 0.04
-0.6 -0.4
Cos(8,)

| |

Zenith angle distribution depends on admixture of v. in 4th mass state




Dependence on energy threshold

Suppression factor
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Mass mixing

Ak

il

S. Razzague, A.S.

Lnqeqoid Linqeqorg

i
Shift of phase quantifies effect

at low energies
of sterile neutrino

Dee
can help




Number of events -..-.....

1 I I I 1
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60-120 GeV c—- 60-120GeV (w/o v, 1 F|-=- 60-120GeV (w/oV )
15-30 GeV (w/ V) 1k 1530 GeV (w/ v, 1 F|— 1530 Geviwr v)
30-60 GeV (w/ V) 30-60 GeV(w/ V. [ 30-60 GeV (w/ V)
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S Razzague
A.S.

Sin: a=0.01 bl sin: a=0.02 [ sin: o=0.04
(Am ): =] cV: (Am”

03 03

~ 2l

Y =1lev- ]} (Amg.) =1eV"
1

1 1 1 | 1 1 1 1 1 1 ]
08 -06 -04 -02 -0.8 06 04 -02 § 06 -04 -0.2 (0]
cos Q cos 9Z cos Q

Zenith angle distribution of events in different energy ranges




summary

Hunting steriles continues:

- Rich phenomenology |
_ Must for further advance in theory

meV scale sterile neutrino mixed Amy? ~ 151072 eV?
in v; or/and v, with sin? 20, ~ 103

leads to the dip in the spectrum which explains
an absence of the up turn of the spectrum,
reduces prediction for the Ar production rate

Being mixed in v3 with sin®f ~ 0.2 sterile can be generated
in the Early Universe AN ~ 1, thus explaining additional radiation




eV scale: Convincing? Consistent? Controversial?

IceCube has high sensitivity to sterile mixing with sinz

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

Future high statistics studies of the zenith angle distributions
in different energy regions (with different energy thresholds)
can provide sensitive search of sterile in whole parameter s
and discriminate different mixing scenarios.
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Gallium anomaly

Gallium calibration

Reactor, miniboone

10°

1| =——90.00%

"1 ==90.00 %
||=—95.00 %

” .;—9500%
| =—99.00%

10

sin (29new)

=2

10

-3

10

Gallex/GNO 3!Cr
SAGE 3 Cr, 37Ar

Calibration

- 0.87 +/- 0.05 C Giunti, M. Laveder

RGa

sin‘(20 )

G.Mention et al,
arXiv: 1101.2755




w ] |
Evolution between two sterile resonances

Interference of two amplitudes 02— . . .
of transition

— E=8217MeV
— B84 MeV

projection transitions

adiabatic

Vi

nhon-adiabatic
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Energy spectra
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Production of sterileinthe N .. -08-1
Early universe e

can be generated

A D Dolgov, F L Villante

- Resonance case - Non resonance case
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ICE
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MiniBooNE: anti-nu
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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
|U_412:0.02 > 0.04

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

U,4l2:0.04 > 002

|
3+2 v
Global fit o - 5
Am512 = 087 eVZ

Amg% = 0.47 eV?

J Kopp, M. Maltoni, T.Schwetz Ues = 0.128 U = 0.138
1103.4570 [hep-ph] Upe = 0165 U,s = 0.148
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Reactor neutrino anomaly

Increase of the Revised value of &M_enﬂon et al
Mean flux by 3% cross-section arXiv: 1101.2755

R = 0.937 +/- 0.027

214 &

react

Am2>15H eV?
sin2 20 =0.17 +/- 0.1

Distance o Reactor (m)




Gallium anomaly

1
Source + reactor

l
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SAGE 51 Cr 37Ar B # |—99.00%

-3 ¢ "“10-2 ;2 """10-1
sin“(20 )

Rg, = 0.87 +/- 0.05
: G.Mention et al,
sin“20 =0.24  CGjunti, M. Laveder arXiv: 1101.2755

Amé = 2.15 eV?
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Dependence on mixing Scheme

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

ViT=(Ug, U, U, ), A=Ams2/ 2E (i=0,2)

In the lowest H~ Ay Vo x VT Vo' = (Usp, U0, U,0)
order at high
energies P(v, > v,) ~ | sin?6" Az3(a) + cos?0’|?

tano 'z - U“o/ U’EO
SihZOL: |UM0|2 + | L}tol2

|U,0l2 ~0.02-0.04 Amgy?=1eV? LSND/MiniBooNE
lU.ol2 < 0.6 MINOS, Atmospheric neutrinos
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