Sterile neutrinos with IceCube
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Neutrino oscillations: standard case

" 1T Mo = Standard model:
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—_ = 2 neutrino mass differences
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= 3 mixing angles
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Two flavor approximation: P (v, v,)~sin’(20 )sin’ 1.27Am2[€V2]_E [GeV ]

= Anomalies:
= Sterile neutrinos:

= Short baseline accelerator ~N
experiments (LSND/MiniBooNE) = Resolved by heavier = No standard weak
= Reactor anti-neutrino flux > (~eV) neutrinos :> interaction
: _ = LEP measurements : = Mixed with active
= Early _radlo-chemlcal N o neutrinos
experiments P v o=
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Sterile neutrino mixing: 3+1 model

= Simplest extension:

= +] sterile neutrino

= New parameters:

= 1 mass

= 2 CP violating phases

= 3 mixing angles

Standard PMNS matrix

¥

= Assumptions:

. 6,=0
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= Modifies detected
atmospheric neutrino flux
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And the matter matters
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> Presence of matter:

= Can enhance effects of sterile neutrinos
e ,p,n e ,pn
= Modifies effective mixing parameters: v _1& N
NC— \/E n
_ tan2 6 2 2 2 2 . 2
tan26,,= SEV Am’,=y(Am*cos20+2EV, F+(Amsin20)
int

1+——
Am~cos20
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High energy (~TeV) effects of sterile neutrinos
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Sterile neutrinos: resonance

tan20
an20y=—" gy Am’,=V(Am*cos20—2EV. +(Am*sin20)

1- 2
Am cosZE)/ \ \/ /

Changes amplitude of oscillations Changes period of oscillations

= Neutrino oscillation length
resonance (NOLR):

414

sin? 9,, = 0.02

Am2 =1 eV?

0.8} £ =23Tev 112 = Not MSW resonance!
0.7} " = Matter enhancement of sterile
Q v 2 mixture in mantle and core
'8 = Density i o
= 05 formsw 18 = = Constructive interference of
= resonance E oscillations in matter and core
> 0.4} 16 2 _ ,
> é = Oscillation length in core ~2 core
> 0.3} i
= / L sizes

02 N = Resonant disappearance of muon
| Matter probab|I|t.y. I Anti-neutrinos
|| — Vacuum probability
0.0 : . t . : Piiins, [} = Resonance energy ~ TeV
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The resonant enhancement
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= Energy of the resonance proportional to the mass splitting

> Sensitivity to [U ,|* (or 8,,) and sterile mass

= Sensitivity with IceCube using high energy atmospheric neutrinos
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lceCube Neutrino Observatory

Digital Optical
> |lceCubedetector; = LA Module (DOM)

= 1 km?3 ice Cherenkov detector S0 m
= Depth: 1450-2450 m

= 17 m vertical and 125 m horizontal
spacing

= Energy threshold ~100 GeV

= DeepCore:

= Denser instrumentation:

= 7 m vertical and 40-60 m
horizontal spacing

= Energy threshold ~10 GeV

= Deep inside IceCube: 2450 m

= Depth: 2100-2450 m 2820 m
= Best optical properties of the ice

= Veto against atmospheric muons

Andri J
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lceCube energy scales

IceCube/DeepCore
Atmospheric

 GeV

“Mev "Tev

v { - charged current (CC) interaction
t
Seall \/f - neutral current (NC) interaction
© : s ek
}Hadmns Secondary particles emit Cherenkov light
= Track like events: > Cascade like events:

= v, CCinteractions

Time [microseconds]




High energy sterile neutrino search: sample

= Up-going muon neutrinos (muon

tracks) i | "« « Data (IC36)
r 1 MC no-steriles |-
_ 10°- -
= Energies: [400 GeV, 20 TeV ] :
“ I
o L
| o
> Energy estimate: g 107
= From stochastic losses of muons
= Energy resolution 101_
Olog,,E,™ 0.5 153 T :
> Direction resolution: 3 1 !
5 1.0 —'—-—-—v—-—a—-—-—A—A-—-—-—.—.—'—H—{—Lf—*, I
= f
O, 0.005—0.015 0.5- . e i
103 reco 104
E 5 /GeV

= 99.9% neutrino purity
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Sterile neutrinos at high energies

neutrinos > Effects above 100 GeV:

80 ~ . .
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= )
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o
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Sterile neutrinos at high energies: results

Phys. Rev. Lett. 117, 071801
10* - ]
e
10° F
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=
D]
~
g
< —1
107 ¢
| —— IceCube 90% C.L. i
90% C.L.sensitivity | |
7 (68% and 95%) O
Kopp et al. (2013) ' Z | 8,
mm== Collin et al. (2016) | |S| 7
-9 !
10 5 ' S| ' 0
10 10 10
Sin2 2924

= Strong exclusion limits

= Only 1 year of data used
Andrii TERLIUK | Sterile neutrino searches with IceCube | 16 March 2017 | Page 12



Low energy (<100 GeV) effects of sterile neutrino
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Sterile neutrinos at low energies

1.0
Y VY - ——
i T
206
T:t
= No sterile neutrino
——  sin?#y, = 0.10, sin?#3, = 0.00
0.2 w2y = 0.00, sin? @ = 0.10
| | ——  sin?#y, = 0.05, sin?#3, = 0.05
0.0 s =

Energy [ GeV ]

= Moadification of the standard numu disappearance

= "Fast” oscillating component is averaged — independent from sterile neutrino mass

> Sensitive to angles 6,, and 0,
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Sterile neutrinos at low energies

| w:ll“""

No sterile neutrino

——  sin?#y, = 0.10, sin?#3, = 0.00
——  sin?#y, = 0.00, sin?fs, = 0.10
——  sin?#y, = 0.05, sin?#3, = 0.05

107
Energy [ GeV ]

= Moaodification of the standard numu disappearance
= “Fast” oscillating component is averaged — independent from sterile neutrino mass

> Sensitive to angles 6,, and 0,
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Sterile neutrinos at low energies

— 1.0
Matter (e-, p, n) — No sterile neutrino
v, : DeepCore
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= Effects below 100 GeV: el
: A
o
=
10! b=
= Modifications of standard oscillations With sterile neutrino 35
_ o o sin’ 0y = 0.02 (115
= shifts of oscillations minimum : sin“f3y = 0.17 £
U Effects of 2
= changes of amplitude = : 2
g P 3 the giz@mﬂ@
= Independent of sterile neutrino mass - o
(for Am},>0.3eV?) 5 0.2
S|
= Sensitive to the angles 6,, and 6_,
= Effect proportional to matter density
0.0
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—0.6 —-04
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Low energy events

High energy events: E~70 TQ.V b },7  T

= Long and bright muon tracks L

Low energy events:

e oo

= Relatively short MIP muon track

= Overlayed with hadronic shower
from neutrino interaction

= Dim with few signals in the detector

= Challenging selection and
reconstruction
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DeepCore: reconstruction challenge

= few signals in the detector

= affected by systematic uncertainties
(ice optical properties etc.)

> Low energy events: T
e
2
()
()]

= most of the light in a few strings

= Using “direct photons”:

= No scattering in ice

= narrow time window 2410; g
= specific hyperbolic pattern for muons 2a20 .
= selects “golden events” g
_ < 2430}
= Energy reconstruction: o o
<
— . 2440} @ Direct photons
EVN Ehad+a Lu % 49+ Late photons
—— MC muon
= Typical resolutions: = 2450| ---- Track fit
------ Track fit + 25°
= Zenith angle: 5-10° median resolution
2460t . “‘ . .
= Energy: ~ 20-25 % median resolution 0 50 100 15¢

tarrival (IlS) ‘/
Andrii TERLIUK | Sterile neutrino searches with IceCube | 16 March 2017 | Page 18 | wESY
/’\



DeepCore: background challenges

Atmospheric muons

\. ll’ll"

v i

Depth [m ] - .
= Prevailing rate of atmospheric muons:

= 1500

= Trigger level: 1 neutrino : ~10” muons

= 1600

= Final level: 1 neutrino : <0.01 muons

= 1700

Veto cap
{10 DOMs

10 m vertical spacing

= Vetoing techniques:

- 1800

= Up-going events — the Earth as the veto

= 1900

= Outer layers of IceCube as veto

= Most complicated muons:
DeepCore

150 HQE DOMs = Corridors formed by detector geometry

5 7 m vertical spacing

= “Dust layer” above DeepCore

- 2300

= 2400
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Sterile neutrino effect on the sample

With sterile neutrino | > Sample:
sin®fyy = 0.02
sin?fy, = 0.17 = Energy range: 6-56 GeV
—10%} Effects of !
= the sterle : = Good data/MC agreement
< NEUErino ' _
2 = Used for standard muon neutrino
g disappearance
= 1 s [NSHSSHAAE AN AN L] L] 1.20
_ sin? 0y = 0.02 ]
| ) X sin2 934 —il{)5i Lt J 1.15
10 A
10 . . . ! o
1.05 5
S
1.00 Z
L
= Clear signature of sterile 0.95 £
] .. e
neutrino mixing 0.90
= Can be probed with IceCube il
DeepCore IceCube preliminary |
: : 0.80

—1.0 —0.8 —0.6 —0.4 —0.2 0.0
c08(0y, reco)
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Sterile neutrinos at low energies: results

8 'll Ll L] l-
= 99% C.L.
ﬁé ........................................................ 90%.CL. ]
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|U,u4\2 = sin® 6y,

> Strong exclusions of |U_|?

= Submitted to journal, arXiv preprint: arxXiv:1702.05160 [hep-ex]
Andrii TERLIUK | Sterile neutrino searches with IceCube | 16 March 2017 | Page 21



https://arxiv.org/abs/1702.05160

Summary

= Sterile neutrinos in IceCube:
10°
: . r
= Great tool to detect sterile neutrinos =
: : 3
= Results are consistent with standard i
3 neutrino hypothesis [ — tcocubesocL | !
90% C.L.sensitivity |
.. 77 (68% and 95%) D%
= Great limits for muon and tau b A -1
. . . mmmm Collin et al. o
neutrino mixing to the sterile state. 102 5 = o

sin® 26,,

......................................................... ek,

= Next in IceCube:
' ' - SK(2015), 90 % C.L. 3 '§
=+ SK(2015),99 % C.L. 0 o
025F e = IceCube (2016),90%CL H |
P e —‘ IceCube (2016), 99 % C.L.
= More data Joob TS '
= More event signatures < s
Il
= Even better sensitivity to sterile g0
neutrinos 00|
0.00

10°° 1072 107!
[U,ul* = sin® 6y
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HE exclusions with newest MINOS

= 1
'| — 1cecube 90% CL E
i 90% CL sensitivity !
:
1
1

(68% and 95%) 7
Kopp et al. (2013)

mmmm Collin et al. (2016)
10—2 . .\—2

102 10~ T
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Sterile neutrinos: resonance
0 N
_ tan 2
tan20,,= ) 2EV_
Am*cos?20

Maximal mixing:

y

At MSW resonance g =X
2 M= 4
>_ E :Am cos20 , ,
R 2V, Am,=Am"sin20

A

Amy={(Am’cos20—2EV ) +(Am’sin20)

= Matter can enhance sterile neutrino signal
1.0

o
NeJ
T

sin?@,, = 0.02
Am? =1 eV?

Maximal oscillations length

ke Parametric resonance (NOLR):

Not MSW resonance!

0.8} 12
- SeEetl = Matter enhancement of sterile
% bir 1o — mixture in mantle and core
@ 0.6} : i o
g Density e = Constructive interference of
S 0.5} for MSW = oscillations in matter and core
= resonance =
; 0.4F 16 § = Oscillation length in core ~2 core
S o0l Q sizes
n {4
0.2 = Resonant disappearance of muon

— Matter probability
— Vacuum probability

-
i

S
=)

anti-neutrinos

Resonance energy ~ TeV

3000 1000 3000 10000

(am)

T2000

1 0
6000
Length [ km ]
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