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Neutrino Sky  :( SNO, ... SK, ...

IceCube

background for the 
astrophysical 

neutrino searches
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IceCube / Deep Core

 Digital Optical Module (DOM)

• 5320 optical modules on 
86 strings ( + IceTop)

• detects ~220 neutrinos 
and 1.7x108 muons per 
day

• threshold 10 GeV
• angular resolution
     < 1 degree

Slide from 
F. Halzen



Flavoring at IceCube
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Phys. Rev. D83 (2011) 012001

Overhead view of IceCube 40 string 
configuration

Measuring the atmospheric “background”
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100 GeV - 10 TeV20 GeV - 100 GeV

Measuring the atmospheric “background”

Phys. Rev. Lett. 111 (2013)
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100 GeV - 10 TeV20 GeV - 100 GeV

Measuring the atmospheric “background”

Phys. Rev. Lett. 111 (2013)
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3 years of IC-86 , 7-56 GeV 

J. P. Yanez, Neutrino 2014
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Measuring the atmospheric “background”

Phys. Rev. Lett. 110 (2013)
cas

cad
es

1029 events

IceCube-79 (including DeepCore) 80 GeV - 6 TeV
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Outline

✔ Constraining sterile neutrinos with the IC-40 data

✔ Prospect of IceCube sensitivity to sterile neutrinos

✔ Other “New Physics” searches

✔ Conclusions
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Standard picture of neutrino sector
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NuFIT 1.1 (2013)

Free Fluxes + RSBL Huber Fluxes, no RSBL

bfp ±1σ 3σ range bfp ±1σ 3σ range

sin2
θ12 0.306+0.012

−0.012 0.271 → 0.346 0.313+0.013
−0.012 0.277 → 0.355

θ12/
◦ 33.57+0.77

−0.75 31.38 → 36.01 34.03+0.81
−0.77 31.78 → 36.56

sin2
θ23 0.437+0.061

−0.031 0.357 → 0.654 0.436+0.047
−0.032 0.356 → 0.653

θ23/
◦ 41.4+3.5

−1.8 36.7 → 54.0 41.3+2.7
−1.8 36.6 → 53.9

sin2
θ13 0.0231+0.0023

−0.0022 0.0161 → 0.0299 0.0252+0.0022
−0.0023 0.0181 → 0.0320

θ13/
◦ 8.75+0.42

−0.44 7.29 → 9.96 9.13+0.40
−0.42 7.73 → 10.31

δCP/
◦ 341+58

−46 0 → 360 345+77
−46 0 → 360

∆m2
21

10−5 eV2
7.45+0.19

−0.16 6.98 → 8.05 7.50+0.19
−0.17 7.03 → 8.08

∆m2
31

10−3 eV2
(N) +2.421+0.022

−0.023 +2.248 → +2.612 +2.429+0.029
−0.027 +2.256 → +2.635

∆m2
32

10−3 eV2
(I) −2.410+0.062

−0.063 −2.603 → −2.226 −2.422+0.061
−0.063 −2.618 → −2.239

Standard picture of neutrino sector

JHEP 12 (2012) 123
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3-neutrino framework gives a 
consistent interpretation of data 

but few anomalies remain (!) 
which hint on the presence of 

sterile neutrino(s)

Thomas Schwetz talk
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Sterile No SM Interaction
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4�

i=1

Uαiνi α = e, µ, τ,s

3+1 scheme

Fogli, Lisi and A. Marrone, Phys. Rev. D 63 (2001); O. L. G. 
Peres and A. Y. Smirnov, Nucl. Phys. B 599 (2001); Grimus and 
Schwetz, Eur. Phys. J. C 20 (2001); M. C. Gonzalez-Garcia, M. 
Maltoni and C. Pena-Garay, Phys. Rev. D 64 (2001); M. 
Maltoni, T. Schwetz and J. W. F. Valle, Phys. Lett. B 518 
(2001); A. Strumia, Phys. Lett. B 539 (2002); G. Karagiorgi, Z. 
Djurcic, J. M. Conrad, M. H. Shaevitz and M. Sorel, Phys. Rev. 
D 80 (2009); A. Palazzo, Phys. Rev. D 83 (2011); C. Giunti and 
M. Laveder, Phys. Rev. D 84 (2011), ...

U4 =





Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4





Existence of a sterile 
neutrino is NOT a small 

perturbation to SM

Arman Esmaili                               TeVPA/IDM-Amsterdam                                  27/June/2014           



Existence of sterile neutrinos is NOT a small 
perturbation to SM

✔ Existence of sterile neutrinos have far-reaching consequences in 
neutrino physics, particle physics and DM detection.  

✔ On neutrino model building side, the discrete symmetry considerations 
should be modified (TBM, BM, etc...)

✔ From particle physics point of view, light sterile neutrino should 
be incorporated in SeeSaw, etc...

✔ Existence of sterile neutrinos affect the indirect DM detection in 
neutrino telescopes

Barry, Rodejohann and Zhang, JHEP 2011

Zhang, PLB 2012
Blennow and Fernandez-Martinez, PLB 2011

Mohapatra, Nasri and Yu, PRD 2005

A. E. and O. L. G. Peres, JCAP 2012 Arguelles and Kopp, JCAP 2012

✔ Existence of sterile neutrinos drastically affect SN neutrino flux 
(wrong mass hierarchy mimicking) A. E., O. Peres, P. D. Serpico, arXiv:1402.1453

Tamborra, Raffelt, Hudepohl and Janka, JCAP (2012)

Choubey, Harries and Ross, PRD (2007)
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✔ From particle physics point of view, light sterile neutrino should 
be incorporated in SeeSaw, etc...

✔ Existence of sterile neutrinos affect the indirect DM detection in 
neutrino telescopes

Barry, Rodejohann and Zhang, JHEP 2011

Zhang, PLB 2012
Blennow and Fernandez-Martinez, PLB 2011

Mohapatra, Nasri and Yu, PRD 2005

A. E. and O. L. G. Peres, JCAP 2012 Arguelles and Kopp, JCAP 2012

To name some:
STEREO, Neutrino-4, ICARUS-
NESSIE, nuSTORM, Posseidon, 

DANSS, Prospect, SOLID, Nucifer, 
Hanaro, BEST, SOX, LENS, SCRAAM, 

OscSNS, MicroBooNE, IsoDAR, ... 

Lamblin talk

✔ Existence of sterile neutrinos drastically affect SN neutrino flux 
(wrong mass hierarchy mimicking) A. E., O. Peres, P. D. Serpico, arXiv:1402.1453

Tamborra, Raffelt, Hudepohl and Janka, JCAP (2012)

Choubey, Harries and Ross, PRD (2007)
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A note on parametrization

U4 =





Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4





U4 =R34(θ34)R
24
δ (θ24)R

14
δ (θ14)R

23(θ23)R
13
δ (θ13)R

12(θ12)

3 new mixing angles
2 new CP-violating phases

new mixing parameters
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U4 =





Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4





U4 =R34(θ34)R
24
δ (θ24)R

14
δ (θ14)R

23(θ23)R
13
δ (θ13)R

12(θ12)

3 new mixing angles
2 new CP-violating phases

new mixing parameters

Why ?                                                                   
✔ Reactor anomaly θ14 �= 0

θ24 �= 0✔ LSND/MiniBooNE anomaly θ14 �= 0 &
ʋτ - ʋs mixing  ✔ θ34 �= 0

weakly constrained 
up to now
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Impact of sterile neutrinos on atm ʋ flux

Core

Mantle

IceCube
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Impact of sterile neutrinos on atm ʋ flux

Core

Mantle

IceCube

MSWparametric 
resonance

Liu, Mikheyev and Smirnov, Phys. Lett. (1998)

For Δm2 ~ 1 eV2

Eres ~ 2 TeV
For Δm2 ~ 1 eV2

Eres ~ 4 TeV

Nunokawa, Peres, Zukanovich-Funchal, PLB (2003)
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Liu, Mikheyev and Smirnov, Phys. Lett. (1998)

For Δm2 ~ 1 eV2

Eres ~ 2 TeV
For Δm2 ~ 1 eV2

Eres ~ 4 TeV

Nunokawa, Peres, Zukanovich-Funchal, PLB (2003)

S. Choubey, JHEP (2007)

Razzaque and Smirnov, JHEP (2011)

A. E., F. Halzen and O. L. G. Peres, 
JCAP (2012)

A. E., F. Halzen and O. L. G. Peres, 
JCAP (2013) 

A. E. and Alexei Yu. Smirnov, 
JHEP (2013)
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Impact of sterile neutrinos on atm ʋ flux

For Δm2 > 0

νe → νsθ14 �= 0

θ24 �= 0

θ34 �= 0

ν̄µ → ν̄s

ν̄τ → ν̄s

θ14 �= 0 θ24 �= 0and νe → νs ν̄µ → ν̄sand

θ14 �= 0 and θ34 �= 0 νe → νs and ν̄τ → ν̄s

and θ34 �= 0θ24 �= 0 and ν̄τ → ν̄s

ν̄µ → ν̄τand

ν̄µ → ν̄s
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Impact of sterile neutrinos on atm ʋ flux
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core crossing mantle crossing
A. E. and Alexei Yu. Smirnov, 

JHEP 1312, 014 (2013) ∆m2
41 = 1 eV2

sin2 2θ24 = 0.04

ν̄µν̄µ

νµνµ
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Impact of sterile neutrinos on atm ʋ flux
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ν̄µν̄µ

νµνµ survival probability P(ʋµ  → ʋµ) 

depends on θ24 , θ34  and  δ24

__
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Impact of sterile neutrinos on atm ʋ flux
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Impact of sterile neutrinos on atm ʋ flux

∆m2
41 = 1 eV2 sin2 2θ24 = 0.04

ν̄µ νµ

The weakest limit on sterile 
neutrinos is for θ34 = δ24 = 0
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details in A. E. and Alexei Yu. Smirnov, JHEP 1312 (2013)

A. E. and Alexei Yu. Smirnov, 
JHEP 1312, 014 (2013)
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N = T (2π)

��
Aν

eff(Eν , cos θz)Φν(Eν , cos θz) dEν d cos θz + (ν → ν̄)

�

Constraining sterile neutrino with IC-40 data
atm flux (Honda+Volkova)
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IceCube sensitivity to sterile neutrinos
(muon-track events)

✔ We analyzed the zenith distribution of muon-track events

Nµ(θ24)

Nµ(θ24 = 0)

sin2 2Θ24 " 0.04

#1.0 #0.8 #0.6 #0.4 #0.2 0.0
0.94

0.96

0.98

1.00

1.02

1.04

1.06

cos Θz

ra
tio

$m412 " 1 eV2
$m412 " 0.5 eV2
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IceCube sensitivity to sterile neutrinos
(muon-track events)
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IceCube-40 + AMANDA limit
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IceCube-40 + AMANDA limit
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IceCube-40 + AMANDA limit
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How to improve the limit ?

A. E., F. Halzen and O. L. G. Peres, 
JCAP 1211 (2012)
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IceCube sensitivity to sterile neutrinos

✔ The key point is the energy binning

However, 

✔ Energy resolution

events should be smeared in energy bins

width of smearing can reach ~ 0.3 x Log (E/GeV)

as a conservative assumption we assume σE = E

!m412 " 1 eV2 , sin2 2Θ24 " 0.04
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A. E. and Alexei Yu. Smirnov, 

JHEP 1312 (2013)
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IceCube sensitivity to sterile neutrinos
3 x IceCube-79 data (available now)

99%

A. E., A. Yu. Smirnov, 
JHEP 1312 (2013)
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IceCube sensitivity to sterile neutrinos
3 x IceCube-79 data (available now)

99%
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A. E., A. Yu. Smirnov, 
JHEP 1312 (2013)

With the already collected data 
the bound |Uµ4|2 < 0.01 (99% C.L.) 

can be established

Mixing required by 
LSND/MiniBooNE can be 

excluded at (4-6) σ
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Cascade events

✔ Cascade events originate from NC interaction of all flavors and CC 
interaction of electron/tau neutrinos

advantages

better energy resolution

sensitivity all the new mixing 
angles: θ14 , θ24 and θ34

Figure from Whitehorn’s talk

disadvantages

lower statistics with respect to 
muon-track events

sensitivity to θ34 due to an effective 
enhancements of ʋµ  → ʋτ 

zenith resolution is moderate
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Cascade events
✔ number of cascade events

Ncas = NNC
cas +NCC,e

cas +NCC,τ
cas

NNC
cas = NNC,νe atm

cas +NNC,νµ atm
cas

NNC,νe(νµ) atm
cas = T∆ΩρiceNA

�

α=e,µ,τ

�
σNC(Eν)Φ

atm
νe(νµ)(Eν , cos θz)P (νe(νµ) → να)V

DC
eff (Eν , cos θz)dEνd cos θz + (ν → ν̄)

NCC,e(τ)
cas = T∆ΩρiceNA

�

α=e,µ

�
σCC(Eν)Φ
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(Eν , cos θz)P (να → νe(ντ ))V
DC
eff (Eν , cos θz)dEνd cos θz + (ν → ν̄)
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pessimistic: C. H. Ha, arXiv:1201.0801

optimistic: DeepCore, arXiv:1109.6096
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Sensitivity to 3+1 parameters form cascades

✔ sensitivity to θ14

10!2 0.1 0.2 0.3
0.1

1

10

sin2 2"ee

#
m

4
1

2
!e

V
2
"

$

opt , 2 Θz!bins , 6 yr

opt , 3 Θz!bins , 6 yr

opt , 10 Θz!bins , 6 yr

KATRIN

global Νe disapp.

A. E. and O. L. G. Peres, 
PRD85 (2012)

promising result for low Δm2 
not competitive for high Δm2 

A. E., F. Halzen and O. L. G. Peres, 
JCAP 1307, 048 (2013) 

KATRIN
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✔ sensitivity to θ24

10!2 0.1 0.4
0.1

1

10

sin2 2"ΜΜ

$
m

4
1

2
!e

V
2
"

opt , 2 Θz!bins , 6 yr

pes , 2 Θz!bins , 6 yr

opt , 3 Θz!bins , 6 yr

pes , 3 Θz!bins , 6 yr

opt , 10 Θz!bins , 6 yr

pes , 10 Θz!bins , 6 yr

IC!40 Μ!tracks
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A. E., F. Halzen and O. L. G. Peres, 
JCAP 1307 (2013) 

Sensitivity to 3+1 parameters form cascades

sensitivity from 
muon-track events
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Sensitivity to θ34 

✔ θ24 ≠ 0 and θ34 ≠ 0 : leads to an effective enhancement of 
anti-ʋµ ➝ anti-ʋτ  oscillation 

sin2 2θ24 = sin2 2θ34 = 0.1 sin2 2θ24 = sin2 2θ34 = 0.3

∆m2
41 = 1 eV2

P (ν̄µ → ν̄τ )

A. E., F. Halzen and O. L. G. Peres, 
JCAP 1307 (2013) 

Arman Esmaili                               TeVPA/IDM-Amsterdam                                  27/June/2014           



✔ sensitivity to θ34
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✔ limits depend on θ24 value

✔ at least a factor of few stronger than the present limit

A. E., F. Halzen and O. L. G. Peres, 
JCAP 1307 (2013)

Sensitivity to 3+1 parameters form cascades

current upper 
limit
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✔ a clear signature of θ34
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✔ for a set of θ24 and θ34 , the distribution mimics the 3-nu distribution

✔ by increasing the value of θ34 , number of cascade events increases 
with respect to 3-nu case

✔ the increase in the number of cascade events comes from the effective 
anti-ʋµ ➝ anti-ʋτ  oscillation

A. E., F. Halzen and O. L. G. Peres, 
JCAP 1307 (2013) 
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Sensitivity to θ34 
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other “New Physics” searches 
✔ constraining Non-standard Neutrino Interactions
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−6.1× 10−3 < �µτ < 5.6× 10−3

−3.6× 10−2 < �� < 3.1× 10−2
at 90% C.L.

one order of magnitude
 stronger than the current limit
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✔ constraining Violation of Equivalence 
Principle

A. E., D. Gratieri, M. Guzzo, P. de Holanda, O. Peres 
and G. Valdiviesso, PRD (2014)

~ four orders of magnitude
 stronger than the current limit



conclusions

✔
The background in the searches of astrophysical neutrinos is not 
useless! Neutrino telescopes are perfect atmospheric neutrino 
detectors (mass hierarchy, CP-violation) 

✔
Existence of sterile neutrinos hinted by reactor, Gallium, LSND and 
MiniBooNE anomalies lead to distortions in the zenith and energy 
distributions of high energy atmospheric neutrinos. IceCube can 
resolve the sterile neutrino anomalies decisively (4-6)σ and for free!    

✔
Also, IceCube is sensitive to parts of the parameter space of 3+1 
model which is untouchable by the other experiments. With the 
cascade events it is possible to constrain θ34 uniquely. 

✔ Several new physics scenarios can be probed by neutrino telescopes, 
such as sterile neutrinos, NSI, VEP, LED, ... 
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Thank you !
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