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Introduction: The Standard Model

However, there are some open problems of the Standard Model
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) open oportunities
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And therefore neutrinos are strictly massless in the SM.

The SM must be extended to account for neutrino oscillations.

• Majorana neutrino masses

d = 5 ) Is SM low energy remnant of higher energy theory?

Neutrinos are the only neutral fermions and therefore

However, after EWSB can be induced through Weinberg op.

1

2
cd=5
↵�

⇣
`↵

c
L�̃

⇤
⌘⇣

�̃†`�L

⌘
+ h.c.

after����!
EWSB

v2EW

2
cd=5⌫cL⌫L

m̂⌫cL⌫L but violates SU(2)L ⇥U(1)Y

m̂ = �v2EW

2
cd=5



Introduction: The Seesaw Mechanism

The Weinberg op. e↵ectively generated by new particles.

At tree level the 3 possible realizations of the Weinberg op. are



Introduction: The Seesaw Mechanism

The Weinberg op. e↵ectively generated by new particles.

At tree level the 3 possible realizations of the Weinberg op. are

• Type I Seesaw: heavy fermionic singlets NR

`↵

`�
NR

�

�

P. Minkowski, Phys. Lett. B67 (1977) 421.

R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912.

M. Gell-Mann, P. Ramond, and R. Slansky, Print-80-0576 (CERN).

T. Yanagida. Proceedings of the Workshop on the Baryon Number of the Universe.



Introduction: The Seesaw Mechanism

The Weinberg op. e↵ectively generated by new particles.

At tree level the 3 possible realizations of the Weinberg op. are

• Type I Seesaw: heavy fermionic singlets NR

• Type II Seesaw: heavy scalar SU(2)L triplets ⇤

`↵

`�
NR

�

�

⇤
`↵

`�

`↵

`�

M. Magg and C. Wetterich, Phys. Lett. 94B (1980) 61–64.
J. Schechter and J. W. F. Valle, Phys. Rev. D22 (1980) 2227.

C. Wetterich, Nucl. Phys. B187 (1981) 343–375.
G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys. B181 (1981) 287–300.

R. N. Mohapatra and G. Senjanovic, Phys. Rev. D23 (1981) 165.



Introduction: The Seesaw Mechanism

The Weinberg op. e↵ectively generated by new particles.

At tree level the 3 possible realizations of the Weinberg op. are

• Type I Seesaw: heavy fermionic singlets NR

• Type II Seesaw: heavy scalar SU(2)L triplets ⇤

• Type III Seesaw: heavy fermionic SU(2)L triplets ⌃R

`↵

`�
NR

�

�

⇤
`↵

`�

`↵

`�

⌃R

`↵

`�

�

�
R. Foot, H. Lew, X. G. He, and G. C. Joshi, Z. Phys. C44 (1989) 441. ...



Introduction: The Seesaw Mechanism

The Weinberg op. e↵ectively generated by new particles.

At tree level the 3 possible realizations of the Weinberg op. are

• Type I Seesaw: heavy fermionic singlets NR

`↵

`�
NR

�

�

• Type II Seesaw: heavy scalar SU(2)L triplets ⇤

• Type III Seesaw: heavy fermionic SU(2)L triplets ⌃R

⇤
`↵

`�

`↵

`�

⌃R

`↵

`�

�

�



Introduction: SM + Type I Seesaw

The SM is enlarged by an arbitrary number of NR

L = LSM + iNR /@NR �
✓
1

2
NRi(MN )ijN c

Rj + (yN )i↵NRi�
†`L↵

◆
+ h.c.



Introduction: SM + Type I Seesaw

The SM is enlarged by an arbitrary number of NR

Yukawa interaction

Dirac neutrino masses

L = LSM + iNR /@NR �
✓
1

2
NRi(MN )ijN c

Rj + (yN )i↵NRi�
†`L↵

◆
+ h.c.



Introduction: SM + Type I Seesaw

The SM is enlarged by an arbitrary number of NR

L = LSM + iNR /@NR �
✓
1

2
NRi(MN )ijN c

Rj + (yN )i↵NRi�
†`L↵

◆
+ h.c.

Allowed Majorana mass for NR

New Physics scale



Introduction: SM + Type I Seesaw

The SM is enlarged by an arbitrary number of NR

L = LSM + iNR /@NR �
✓
1

2
NRi(MN )ijN c

Rj + (yN )i↵NRi�
†`L↵

◆
+ h.c.

Allowed Majorana mass for NR
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with N ⌘ (I � ↵)UPMNS and ↵ lower triangular matrix
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Sterile neutrinos
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For very light (< keV) extra neutrinos these strong constraints 
are lost and Q oscillations are our best probe of this scale. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Probing the Seesaw: Steriles 

S. Parke and M. Ross-Lonergan arXiv:1508.05095 
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searches

EW and flavor
observables

At some level, both limits

• Very high (MN > ⇤EW) neutrino ! Non-Unitarity

• Very light (MN < keV) neutrino ! sterile neutrinos

will impact neutrino oscillation searches.
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Fig. 8. The 90% C.L. exclusion region in the ∆m2 – sin2(2θ) plane from this analysis
superimposed on the results of other experiments.

mixing and sin2(2θ) > 1.3 × 10−3 at large ∆m2. Our result rules out the in-
terpretation of the LSND measurements in terms of νµ → νe oscillations with
∆m2 ! 10 eV2.

This result is less stringent than our preliminary result [2] because of a bet-
ter understanding of the systematic uncertainties arising from the knowledge
of the beam composition. In particular, our previous analysis had underesti-
mated the uncertainty arising from the K0

L contribution to the νe spectrum. In
addition a different split between normalization and energy-dependent errors
was implemented for the uncertainty arising from mesons produced in sec-
ondary interactions. After opening the box defined for the purpose of the blind
analysis, no modifications were made either to the central value of the beam
prediction or, other than the z > 184 cm cut described above, to the event
selection procedure. We have ensured that including the events at z < 184 cm
in the analysis did not alter our limit significantly.
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mixing and sin2(2θ) > 1.3 × 10−3 at large ∆m2. Our result rules out the in-
terpretation of the LSND measurements in terms of νµ → νe oscillations with
∆m2 ! 10 eV2.

This result is less stringent than our preliminary result [2] because of a bet-
ter understanding of the systematic uncertainties arising from the knowledge
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was implemented for the uncertainty arising from mesons produced in sec-
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• Yes ! ND averaged • No ! ND undeveloped
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Figure 4.1: Expected frequentist allowed regions at the 1�, 90% and 2� C.L. for
DUNE. All new physics parameters are assumed to be zero so as to obtain the
expected sensitivities. The left panels (ND averaged) correspond to the non-unitarity
case, or to the sterile case when the light-heavy oscillations are averaged out in the
near and far detectors. The right panels (ND undeveloped) give the sensitivity for
the sterile case when the light-heavy oscillations have not yet developed in the near
detector, but are averaged out in the far. The solid lines correspond to the analysis
of DUNE data alone, while the dashed lines include the present constraints on sterile
neutrino mixing from the middle and right columns in Tab. 4.1 for the NS averaged
and ND undeveloped scenarios respectively.
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Figure 4.1: Expected frequentist allowed regions at the 1�, 90% and 2� C.L. for
DUNE. All new physics parameters are assumed to be zero so as to obtain the
expected sensitivities. The left panels (ND averaged) correspond to the non-unitarity
case, or to the sterile case when the light-heavy oscillations are averaged out in the
near and far detectors. The right panels (ND undeveloped) give the sensitivity for
the sterile case when the light-heavy oscillations have not yet developed in the near
detector, but are averaged out in the far. The solid lines correspond to the analysis
of DUNE data alone, while the dashed lines include the present constraints on sterile
neutrino mixing from the middle and right columns in Tab. 4.1 for the NS averaged
and ND undeveloped scenarios respectively.
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Non-Unitarity vs Sterile ⌫ at DUNE

• Yes ! ND averaged • No ! ND undeveloped
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<latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit><latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit><latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit><latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit>
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<latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit>

• The neutrino oscillation probability
<latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit><latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit><latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit><latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit>
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<latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit>

(�m2 & 100 eV2)
<latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit><latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit><latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit><latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit>

C.S. Fong, H. Minakata, and H. Nunokawa, JHEP 02 2017 114
<latexit sha1_base64="TT4lJw//bH4yH+TjIvG64WRKueQ="></latexit><latexit sha1_base64="TT4lJw//bH4yH+TjIvG64WRKueQ="></latexit><latexit sha1_base64="TT4lJw//bH4yH+TjIvG64WRKueQ="></latexit><latexit sha1_base64="TT4lJw//bH4yH+TjIvG64WRKueQ="></latexit>



Sterile ⌫ above 10 eV at IceCube
<latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit>

We compute ⌫µ ! ⌫µ probability Pµµ for
<latexit sha1_base64="ZXjCaaDsNJNrempGCcN8ZW2BQAs="></latexit><latexit sha1_base64="ZXjCaaDsNJNrempGCcN8ZW2BQAs="></latexit><latexit sha1_base64="ZXjCaaDsNJNrempGCcN8ZW2BQAs="></latexit><latexit sha1_base64="ZXjCaaDsNJNrempGCcN8ZW2BQAs="></latexit>

� small heavy-active mixing angles
<latexit sha1_base64="wmyBiphxZeRX9pFEtE0e6G2udjg="></latexit><latexit sha1_base64="wmyBiphxZeRX9pFEtE0e6G2udjg="></latexit><latexit sha1_base64="wmyBiphxZeRX9pFEtE0e6G2udjg="></latexit><latexit sha1_base64="wmyBiphxZeRX9pFEtE0e6G2udjg="></latexit>

� averaged-out regime ) large �m2
<latexit sha1_base64="mtSniLH342Anu0B6YeobPE/ffe8="></latexit><latexit sha1_base64="mtSniLH342Anu0B6YeobPE/ffe8="></latexit><latexit sha1_base64="mtSniLH342Anu0B6YeobPE/ffe8="></latexit><latexit sha1_base64="mtSniLH342Anu0B6YeobPE/ffe8="></latexit>

� ⌫e does not participate in oscillations
<latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit><latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit><latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit><latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit>

Pµµ = (1� ↵µµ)
4
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1� sin2(2✓m) sin2

✓
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|Uµs|4
<latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit>

Pµµ ' 1� V 2
NC|↵⌧µ|2L2

<latexit sha1_base64="WcxgEJ5GVoivAiDGQlHS7xvVI6Y="></latexit><latexit sha1_base64="WcxgEJ5GVoivAiDGQlHS7xvVI6Y="></latexit><latexit sha1_base64="WcxgEJ5GVoivAiDGQlHS7xvVI6Y="></latexit><latexit sha1_base64="WcxgEJ5GVoivAiDGQlHS7xvVI6Y="></latexit>

At leading order in ↵ and neglecting �m2
31

<latexit sha1_base64="0ou/GarG05AC17Fc2g0XR/tk1FU="></latexit><latexit sha1_base64="0ou/GarG05AC17Fc2g0XR/tk1FU="></latexit><latexit sha1_base64="0ou/GarG05AC17Fc2g0XR/tk1FU="></latexit><latexit sha1_base64="0ou/GarG05AC17Fc2g0XR/tk1FU="></latexit>

• The neutrino oscillation probability
<latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit><latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit><latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit><latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit>
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|Uµs|4= (1� ↵µµ)
4
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Pµµ = (1� ↵µµ)
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|Uµs|4
<latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit>

(�m2 & 100 eV2)
<latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit><latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit><latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit><latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit>



Sterile ⌫ above 10 eV at IceCube
<latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit>

We compute ⌫µ ! ⌫µ probability Pµµ for
<latexit sha1_base64="ZXjCaaDsNJNrempGCcN8ZW2BQAs="></latexit><latexit sha1_base64="ZXjCaaDsNJNrempGCcN8ZW2BQAs="></latexit><latexit sha1_base64="ZXjCaaDsNJNrempGCcN8ZW2BQAs="></latexit><latexit sha1_base64="ZXjCaaDsNJNrempGCcN8ZW2BQAs="></latexit>

� small heavy-active mixing angles
<latexit sha1_base64="wmyBiphxZeRX9pFEtE0e6G2udjg="></latexit><latexit sha1_base64="wmyBiphxZeRX9pFEtE0e6G2udjg="></latexit><latexit sha1_base64="wmyBiphxZeRX9pFEtE0e6G2udjg="></latexit><latexit sha1_base64="wmyBiphxZeRX9pFEtE0e6G2udjg="></latexit>

� averaged-out regime ) large �m2
<latexit sha1_base64="mtSniLH342Anu0B6YeobPE/ffe8="></latexit><latexit sha1_base64="mtSniLH342Anu0B6YeobPE/ffe8="></latexit><latexit sha1_base64="mtSniLH342Anu0B6YeobPE/ffe8="></latexit><latexit sha1_base64="mtSniLH342Anu0B6YeobPE/ffe8="></latexit>

� ⌫e does not participate in oscillations
<latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit><latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit><latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit><latexit sha1_base64="a8+vH2XE/S43CWpC+NJW/oDjfS0="></latexit>

Pµµ = (1� ↵µµ)
4
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1� sin2(2✓m) sin2
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|Uµs|4
<latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit>

Pµµ ' 1� V 2
NC|↵⌧µ|2L2

<latexit sha1_base64="WcxgEJ5GVoivAiDGQlHS7xvVI6Y="></latexit><latexit sha1_base64="WcxgEJ5GVoivAiDGQlHS7xvVI6Y="></latexit><latexit sha1_base64="WcxgEJ5GVoivAiDGQlHS7xvVI6Y="></latexit><latexit sha1_base64="WcxgEJ5GVoivAiDGQlHS7xvVI6Y="></latexit>

For the particular case of just one extra neutrino
<latexit sha1_base64="WoceEVN5sqnnf1+Gx7O9XvsJYgM="></latexit><latexit sha1_base64="WoceEVN5sqnnf1+Gx7O9XvsJYgM="></latexit><latexit sha1_base64="WoceEVN5sqnnf1+Gx7O9XvsJYgM="></latexit><latexit sha1_base64="WoceEVN5sqnnf1+Gx7O9XvsJYgM="></latexit>

Pµµ ' 1� V 2
NC|U⌧4|2|Uµ4|2L2

<latexit sha1_base64="6iXjxlgiBNIrg8Vn6G8a8T5aUZ4="></latexit><latexit sha1_base64="6iXjxlgiBNIrg8Vn6G8a8T5aUZ4="></latexit><latexit sha1_base64="6iXjxlgiBNIrg8Vn6G8a8T5aUZ4="></latexit><latexit sha1_base64="6iXjxlgiBNIrg8Vn6G8a8T5aUZ4="></latexit>

At leading order in ↵ and neglecting �m2
31

<latexit sha1_base64="0ou/GarG05AC17Fc2g0XR/tk1FU="></latexit><latexit sha1_base64="0ou/GarG05AC17Fc2g0XR/tk1FU="></latexit><latexit sha1_base64="0ou/GarG05AC17Fc2g0XR/tk1FU="></latexit><latexit sha1_base64="0ou/GarG05AC17Fc2g0XR/tk1FU="></latexit>

• The neutrino oscillation probability
<latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit><latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit><latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit><latexit sha1_base64="5IfOfv0tdnqpLyIp98aDSKaLkqo="></latexit>
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|Uµs|4= (1� ↵µµ)
4
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1� sin2(2✓m) sin2
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|Uµs|4
<latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit><latexit sha1_base64="MdlHoz0qtWhjRBvVfXTGF4wNOeo="></latexit>

(�m2 & 100 eV2)
<latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit><latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit><latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit><latexit sha1_base64="C7kL2AljSeZ+vTesxvlqHWgNst8="></latexit>



Sterile ⌫ above 10 eV at IceCube
<latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit>

• Details of the analysis
<latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit>

The atmospheric neutrino flux has been computed with
<latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit>

QGSJET II-04
<latexit sha1_base64="xpo8KLqCHmphYYtk8uJihZWPg1M="></latexit><latexit sha1_base64="xpo8KLqCHmphYYtk8uJihZWPg1M="></latexit><latexit sha1_base64="xpo8KLqCHmphYYtk8uJihZWPg1M="></latexit><latexit sha1_base64="xpo8KLqCHmphYYtk8uJihZWPg1M="></latexit>

HondaGaisser
⇤

<latexit sha1_base64="dT5tc3exMskDxqKR0c35UoWp7d4="></latexit><latexit sha1_base64="dT5tc3exMskDxqKR0c35UoWp7d4="></latexit><latexit sha1_base64="dT5tc3exMskDxqKR0c35UoWp7d4="></latexit><latexit sha1_base64="dT5tc3exMskDxqKR0c35UoWp7d4="></latexit>

+
<latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit>

⇤
Gaissser-Hillas H3a correction

<latexit sha1_base64="sDXl/WI8CwM8/TVMONvWaDL11sk="></latexit><latexit sha1_base64="sDXl/WI8CwM8/TVMONvWaDL11sk="></latexit><latexit sha1_base64="sDXl/WI8CwM8/TVMONvWaDL11sk="></latexit><latexit sha1_base64="sDXl/WI8CwM8/TVMONvWaDL11sk="></latexit>

The impact of di↵erent flux models has been studied.
<latexit sha1_base64="XG1B8PwnWfV8+vv0WRUs8dlTFj4="></latexit><latexit sha1_base64="XG1B8PwnWfV8+vv0WRUs8dlTFj4="></latexit><latexit sha1_base64="XG1B8PwnWfV8+vv0WRUs8dlTFj4="></latexit><latexit sha1_base64="XG1B8PwnWfV8+vv0WRUs8dlTFj4="></latexit>

T.K. Gaisser, T. Stanev, and S. Tilav,
<latexit sha1_base64="ylsQ4TD8kLiuissPLrfN1Z+y7rg="></latexit><latexit sha1_base64="ylsQ4TD8kLiuissPLrfN1Z+y7rg="></latexit><latexit sha1_base64="ylsQ4TD8kLiuissPLrfN1Z+y7rg="></latexit><latexit sha1_base64="ylsQ4TD8kLiuissPLrfN1Z+y7rg="></latexit>

Front. Phys. (Beijing) 8 (2013) 748–758
<latexit sha1_base64="VlniBBuDqRslJG/CD0FNdipL3ck="></latexit><latexit sha1_base64="VlniBBuDqRslJG/CD0FNdipL3ck="></latexit><latexit sha1_base64="VlniBBuDqRslJG/CD0FNdipL3ck="></latexit><latexit sha1_base64="VlniBBuDqRslJG/CD0FNdipL3ck="></latexit>

S. Ostapchenko, Phys. Rev. D83 (2011) 014018
<latexit sha1_base64="m2pJWDtzltN+iRmykpsQ3Oz5x2s="></latexit><latexit sha1_base64="m2pJWDtzltN+iRmykpsQ3Oz5x2s="></latexit><latexit sha1_base64="m2pJWDtzltN+iRmykpsQ3Oz5x2s="></latexit><latexit sha1_base64="m2pJWDtzltN+iRmykpsQ3Oz5x2s="></latexit>



Sterile ⌫ above 10 eV at IceCube
<latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit>

• Details of the analysis
<latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit>

The atmospheric neutrino flux has been computed with
<latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit>

+
<latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit>HondaGaisser

<latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit><latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit><latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit><latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit>

QGSJET II-04
<latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit><latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit><latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit><latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit>

The impact of di↵erent flux models has been studied.
<latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit><latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit><latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit><latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit>

The propagation of the neutrinos simulated using nuSQuIDS.
<latexit sha1_base64="WeFj2JEATVPWppa428TIuglTcnM="></latexit><latexit sha1_base64="WeFj2JEATVPWppa428TIuglTcnM="></latexit><latexit sha1_base64="WeFj2JEATVPWppa428TIuglTcnM="></latexit><latexit sha1_base64="WeFj2JEATVPWppa428TIuglTcnM="></latexit>

⌫-SQuIDS: https://github.com/Arguelles/nuSQuIDS
<latexit sha1_base64="r5Vf0fMdPoseMRlfIreSSARXCHY="></latexit><latexit sha1_base64="r5Vf0fMdPoseMRlfIreSSARXCHY="></latexit><latexit sha1_base64="r5Vf0fMdPoseMRlfIreSSARXCHY="></latexit><latexit sha1_base64="r5Vf0fMdPoseMRlfIreSSARXCHY="></latexit>



Sterile ⌫ above 10 eV at IceCube
<latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit>

• Details of the analysis
<latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit>

The atmospheric neutrino flux has been computed with
<latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit>

+
<latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit>HondaGaisser

<latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit><latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit><latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit><latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit>

QGSJET II-04
<latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit><latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit><latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit><latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit>

The impact of di↵erent flux models has been studied.
<latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit><latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit><latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit><latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit>

After propagating flux for every value of sterile ⌫ parameter,
<latexit sha1_base64="ISTaD1r70E0xVyxN4D/Ng2FBWQE="></latexit><latexit sha1_base64="ISTaD1r70E0xVyxN4D/Ng2FBWQE="></latexit><latexit sha1_base64="ISTaD1r70E0xVyxN4D/Ng2FBWQE="></latexit><latexit sha1_base64="ISTaD1r70E0xVyxN4D/Ng2FBWQE="></latexit>

the expected number of events N th
i in every bin of reconstructed

<latexit sha1_base64="aDv1pAE0l5GmbxYcWI9oR7zc6IQ="></latexit><latexit sha1_base64="aDv1pAE0l5GmbxYcWI9oR7zc6IQ="></latexit><latexit sha1_base64="aDv1pAE0l5GmbxYcWI9oR7zc6IQ="></latexit><latexit sha1_base64="aDv1pAE0l5GmbxYcWI9oR7zc6IQ="></latexit>

zenit angle computed using the provided MonteCarlo.
<latexit sha1_base64="/Ivo4/Qo8ptPLw/uqmqmwU5llQ8="></latexit><latexit sha1_base64="/Ivo4/Qo8ptPLw/uqmqmwU5llQ8="></latexit><latexit sha1_base64="/Ivo4/Qo8ptPLw/uqmqmwU5llQ8="></latexit><latexit sha1_base64="/Ivo4/Qo8ptPLw/uqmqmwU5llQ8="></latexit>

The propagation of the neutrinos simulated using nuSQuIDS.
<latexit sha1_base64="vRXzhBj1CKU9GUlHhetN/BVFGUA="></latexit><latexit sha1_base64="vRXzhBj1CKU9GUlHhetN/BVFGUA="></latexit><latexit sha1_base64="vRXzhBj1CKU9GUlHhetN/BVFGUA="></latexit><latexit sha1_base64="vRXzhBj1CKU9GUlHhetN/BVFGUA="></latexit>

IceCube Collaboration, Phys. Rev. Lett. 117 no. 7, (2016) 071801
<latexit sha1_base64="4JPp7q/byNWhlGQJPPdDATvi2ps="></latexit><latexit sha1_base64="4JPp7q/byNWhlGQJPPdDATvi2ps="></latexit><latexit sha1_base64="4JPp7q/byNWhlGQJPPdDATvi2ps="></latexit><latexit sha1_base64="4JPp7q/byNWhlGQJPPdDATvi2ps="></latexit>



Sterile ⌫ above 10 eV at IceCube
<latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit>

• Details of the analysis
<latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit>

The atmospheric neutrino flux has been computed with
<latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit><latexit sha1_base64="JQq7hkMs4KM/CldA8B/2GrV7Dcc="></latexit>

+
<latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit><latexit sha1_base64="3an5/QjYV05tcsuAScYaf+r8DJ8="></latexit>HondaGaisser

<latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit><latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit><latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit><latexit sha1_base64="0wMIcrx7SWmUwl8r1ZAmipped8Q="></latexit>

QGSJET II-04
<latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit><latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit><latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit><latexit sha1_base64="oW3+O1YOmS6hkpc1m8oMz3F466Q="></latexit>

The impact of di↵erent flux models has been studied.
<latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit><latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit><latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit><latexit sha1_base64="HafEaTtE2krE9YSZZJ0y26Caeq8="></latexit>

The propagation of the neutrinos simulated using nuSQuIDS.
<latexit sha1_base64="vRXzhBj1CKU9GUlHhetN/BVFGUA="></latexit><latexit sha1_base64="vRXzhBj1CKU9GUlHhetN/BVFGUA="></latexit><latexit sha1_base64="vRXzhBj1CKU9GUlHhetN/BVFGUA="></latexit><latexit sha1_base64="vRXzhBj1CKU9GUlHhetN/BVFGUA="></latexit>

The observable is energy independent )
<latexit sha1_base64="JosVxvhS/b97QTJbT4yhmSolCfQ="></latexit><latexit sha1_base64="JosVxvhS/b97QTJbT4yhmSolCfQ="></latexit><latexit sha1_base64="JosVxvhS/b97QTJbT4yhmSolCfQ="></latexit><latexit sha1_base64="JosVxvhS/b97QTJbT4yhmSolCfQ="></latexit>

� only one energy bin
<latexit sha1_base64="2QiBKKLWwVYWG28weua0DCPydRo="></latexit><latexit sha1_base64="2QiBKKLWwVYWG28weua0DCPydRo="></latexit><latexit sha1_base64="2QiBKKLWwVYWG28weua0DCPydRo="></latexit><latexit sha1_base64="2QiBKKLWwVYWG28weua0DCPydRo="></latexit>

� 40 bins for reconstructed zenit angle
<latexit sha1_base64="k9zjNnxsJyaijxuUauw0Zcy7t1Y="></latexit><latexit sha1_base64="k9zjNnxsJyaijxuUauw0Zcy7t1Y="></latexit><latexit sha1_base64="k9zjNnxsJyaijxuUauw0Zcy7t1Y="></latexit><latexit sha1_base64="k9zjNnxsJyaijxuUauw0Zcy7t1Y="></latexit>

After propagating flux for every value of sterile ⌫ parameter,
<latexit sha1_base64="nmPAtLYrKSWF4X6M9Gw3fsVtPUo="></latexit><latexit sha1_base64="nmPAtLYrKSWF4X6M9Gw3fsVtPUo="></latexit><latexit sha1_base64="nmPAtLYrKSWF4X6M9Gw3fsVtPUo="></latexit><latexit sha1_base64="nmPAtLYrKSWF4X6M9Gw3fsVtPUo="></latexit>

the expected number of events N th
i in every bin of reconstructed

<latexit sha1_base64="mUjNziBNaSBsVvd+h+oUMjkXGmk="></latexit><latexit sha1_base64="mUjNziBNaSBsVvd+h+oUMjkXGmk="></latexit><latexit sha1_base64="mUjNziBNaSBsVvd+h+oUMjkXGmk="></latexit><latexit sha1_base64="mUjNziBNaSBsVvd+h+oUMjkXGmk="></latexit>

zenit angle computed using the provided MonteCarlo.
<latexit sha1_base64="Ewwoi/yCrcGuZyHE3xKXOrG0VgY="></latexit><latexit sha1_base64="Ewwoi/yCrcGuZyHE3xKXOrG0VgY="></latexit><latexit sha1_base64="Ewwoi/yCrcGuZyHE3xKXOrG0VgY="></latexit><latexit sha1_base64="Ewwoi/yCrcGuZyHE3xKXOrG0VgY="></latexit>



Sterile ⌫ above 10 eV at IceCube
<latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit>

• Details of the analysis
<latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit>
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<latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit><latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit><latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit><latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit>

Log-likelihood computed
<latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit><latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit><latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit><latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit>

reconstructed
<latexit sha1_base64="fo4oWIDseM+1upMUEPEFGcGQ3Yw="></latexit><latexit sha1_base64="fo4oWIDseM+1upMUEPEFGcGQ3Yw="></latexit><latexit sha1_base64="fo4oWIDseM+1upMUEPEFGcGQ3Yw="></latexit><latexit sha1_base64="fo4oWIDseM+1upMUEPEFGcGQ3Yw="></latexit>

zenit angle bins
<latexit sha1_base64="w4vowUZ8ONM9Gp2ZEvCv3cGIq5A="></latexit><latexit sha1_base64="w4vowUZ8ONM9Gp2ZEvCv3cGIq5A="></latexit><latexit sha1_base64="w4vowUZ8ONM9Gp2ZEvCv3cGIq5A="></latexit><latexit sha1_base64="w4vowUZ8ONM9Gp2ZEvCv3cGIq5A="></latexit>

predicted
<latexit sha1_base64="CvASnetdQFrNqX00JL2u43C1Izw="></latexit><latexit sha1_base64="CvASnetdQFrNqX00JL2u43C1Izw="></latexit><latexit sha1_base64="CvASnetdQFrNqX00JL2u43C1Izw="></latexit><latexit sha1_base64="CvASnetdQFrNqX00JL2u43C1Izw="></latexit>

observed
<latexit sha1_base64="nDx1os1NHBj4szksmKtFlvol7JI="></latexit><latexit sha1_base64="nDx1os1NHBj4szksmKtFlvol7JI="></latexit><latexit sha1_base64="nDx1os1NHBj4szksmKtFlvol7JI="></latexit><latexit sha1_base64="nDx1os1NHBj4szksmKtFlvol7JI="></latexit>



Sterile ⌫ above 10 eV at IceCube
<latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit>

• Details of the analysis
<latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit>
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i �Ndata
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i log
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Ndata
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i

◆�

<latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit><latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit><latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit><latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit>

Minimized for nuisance parameters to include systematic errors
<latexit sha1_base64="KsLGYPYjhncRd/fzYbxL88ATLpU="></latexit><latexit sha1_base64="KsLGYPYjhncRd/fzYbxL88ATLpU="></latexit><latexit sha1_base64="KsLGYPYjhncRd/fzYbxL88ATLpU="></latexit><latexit sha1_base64="KsLGYPYjhncRd/fzYbxL88ATLpU="></latexit>

� uncertainty in pion-kaon ratio of the initial flux
<latexit sha1_base64="/IaI2ynBrMYBxMcS0FhdPNjUf1Q="></latexit><latexit sha1_base64="/IaI2ynBrMYBxMcS0FhdPNjUf1Q="></latexit><latexit sha1_base64="/IaI2ynBrMYBxMcS0FhdPNjUf1Q="></latexit><latexit sha1_base64="/IaI2ynBrMYBxMcS0FhdPNjUf1Q="></latexit>

� e�ciency of the Digital Optical Modules (DOMs)
<latexit sha1_base64="CYk/PSGnD93rxZsl3K9PK+8uPeY="></latexit><latexit sha1_base64="CYk/PSGnD93rxZsl3K9PK+8uPeY="></latexit><latexit sha1_base64="CYk/PSGnD93rxZsl3K9PK+8uPeY="></latexit><latexit sha1_base64="CYk/PSGnD93rxZsl3K9PK+8uPeY="></latexit>

� overall flux normalization
<latexit sha1_base64="MeSaUE6KAFjKsogE4PcjbjQCtzE="></latexit><latexit sha1_base64="MeSaUE6KAFjKsogE4PcjbjQCtzE="></latexit><latexit sha1_base64="MeSaUE6KAFjKsogE4PcjbjQCtzE="></latexit><latexit sha1_base64="MeSaUE6KAFjKsogE4PcjbjQCtzE="></latexit>

Log-likelihood computed
<latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit><latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit><latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit><latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit>



Sterile ⌫ above 10 eV at IceCube
<latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit>

• Details of the analysis
<latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit><latexit sha1_base64="ZdlTzKAjwUTEiC+vGMcv6bwcRf0="></latexit>

L = �
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i
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i �Ndata
i +Ndata

i log

✓
Ndata

i
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i

◆�

<latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit><latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit><latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit><latexit sha1_base64="yxn9w6gRWWbUmQeLpC2R7GzW38A="></latexit>

Log-likelihood computed
<latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit><latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit><latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit><latexit sha1_base64="rkrhTHvSaUUBxic+lYt5iQeqs04="></latexit>

Standard osc. parameters set to actual best-fit values of NuFIT.
<latexit sha1_base64="msnkLE3lRGfA7ZHzpw9bIpy/kJg="></latexit><latexit sha1_base64="msnkLE3lRGfA7ZHzpw9bIpy/kJg="></latexit><latexit sha1_base64="msnkLE3lRGfA7ZHzpw9bIpy/kJg="></latexit><latexit sha1_base64="msnkLE3lRGfA7ZHzpw9bIpy/kJg="></latexit>

T. Schwetz, JHEP 01 (2017) 087.I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler,

Minimized for nuisance parameters to include systematic errors
<latexit sha1_base64="vWkdmSWBAwj+arztMfTT7s8pnr8="></latexit><latexit sha1_base64="vWkdmSWBAwj+arztMfTT7s8pnr8="></latexit><latexit sha1_base64="vWkdmSWBAwj+arztMfTT7s8pnr8="></latexit><latexit sha1_base64="vWkdmSWBAwj+arztMfTT7s8pnr8="></latexit>

� uncertainty in pion-kaon ratio of the initial flux
<latexit sha1_base64="2ireV25HkogVRyzGsBJaZQzObR0="></latexit><latexit sha1_base64="2ireV25HkogVRyzGsBJaZQzObR0="></latexit><latexit sha1_base64="2ireV25HkogVRyzGsBJaZQzObR0="></latexit><latexit sha1_base64="2ireV25HkogVRyzGsBJaZQzObR0="></latexit>

� e�ciency of the Digital Optical Modules (DOMs)
<latexit sha1_base64="/kUMvUKeN1tZaJXJ1GtakvYehI4="></latexit><latexit sha1_base64="/kUMvUKeN1tZaJXJ1GtakvYehI4="></latexit><latexit sha1_base64="/kUMvUKeN1tZaJXJ1GtakvYehI4="></latexit><latexit sha1_base64="/kUMvUKeN1tZaJXJ1GtakvYehI4="></latexit>

� overall flux normalization
<latexit sha1_base64="CbEiXGl49XDHKJf6aT7BAHigeQI="></latexit><latexit sha1_base64="CbEiXGl49XDHKJf6aT7BAHigeQI="></latexit><latexit sha1_base64="CbEiXGl49XDHKJf6aT7BAHigeQI="></latexit><latexit sha1_base64="CbEiXGl49XDHKJf6aT7BAHigeQI="></latexit>



Sterile ⌫ above 10 eV at IceCube
<latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit><latexit sha1_base64="0ZvXjB5QrUE/FJym+1SSmdy7QrM="></latexit>

• Constraints obtained for the public 1 year-data
<latexit sha1_base64="hG5YCkWTQxXEKbVWQgAHXTNJt/Q="></latexit><latexit sha1_base64="hG5YCkWTQxXEKbVWQgAHXTNJt/Q="></latexit><latexit sha1_base64="hG5YCkWTQxXEKbVWQgAHXTNJt/Q="></latexit><latexit sha1_base64="hG5YCkWTQxXEKbVWQgAHXTNJt/Q="></latexit>

90%
<latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit><latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit><latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit><latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit>
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• Constraints obtained for the 8-years forecast
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P.W. Gorham et al., Phys. Rev. Lett. 117 no. 7, (2016) 071101
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• Constraints obtained for the 8-years forecast
<latexit sha1_base64="k/0n0aMXPh1i788pPqije3lj4Ks="></latexit><latexit sha1_base64="k/0n0aMXPh1i788pPqije3lj4Ks="></latexit><latexit sha1_base64="k/0n0aMXPh1i788pPqije3lj4Ks="></latexit><latexit sha1_base64="k/0n0aMXPh1i788pPqije3lj4Ks="></latexit>

90%
<latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit><latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit><latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit><latexit sha1_base64="wAQqeeOPg9HXtUDe5XrbHBGPvRE="></latexit>

99%
<latexit sha1_base64="Xkpq/ore3e0ZCh/Rr/xvWnzPzNw="></latexit><latexit sha1_base64="Xkpq/ore3e0ZCh/Rr/xvWnzPzNw="></latexit><latexit sha1_base64="Xkpq/ore3e0ZCh/Rr/xvWnzPzNw="></latexit><latexit sha1_base64="Xkpq/ore3e0ZCh/Rr/xvWnzPzNw="></latexit>

NOMAD explored ⌫µ ! ⌫⌧ with negligible matter e↵ects
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• Constraints obtained for 8-years and 20-years forecasts
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Non-Unitarity induced by heavy neutrinos and oscillations of light

light sterile neutrinos in the averaged out regime share the same

same phenomenology at leading order.

Light sterile neutrino limit can be probed at present and near-

future neutrino oscillation experiments (✓ ⇠ O(10�1)).

Important to consider the role of the Near Detector.

Non-Unitarity from heavy neutrinos beyond the reach of near-future

contrary to previous claims in the literature.
future neutrino oscillation experiments (✓ ⇠ O(10�2)),

Neutrino masses and mixings point to a New Physics scale

where L is broken.

Summary
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At 99% CL the obtained bounds improve over the SK and DC
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present constrains in some part of the parameter space.
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The capabilities of IceCube to search for sterile ⌫ above 10 eV
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by analyzing its atmospheric ⌫ sample has been studied.
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The preferred mixings are in tension with NOMAD data, and
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non-standard matter interactions needed to reconcile results.
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8 years of IceCube data would be su�cient to confirm or
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exclude the present preference.
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The results overlap with the favored region for the sterile ⌫
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interpretation of the upward shower observed by ANITA.
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The 1-year data shows a mild preference for non-zero mixing,
<latexit sha1_base64="XUZ/bJU1sGru/z7LA1OUjSbBu90="></latexit><latexit sha1_base64="XUZ/bJU1sGru/z7LA1OUjSbBu90="></latexit><latexit sha1_base64="XUZ/bJU1sGru/z7LA1OUjSbBu90="></latexit><latexit sha1_base64="XUZ/bJU1sGru/z7LA1OUjSbBu90="></latexit>

between 0.75 and 3� depending on the binning and flux adopted.
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Introduction: Leptonic Mixing Matrix
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If neutrinos are massive, it will be a misalignment between

physical (mass) and flavor eigenstates
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If neutrinos are massive, it will be a misalignment between

physical (mass) and flavor eigenstates
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