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1. Introduction
• Neutrino oscillations robustly established (Physics

Nobel Prize 2015)
• Mass eigenstates (𝜈i) are not the same as flavour

eigenstates (𝜈𝛼;𝛼=e,𝜇,𝜏), produced in                 : 

• After a distance L, the probability of detecting a 
neutrino of flavour 𝛽 is
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• Neutrino masses ⟹ new physics
• Scale ?
➢ Type I seesaw:  RH neutrino 
a)Accesible in meson decay ⟹ sterile neutrino

oscillations
b) Heavier RH neutrinos (Inverse seesaw)
⟹ non-unitary PMNS matrix

➢ Radiative neutrino masses: new particles at 
TeV scale ⟹ neutrino's NSI 

⟹ Impact on (atmospheric) neutrino oscillations
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Atmospheric neutrinos                         
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- Produced when cosmic ray
primaries hit Earth's
atmosphere

- From pion and kaon
decays

- Prompt atmospheric
neutrinos produced in decay
of charmed mesons, 
relevant above ∼ 100 TeV



Matter effects

• Atmospheric neutrinos
come from different zenith
angles (𝜽z), crossing
different Earth layers

• Effective potential in matter:

• Antineutrinos:                      electron number density
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• Modification of mixing angle and oscillation
frequency: Mikheyev-Smirnov-Wolfenstein, MSW

• Resonant flavour transition if

NSI	with	HE	atmospheric	
neutrinos	at	IceCube N.	Rius			Nufact		2017 7

�m2
m =

p
(�m2

cos 2✓ � 2E⌫Ve)
2
+ (�m2

sin 2✓)2

sin(2✓m) =
�m2 sin 2✓

�m2
m

Eres
⌫ ' � cos 2✓

�m2

2Ve



2. NSI: theory
• Recent reviews: Ohlsson 2013, Miranda & Nunokawa 2015

Standard parametrization of NSI's :

Matter NSI ,   is any SM fermion

Production (source) and detection NSINSI	with	HE	atmospheric	
neutrinos	at	IceCube N.	Rius			Nufact		2017 8
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NSI from D=6 operators ➜ gauge invariance implies
e.g.

Involves 4-charged leptons, severe exp. constraints
from

BR(𝜇 ⟶ 3e) < 10-12  ⟹
Ø No observable effects in neutrino interactions

D=8 operators Berezhiani, Rossi 2002

Ø UV realizations: fine-tuning to avoid D=6 operators
Gavela et al. 2009
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• SU(2) singlet scalar S with Y=1 ⟹ only gauge 
invariant d=6 operator which does not generate
charged lepton NSIs

Bilenky, Santamaría 1994, Antusch et al. 2009
• Zee-Babu model of neutrino masses: extra scalars h+

k++

• , too small

to be observable now Ohlsson, Schwetz, Zhang 2009

• Type II seesaw model (triplet scalar)
Sizeable for degenerate spectrum (≳ 3 10-3)

Malinsky et al. 2009NSI	with	HE	atmospheric	
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• Mixing with sterile neutrinos ⟹ generates NSI via
non-unitarity effetcs:

N = T U = (I - 𝛼)U ➝ unitary
lower triangular ⤶ Xing 2008, Escrihuela et al. 2015

• Heavy sterile neutrinos ⟹ non-unitarity of PMNS 
matrix induces changes in W,Z couplings ⟹ strong
bounds from charged lepton LFV electroweak
precision data 𝛼 ≲ 10-3 Antusch et al. 2009

• Light sterile neutrinos (below keV) ⟹ kinematically
accessible, unitarity restored 𝛼 ≲ few 10-2

Blennow et al. 2017NSI	with	HE	atmospheric	
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• Very light vector boson, mZ´～ 10 – 100 MeV
• Matter effects in oscillations: 𝜖 ∝ (g'/mZ´)2/GF

-1 , but
neutrino scattering suppressed by (mZ´

2/q2)2

• Diagonal NSI: Solar LMA - Dark solution
⟹ Z´ with mZ´～ 10 MeV coupled to 1st generation
quarks and 2nd,3rd generation of leptons

Farzan, 2015
• LFV NSI: Z´ with much smaller (   ～ 10-5) coupling

to leptons than to quarks

• Charged lepton FV amplitude ∝
• suppressed by (mZ´/m𝜏)4

Farzan, Shoemaker 2016NSI	with	HE	atmospheric	
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3. Phenomenology of NSI
• In general, CC NSI bounds are one order of 

magnitude stronger than NC ones,  10-2 – 10-1

(affect 𝜈's production and detection)
Grossman 95, González-García et al. 2001, Biggio et al. 2009

• NC NSI in oscillations: 

• Only sensitive to differences of diagonal NSI, e.g.
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Due to no evidence of low energy turn-up in the solar neutrino 
spectrum

90% CL 3�

Param. best-fit LMA LMA� LMA-D LMA LMA� LMA-D

"uee � "uµµ +0.298 [+0.00,+0.51] � [�1.19,�0.81] [�0.09,+0.71] � [�1.40,�0.68]

"u⌧⌧ � "uµµ +0.001 [�0.01,+0.03] [�0.03,+0.03] [�0.03,+0.20] [�0.19,+0.20]

"ueµ �0.021 [�0.09,+0.04] [�0.09,+0.10] [�0.16,+0.11] [�0.16,+0.17]

"ue⌧ +0.021 [�0.14,+0.14] [�0.15,+0.14] [�0.40,+0.30] [�0.40,+0.40]

"uµ⌧ �0.001 [�0.01,+0.01] [�0.01,+0.01] [�0.03,+0.03] [�0.03,+0.03]

"uD �0.140 [�0.24,�0.01] � [+0.40,+0.58] [�0.34,+0.04] � [+0.34,+0.67]

"uN �0.030 [�0.14,+0.13] [�0.15,+0.13] [�0.29,+0.21] [�0.29,+0.21]

"dee � "dµµ +0.310 [+0.02,+0.51] � [�1.17,�1.03] [�0.10,+0.71] � [�1.44,�0.87]

"d⌧⌧ � "dµµ +0.001 [�0.01,+0.03] [�0.01,+0.03] [�0.03,+0.19] [�0.16,+0.19]

"deµ �0.023 [�0.09,+0.04] [�0.09,+0.08] [�0.16,+0.11] [�0.16,+0.17]

"de⌧ +0.023 [�0.13,+0.14] [�0.13,+0.14] [�0.38,+0.29] [�0.38,+0.35]

"dµ⌧ �0.001 [�0.01,+0.01] [�0.01,+0.01] [�0.03,+0.03] [�0.03,+0.03]

"dD �0.145 [�0.25,�0.02] � [+0.49,+0.57] [�0.34,+0.05] � [+0.42,+0.70]

"dN �0.036 [�0.14,+0.12] [�0.14,+0.12] [�0.28,+0.21] [�0.28,+0.21]

Table 1. 90% and 3� allowed ranges for the matter potential parameters "f↵� for f = u, d as
obtained from the global analysis of oscillation data. The results are obtained after marginalizing
over oscillation and the other matter potential parameters either within the LMA only and within
either LMA or LMA-D subspaces respectively. The numbers quoted are the SNO-poly variant of
the solar analysis. See text for details.

5 Summary

In this article we have quantified our current knowledge of the size and flavor structure of the

matter background e↵ects in the evolution of solar, atmospheric, reactor and LBL neutrinos

based solely on a global analysis of oscillation data. It complements the study in Ref. [54]

where the analysis of the matter potential was perform only considering atmospheric and

LBL neutrinos.

After briefly presenting the most general parametrization of the matter potential and

its connection with non-standard neutrino interactions (NSI), we have focused on the anal-

ysis of solar and KamLAND data. We have found (see Fig. 2) that the fit always prefers

some non-standard value of the matter potential parameters, while the SM potential lies at

a ��2 ⇠ 5–8 depending on the details of the analysis. This is consequence of the fact that

none of the experiments sensitive to 8B neutrinos has provided so far evidence of the low

energy turn-up of the spectrum predicted in the standard LMA MSW solution (see Fig. 3).

We have also found in that the present analysis still allows for two disconnected regions in

the parameter space, the “standard” LMA region and the “dark side” LMA-D (see Fig. 1),

and that the statistical di↵erence between both solutions never exceeds ��2 = 1.4. Al-

though the LMA-D solution requires rather large values of the matter parameters, we have

shown (and latter quantified in Sec. 4) that it is still fully compatible with the bounds from

atmospheric and LBL oscillation data.

– 17 –

LMA – Dark
solution
(θ12 > 𝝅/4)

Miranda et al. 2004

Global fit from neutrino oscillation data including NSI
González-García and Maltoni, 2013 
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Figure 3. Survival probabilities in the Sun for di↵erent sets of oscillation and matter potential
parameters as labeled in the figure. In all cases we set sin2 ✓13 = 0.023; the quoted value of �m2

21 is
given in units of 10�5 eV2. For illustration we also show the extracted average survival probabilities
from di↵erent experiments. See text for details.

global analysis discussed in the next section (green lines). In order to take into account

the dependence on the neutrino production point, which is of particular relevance in the

presence of non-standard matter potential, we define the average survival probability hPeei
as

hPee(E⌫)i =
P

i�i(E⌫)
R
⇢i(r)Pee(E⌫ , r) drP
i�i(E⌫)

(3.1)

where i = pp, pep, 7Be, 13N, 15O, 17F, 8B and hep labels the neutrino production reaction

and ⇢i(r) is the distribution of production points for the reaction i normalized to 1.

4 Results of global analysis

We now present the results of the global analysis including also atmospheric, LBL and all

other reactor data. The data samples included here are the same as in the NuFIT 1.1

analysis described in Ref. [8]. For atmospheric data we use the Super-Kamiokande results

from phases 1–4 [74], adding the 1097 days of phase 4 to their published data from phases

1–3 [75]. For what concerns long-baseline accelerator experiments, we combine the energy

distribution obtained by MINOS in both ⌫µ (⌫̄⌫) disappearance [76] and ⌫e (⌫̄e) appearance

with 10.7 (3.36) ⇥ 1020 protons on target [77], and T2K ⌫e appearance and ⌫µ disappear-

ance data for phases 1–3 corresponding to 3.01 ⇥ 1020 pot [78]. For oscillation signals at

– 11 –
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𝝴fN,	𝝴fD ⟹ linear combinations of mixing angles and NSI NC 𝝴f𝞪𝞫

Such can be tested by atmospheric neutrinos at Hyper-
Kamiokande and T2HKK    Fukasawa et al. 2017 (Yasuda's talk)

LMA – Dark solution can be ruled out at DUNE 
Coloma 2016, Blennow et al. 2016

"qe⌧

González-García 
and Maltoni, 2013



• Relative size of NSI and standard oscillations
depends on neutrino energy:

- E𝜈 < 1 GeV ⟹ vacuum oscillations dominate
- 1 GeV < E𝜈 < 10 GeV ⟹ intereference NSI –

vacuum osc.
- E𝜈 > 10 GeV ⟹ NSI may dominate

• NSI affect 𝜈's propagation in a medium
• Atmospheric 𝜈's span a huge range of neutrino 

energies, 10-1 – 105 GeV and of neutrino baselines
crossing the Earth, 10 – few 103 km ⟹ disentangling
NSI and standard oscillations

⟹ ideal tool to test and constrain NSI !!!
NSI	with	HE	atmospheric	
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• Many atmospheric neutrino's NSI analysis restrict to 
the 𝜈𝜇 - 𝜈𝞃 sector.

• Sensitivity of atmospheric neutrinos to 𝜈e - 𝜈𝞃 NSI:
Friedland, Lunardini, Maltoni 2004

• One by one 𝝴𝞪𝞫 leads to e.g.
• All non-vanishing 𝝴𝞪𝞫 in 𝜈e - 𝜈𝞃 sector leads to a Hmat

which can be diagonalized as

• If , for E𝜈 ≳ 10 GeV, 
oscillations mimic vacuum oscillations with
the same E𝜈 dependence and effective

NSI	with	HE	atmospheric	
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Along the parabola ⟹
O(1) values of                are allowed

SK atmospheric data
From Friedland et al. 2004

• This scenario can be tested by comparing
from MINOS (almost no matter effects) and future
experiments with longer baselines (few 103 km) and 
E𝜈 ≳ 10 GeV
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the νµ↔ ντ ′ oscillations, though dependent on the matter
angle β, are independent of the absolute size of the NSI.
As already mentioned, these oscillations have the same
dependence on the neutrino energy and on the distance
L as vacuum oscillations and therefore mimic their effect
in the distortion of the neutrino energy spectrum and of
the zenith angle distribution. More specifically, we get
the oscillation probability:

P (νµ→ ντ ′) = sin2 2θm sin2[∆m2
mL/(4Eν)] , (7)

where the effective mixing and mass square splitting are
derived to be

∆m2
m = ∆m2

[

(c2θ(1 + c2
β) − s2

β)
2/4 + (s2θcβ)

2
]1/2

,

tan 2θm = 2s2θcβ/(c2θ(1 + c2
β) − s2

β) . (8)

If NSI are present, but not included in the data analy-
sis, a fit of the highest energy atmospheric data, i.e. the
through-going muon ones, would give ∆m2

m and θm in-
stead of the corresponding vacuum quantities. If we fix
a set of NSI and – to reproduce the no-NSI case – re-
quire that θm ≃ π/4 and ∆m2

m ≃ 2.5 · 10−3 eV2, from
Eqs. (8) we get that the vacuum mixing would not be
maximal; in particular we have cos 2θ ≃ s2

β/(1 + c2
β) and

∆m2 ≃ ∆m2
m(1 + cos−2 β)/2.

In the intermediate energy range, E ∼ 1 − 10 GeV,
when matter and vacuum terms are comparable, the re-
duction to a two-neutrino system is not possible, and the
problem does not allow a simple analytical treatment.
The neutrino conversion probability in this energy range
depends on the sign of the neutrino mass hierarchy (nor-
mal, ∆m2 > 0, or inverted, ∆m2 < 0). At the sub-GeV
energies, we expect vacuum-domination, and therefore
small deviations with respect to vacuum oscillations [23].

Finally, we observe that for θ13 = 0, ∆m⊙ = 0, as has
been assumed here, there is no sensitivity to ψ, the phase
of ϵeτ [24]. This is unlike the case of the solar neutrinos,
where ψ plays a crucial role [4]. Corrections due to θ13
and ∆m⊙ ̸= 0 break the phase degeneracy and will be
presented elsewhere [7].

IV. NUMERICAL RESULTS

We performed a quantitative analysis of the atmo-
spheric neutrino data with five parameters: two “vac-
uum” ones, (∆m2, θ), and three NSI quantities (ϵee, ϵeτ
, ϵττ). The goodness-of-fit for a given point is deter-
mined by performing a fit to the data. We use the
complete 1489-day charged current Super-Kamiokande
phase I data set [15], including the e-like and µ-like data
samples of sub- and multi-GeV contained events (each
grouped into 10 bins in zenith angle) as well as the stop-
ping (5 angular bins) and through-going (10 angular bins)
upgoing muon data events. This amounts to a total of
55 data points. For the calculation of the expected rates
we use the new three-dimensional atmospheric neutrino

fluxes given in Ref. [16]. The statistical analysis of the
data follows the appendix of Ref. [3].

The results of the K2K experiment have been included.
Their addition has a minimal impact on our results, pro-
viding some constraint at high ∆m2. The details of the
K2K analysis can be found in Sec. 2.2 of Ref. [17].

−1 −0.5 0 0.5 1
ε

ε

eτ

ττ

0

0.5

1 εee=−0.15

FIG. 1: A 2-D section (ϵee= −0.15) of the allowed region of
the NSI parameters (shaded). We assumed ∆m2

⊙ = 0 and
θ13 = 0, and marginalized over θ and ∆m2. The dashed con-
tours indicate our analytical predictions. See text for details.

Upon scanning the parameter space and marginalizing
over ∆m2 and θ we obtain the three-dimensional allowed
region in the space (ϵee, ϵeτ , ϵττ). As an illustration, in
Fig. 1 we show a section of this region by the plane ϵee=
−0.15 (the choice motivated by the solar analysis in [4]).
The χ2 minimum occurs at ϵeτ= 0.07, ϵττ= 0.01; the
value at the minimum, χ2

min = 48.50, is virtually the
same as at the origin (no NSI), χ2

orig = 48.57. The shaded
regions correspond, from the innermost contour, to χ2 −
χ2

min ≤ 7.81, 11.35, and 18.80. They represent the 95%,
99%, and 3.6σ confidence levels (C.L.) for three degrees
of freedom (d.o.f.). The last contour also corresponds to
the 95% C.L. for 50 d.o.f.. For the purpose of hypothesis
testing this means that a theory which gives NSI outside
of this region should be rejected.

The dashed-dotted parabola illustrates the condition
of zero eigenvalue, Eq. (6); the two outer curves give
the predicted bound according to Eq. (5). For both,
the agreement between the theory and numerical results
is quite convincing. Moreover, we have verified that
the agreement remains very good for ϵee in the range
−0.7 <ϵee< 0.3 [7]. For the case when only ϵeτ is non-
zero we find the bounds | ϵeτ | < 0.38 at 99% C.L. and
| ϵeτ | < 0.5 at 3.6σ.

The extent of the allowed region along the parabola is
beyond the scope of our analytical treatment. Indeed,
since at high energy the leading NSI effect is canceled by
construction, the fit quality is determined by subdomi-
nant NSI effects in all energy samples. Remarkably, these
effects are rather small, especially for the inverted mass
hierarchy, where the region χ2 − χ2

min ≤ 7.81 extends up



4. NSI with HE atmospheric 𝜈's 
at IceCube
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IceCube, at the
South Pole



• Neutrino flux at IceCube:

IceCube Collaboration 2015
• Search data set: one year of up-going IceCube-

86 high energy data (400 GeV to 20 TeV)

NSI	with	HE	atmospheric	
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Combined Maximum-Likelihood Analysis of IceCube High-Energy Data 13

Figure 5. Best-fit neutrino spectra for the single power law model
(all flavors combined). The blue and red shaded areas correspond
to 68% C.L. allowed regions for the conventional atmospheric and
astrophysical neutrino flux, respectively. The prompt atmospheric
flux is fitted to zero, we show the 90% C.L. upper limit on this
component instead (green line).

Figure 6. Best-fit astrophysical neutrino spectra (all flavors com-
bined). The red shaded area corresponds to the 68% C.L. allowed
region for the single power law model (cf. Figure 5). The black
data points show the result of the di↵erential model; the horizontal
bars denote the bin width, the vertical error bars denote 68% C.L.
intervals.

Figure 7. Electron neutrino fraction measured at Earth in the 2-
flavor model. The black point denotes the best-fit value, the filled
bands show the 68% (green) and 90% (red) C.L. intervals. The
dashed lines mark electron neutrino fractions expected for di↵erent
flavor compositions at the source, assuming tribimaximal neutrino
mixing angles.

Figure 8. Profile likelihood scan of the flavor composition
at Earth. Each point in the triangle corresponds to a ratio
⌫e : ⌫µ : ⌫⌧ as measured on Earth, the individual contribu-
tions are read o↵ the three sides of the triangle. The best-fit
composition is marked with “⇥”, 68% and 95% confidence
regions are indicated. The ratios corresponding to three flavor
composition scenarios at the sources of the neutrinos, computed
using the oscillation parameters in Gonzalez-Garcia et al. (2014,
inverted hierarchy), are marked by the square (0 : 1 : 0),
circle (1 : 2 : 0), and triangle (1 : 0 : 0), respectively. The
best-fit composition obtained in an earlier IceCube analysis of
the flavor composition (Aartsen et al. 2015c) is marked with a “+”.

Ruiz et al. (2015) (based on event sample H1, presented
in Aartsen et al. 2014e), and by Palladino et al. (2015),
Pagliaroli et al. (2015), and Aartsen et al. (2015c) (based
on event samples that were extended with respect to H1,
respectively). With respect to these measurements, the
constraints presented here are significantly improved; we
attribute this to the fact that the combined event sam-
ple analyzed here contains a significant number of shower
events as well as track events. Though the best-fit flavor
composition obtained in Aartsen et al. (2015c) (white
“+” in Figure 8) lies outside the 95% C.L. region, the
68% C.L. region obtained here is completely contained
within that obtained in the previous work, demonstrat-
ing the compatibility of the two results. Because neither
analysis was designed to identify tau neutrinos, a degen-
eracy with respect to the ⌫⌧ -fraction is observed in both,
the slight preference towards a smaller ⌫⌧ -contribution
found here is likely connected to the slight di↵erences in
the energy distributions of the three neutrino flavors. In
future, the identification of tau neutrinos will enable us
to place stronger constraints on the flavor composition
of the astrophysical neutrino flux.
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son, the Open Science Grid (OSG) grid infrastructure;
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cal Network Initiative (LONI) grid computing resources;
Natural Sciences and Engineering Research Council



• At energies above ∼ TeV, attenuation of the neutrino 
flux due to inelastic scattering becomes important

• Effects of 𝜈𝞃 regeneration very small
• Density matrix formalism:  

oscillation

NC+CC 
absorption

NC 
González-García, Halzen and Maltoni 2005       redistribution
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• Note different normalization:

• We consider and  
• Diagonal NSI change the effective matter density, 

while off-diagonal NSI shifts the effective mixing
angle.

• Analytic approximation: 

L(𝝷z) is the baseline across the Earth
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• Two neutrino oscillation probability at a distance L:

Coleman, Glashow 1999

• For E𝜈 > 100 GeV,                               and if R0 = O(1)

• Independent of 𝞮'
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• More sensitivity to 𝞮' at E𝜈 < 100 GeV
• At higher E𝜈 ,                , R0 ≫ 1

where

for
and the same for antineutrinos 

• Numerical solution of the full 3𝜈 propagation
equations: publicly available libraries SQuIDS and
𝜈-SQuIDS Arguelles	Delgado,	Salvado,	Weaver,	2016
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"µ⌧ = 0.006

"0 = 0



• Data: 2011-2012 IceCube 86-string configuration, 
through-going muon tracks

• Two primary cosmic-ray flux (HG-GH-H3a, ZS) and 
two hadronic models (QGSJET-II-4 and SIBYLL2.3)

• Systematics: 
- flux normalization, N
- 𝜋/K ratio 
- spectral index Δ𝜸 (tilt in the energy spectrum)
- DOMeff: uncertainty in the optical efficiency

• Prior on 𝞮' from SK limits

SK Collaboration 2011
• Current uncertainties in                   
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|"0| = |"⌧⌧ � "µµ| < 0.049 , 90% CL

�m2
31 , ✓23
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9

Parameter Default value Range Prior Description

"µ⌧ 0.006 [�1, 1] Flat NSI flavor o↵-diagonal term

"0 0 [�1, 1] Gaussian: � = 0.04 NSI flavor diagonal term

N 1 [0.5, 2.0] Flat Normalization of the energy spectrum

⇡/K 1 [0.7, 1.5] Gaussian: � = 0.10 Pion-to-kaon ratio contribution

�� 0 [�0.2, 0.2] Gaussian: � = 0.05 Tilt of the energy spectrum

DOMe↵ 0.99 [0.90, 1.19] Flat Optical e�ciency

�m2
31/10

�3 [eV2] 2.484 [2.3, 2.7] Gaussian: � = 0.048 Atmospheric mass square di↵erence

✓23 [�] 49.3 [43.0, 54.4] Gaussian: � = 1.7 Atmospheric mixing angle

TABLE I. Parameters, default values for plots (using the HG-GH-H3a primary cosmic-ray flux and the QGSJET-II-4 hadronic
model), their range of variation and priors (flat or Gaussian) for the di↵erent systematics considered in our statistical analysis.

HG-GH-H3a + QGSJET-II-4 HG-GH-H3a + SIBYLL2.3 ZS + QGSJET-II-4 ZS + SIBYLL2.3

Parameter Mean Std. dev. Mean Std. dev. Mean Std. dev. Mean Std. dev.

"µ⌧ -0.0004 0.0034 0.0001 0.0035 -0.0005 0.0036 -0.0002 0.0035

"0 0.000 0.047 -0.003 0.045 0.002 0.046 0.001 0.046

N 1.013 0.056 0.911 0.051 1.257 0.066 1.123 0.063

⇡/K 1.078 0.084 1.059 0.080 1.073 0.080 1.067 0.083

�� -0.050 0.013 -0.092 0.013 0.066 0.012 0.102 0.012

DOMe↵ 0.9869 0.0064 0.9863 0.0061 0.9910 0.0061 0.9885 0.0058

�m2
31/10

�3 [eV2] 2.484 0.046 2.485 0.047 2.487 0.044 2.480 0.043

✓23 [�] 49.3 1.8 49.3 1.7 49.3 1.7 49.2 1.7

TABLE II. Mean value and standard deviation for the parameters and systematics of this analysis, for each of the four
combinations of primary cosmic-ray flux and hadronic models.

IV. RESULTS

In this section we describe the results arising from our analyses. Firstly, we describe the di↵erent ingredients
that enter into the definition of the likelihood and then we show the results obtained with the current one-year
through-going muon IceCube data [53]. Finally, we also perform forecast analyses with 10 years of simulated data
considering two di↵erent hypotheses, with or without NSI.

A. Analysis methodology

Our analyses include several nuisance parameters that take into account systematic uncertainties in the atmospheric
neutrino flux, in the neutrino parameters and in the detector properties. We include nuisance parameters for the nor-
malization of the atmospheric neutrino flux, N , for the pion-to-kaon ratio in the atmospheric neutrino flux, ⇡/K, and
for the spectral index of the atmospheric neutrino spectrum, ��. Furthermore, we include a nuisance parameter that
accounts for uncertainties in the e�ciency of the digital optical modules of the detector, DOM

e↵

. As for the neutrino
parameters, we also take into account the current uncertainties in �m2

31

and ✓
23

. In addition, other potentially
important systematic errors come from uncertainties in the primary cosmic-ray flux and the hadronic interaction
models. Our default choice for most of the results presented below is the combined Honda-Gaisser model and Gaisser-
Hillas H3a correction (HG-GH-H3a) for the primary cosmic-ray flux [103] and the QGSJET-II-4 hadronic model [104],
although we also consider the Zatsepin-Sokolskaya (ZS) flux [105] and the SIBYILL2.3 hadronic model [106].

The uncertainty on the flux normalization represents an overall normalization of the number of events which
a↵ects equally all bins in relative terms, and we allow it to vary freely within a factor of 2 (larger than current
uncertainties [107, 108]) of the central value. It is important to fit this parameter because it can be significantly
di↵erent from one, mainly for the ZS primary cosmic-ray flux. The pion-to-kaon ratio a↵ects the relative contribution
to the neutrino flux from pion or kaon decays. A larger value ⇡/K implies a softer spectrum, as the neutrino flux from
kaon decays is harder. We use ⇡/K normalized to one and consider a Gaussian prior of 10%. The uncertainty on the
spectral index represents a tilt in the energy spectrum of the atmospheric neutrino flux with a pivot energy near the
median of the neutrino energy distribution (so this correction is not very correlated with the normalization), and we

Summary of parameter's ranges and priors:



• Likelihood:

• are the expected number of events
(number of data events) in bin i 

• Public IceCube Monte Carlo: (E𝜈, 𝜽z) ⟹ (E𝞵rec, 𝜽z
rec)

https://icecube.wisc.edu/science/data/IC86-sterille-neutrino
• Nuissance parameters:

• Bayesian analysis with MultiNest nested sampling
algorithm
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Current bounds:
- SK limit:                                   SK Collab. 2011

- 79-string IceCube configuration + DeepCore data:

Esmaili, Smirnov 2013
- Analysis of 3-year IceCube-DeepCore data:

IceCube collaboration, arXiv:1709.07079

- Our limit (HG-GH-H3a + QGSJET-II-49):

Salvado et al. 2016

|"µ⌧ | < 1.1⇥ 10�2 90% C.L.

�6.1⇥ 10�3 < "µ⌧ < 5.6⇥ 10�3 , 90% C.L.

�6.0⇥ 10�3 < "µ⌧ < 5.4⇥ 10�3 , 90% credible interval (C.I.).

�6.7⇥ 10�3 < "µ⌧ < 8.1⇥ 10�3 90% C.L. "0 = 0
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�0.012 �0.006 0.000 0.006 0.012

"µ⌧
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�0.06

0.00

0.06
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0.18
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10-year forecast
Fixed systematics
1-year data

Ten year forecast, assuming no NSI

HG-GH-H3a + QGSJET-II-49, fixed �m2
31 , ✓23

�3.3⇥ 10�3 < "µ⌧ < 3.0⇥ 10�3 90% C.I.
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4. SUMMARY
• High energy atmospheric neutrinos at IceCube are a 

powerful tool to constrain new physics: NSI

• One year data analysis: 
including systematic uncertainties (90% C.I.)

• Ten year data: sensitive to      close to current
bound, or improve to 
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�6.0⇥ 10�3 < "µ⌧ < 5.4⇥ 10�3

"µ⌧
�3.3⇥ 10�3 < "µ⌧ < 3.0⇥ 10�3
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THANK YOU  !
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Figure 1. Two-dimensional projections of the 90%, 95%, 99% and 3� CL (2 dof) allowed regions
from the analysis of solar and KamLAND data in the presence of non-standard matter potential.
The results are shown for a fix value of sin2 ✓13 = 0.023 and after marginalizing over the two
undisplayed parameters. The left (right) panels corresponds to f = u (f = d). The colored filled
(black-contour void) regions in each panel correspond to the SNO-poly (SNO-data) variants of
the solar analysis, see text for details. The best fit point is marked with a star (triangle). For
comparison we show also in the lower panels the two green dotted areas correspond to the 90% and
3� CL allowed regions from the analysis of the atmospheric and LBL data.

in the LMA region, but LMA-D lies only at a ��2 = �0.06 (f = u) and 0.4 (f = d) in the

SNO-data variant, increasing to ��2 = 0.3 (f = u) and 1.4 (f = d) in the SNO-poly

variant. As seen in the lower panels the LMA-D solution requires a non-standard matter

potential with quite sizable values of "fD. An obvious question is whether such large values

are in contradiction with other neutrino oscillation data, in particular with atmospheric

neutrinos. We will return quantitatively to this point in the next section but for illustration

we show also in the lower panels as dotted green regions the corresponding 90% and 3�

– 9 –
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From González-García and Maltoni, 2013 

Solar & KamLAND fit: LMA – Dark solution (θ12 > 𝝅/4)
Miranda, Tortola, Valle 2004

𝝴fN,	𝝴fDare linear 
combinations of 
mixing angles and
NSI NC 𝝴f𝞪𝞫

Two neutrino 
oscillations in 
the
limit

�m2
31 ! 1

Atmospheric + LBL data


