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Abstract

We study the modification of the detected flavor content of ultra high-energy astrophysical neutrinos in
the presence of non-standard interactions of neutrinos with the Earth matter. Unlike the case of new
physics affecting the propagation from the source to the Earth, non-standard Earth matter effects induce a
dependence of the flavor content on the arrival direction of the neutrino. We find that, within the current
limits on non-standard neutrino interaction parameters, large deviations from the standard 3ν oscillation
predictions can be expected, in particular for fluxes dominated by one flavor at the source. Conversely they
do not give sizable corrections to the expectation of equalized flavors in the Earth for sources dominated by
production via pion-muon decay-chain.
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1. Introduction

The detection of ultra-high energy neutrinos of astrophysical origin in IceCube [1–4] marks the begin of
high energy neutrino astronomy. From the point of view of astronomy, the main open question resides in
finding the sources of such neutrinos, an issue to which many suggestions have been contributed (for a recent
review see Ref. [5]). More on the astrophysical front, one also questions what type of mechanisms are at work
in those sources to produce such high energy neutrino flux. To address this question the measurement of the
flavor composition of the observed neutrinos acquires a special relevance. For example, for the pion-muon
decay chain, which is the most frequently considered, one expects φsµ = 2φse while φsτ = 0 [6] (denoting by
φsα the neutrino flux of flavor να at source). Alternatively, if some of the muons lose energy very rapidly
one would predict a single µ-flavor flux while φse = φsτ = 0 [7–11]. If neutrino production is dominated by
neutron decay one expects also a single flavor flux but of electron neutrinos [8] so in this case φsµ = φsτ = 0.
Decay of charm mesons contribute a flux with equal amounts of electron and muon neutrinos, φse = φsµ and
φsτ = 0. If several of the above processes in the source compete, arbitrary flavor compositions of φse and
φsµ are possible but still with φτ = 0 [10]. If, in addition, ντ are also produced in the source [12–14], then
generically φsα 6= 0 for α = e, µ, τ .

Neutrino oscillations modify the flavor composition of the neutrino flux by the time they reach the Earth.
In the context of the well established framework of 3ν oscillations these modifications are well understood
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and quantifiable given the present determination of the neutrino oscillation parameters. Because of this
several studies to quantify the flavor composition of the IceCube events, even with the limited statistics
data available, have been presented [15–22] but the results are still inconclusive.

It is well-known that new physics (NP) effects beyond 3ν oscillations in the neutrino propagation can
alter the predicted flavor composition of the flux reaching the Earth, thus making the task of elucidating the
production mechanism even more challenging. Examples of NP considered in the literature include Lorentz
or CPT violation [23], neutrino decay [24, 25], quantum decoherence [26, 27] pseudo-Dirac neutrinos [28, 29],
sterile neutrinos [30], non-standard neutrino interactions with dark matter [31], or generic forms of NP in the
propagation from the source to the Earth parametrized by effective operators [32]. Besides modifications of
the flavor ratios many of these NP effects also induce a modification of the energy spectrum of the arriving
neutrinos.

In this paper we consider an alternative form of NP, namely the possibility of non-standard interactions
(NSI) of the neutrinos in the Earth matter. Unlike the kind of NP listed above, this implies that neutrinos
reach the Earth surface in the expected flavor combinations provided by the “standard” 3ν vacuum oscillation
mechanism: in other words, NSI in the Earth affect only the flavor evolution of the neutrino ensemble from
the entry point in the Earth matter to the detector. The goal of this paper is to quantify the modification
of the neutrino flavor composition at the detector because of this effect within the presently allowed values
of the NSI parameters. To this aim we briefly review in Sec. 2 the formalism employed and derive the
relevant flavor transition probabilities from the source to the detector including the effect of NSI in the
Earth. We show that the resulting probabilities are energy independent while they depend on the zenith
angle arrival direction of the neutrinos, in contrast with NP affecting propagation from the source to the
Earth. Our quantitative results are presented in Sec. 3, where in particular we highlight for which source
flavor composition the Earth-matter NSI can be most relevant. Finally in Sec. 4 we draw our conclusions.

2. Formalism

Our starting point is the initial neutrino (antineutrino) fluxes at the production point in the source which
we denote as φsα (φ̄sα) for α = e, ν, τ . The corresponding fluxes of a given flavor at the Earth’s surface are
denoted as φ⊕α (φ̄⊕α ) while the fluxes arriving at the detector after traversing the Earth are φdα (φ̄dα). They
are generically given by

φ⊕β (E) =
∑
α

∫
dE′Ps→⊕αβ (E,E′)φsα(E′) , φdβ(E) =

∑
α

∫
dE′Ps→dαβ (E,E′)φsα(E′) (1)

and correspondingly for antineutrinos. P is the flavor transition probability including both coherent and
incoherent effects in the neutrino propagation.

2.1. Coherent effects

Let us start by considering first only the coherent evolution of the neutrino ensemble. In this case, the
flavor transition probabilities from the source (s) to the Earth entry point (⊕) and to the detector (d) can
be written as

Ps→⊕αβ (E,E′) = P s→⊕αβ (E) δ(E − E′) , with P s→⊕αβ (E) =
∣∣∣As→⊕αβ (E)

∣∣∣2 (2)

Ps→dαβ (E,E′) = P s→dαβ (E) δ(E − E′) , with P s→dαβ (E) =
∣∣As→dαβ (E)

∣∣2 =

∣∣∣∣∣∑
γ

As→⊕αγ A⊕→dγβ

∣∣∣∣∣
2

, (3)

where we have introduced the flavor transition amplitude from the source to the Earth surface As→⊕ and
from the Earth surface to the detector A⊕→d.

Generically these amplitudes are obtained by solving the neutrino and antineutrino evolution equations
for the flavor wave function ~ν(x) = {νe(x), νµ(x), ντ (x)}T

i
d~ν(x)

dx
= Hs→⊕

ν ~ν(x) , i
d~̄ν(x)

dx
= Hs→⊕

ν̄
~̄ν(x) (4)
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for evolution between the source and the Earth surface and

i
d~ν(x)

dx
= H⊕→dν ~ν(x) , i

d~̄ν(x)

dx
= H⊕→dν̄

~̄ν(x) , (5)

for evolution in the Earth matter.
In this work we are interested in standard vacuum oscillation dominating the propagation from the source

to the detector but allowing for new physics in the interactions of the neutrinos in the Earth matter. In this
case

Hs→⊕
ν = (Hs→⊕

ν̄ )∗ = Hosc = UDvacU
† with Dvac =

1

2E
diag(0,∆m2

21,∆m
2
31) (6)

and U is the leptonic mixing matrix [33, 34]. While

H⊕→dν ' Hmat , H⊕→dν̄ ' −H∗mat (7)

where the ' corresponds to neglecting vacuum oscillations inside the Earth which is a very good approxi-
mation for the relevant neutrino energies (& 1 TeV).

The standard theoretical framework for the NP considered here is provided by non-standard interactions
affecting neutrino interactions in the Earth matter. They can be described by effective four-fermion operators
of the form

LNSI = −2
√

2GF ε
fP
αβ (ν̄αγ

µνβ)(f̄γµPf) , (8)

where f is a charged fermion, P = (L,R) and εfPαβ are dimensionless parameters encoding the deviation
from standard interactions. NSI enter in neutrino propagation only through the vector couplings, so in the
most general case the non-standard matter Hamiltonian can be parametrized as [35]

Hmat =
√

2GFNe(r)

1 0 0
0 0 0
0 0 0

+
√

2GF
∑

f=e,u,d

Nf (r)

εfee εfeµ εfeτ
εf∗eµ εfµµ εfµτ
εf∗eτ εf∗µτ εfττ

 . (9)

The standard model interactions are encoded in the non-vanishing ee entry in the first term of Eq. (9), while

the non-standard interactions with fermion f are accounted by the εfαβ coefficients with εfαβ = εfLαβ + εfRαβ .
Here Nf (r) is the number density of fermions f in the Earth matter. In practice, the PREM model [36]
fixes the neutron/electron ratio to Yn = 1.012 in the Mantle and Yn = 1.137 in the Core, with an average
Yn = 1.051 all over the Earth. Thus we get an average up-quark/electron ratio Yu = 3.051 and down-
quark/electron ratio Yd = 3.102. We can therefore define:

εαβ ≡
∑

f=e,u,d

〈
Yf
Ye

〉
εfαβ = εeαβ + Yu ε

u
αβ + Yd ε

d
αβ (10)

so that the matter part of the Hamiltonian can be written as:

Hmat =
√

2GFNe(r)

1 + εee εeµ εeτ
ε∗eµ εµµ εµτ
ε∗eτ ε∗µτ εττ

 ≡WDmatW
† (11)

where
Dmat =

√
2GFNe(r) diag(ε1, ε2, ε3). (12)

where W is a 3× 3 unitary matrix containing six physical parameters, three real angles and three complex
phases. So without loss of generality the matter potential contains eight parameters, five real and three
phases (as only difference of εi enter the flavor transition probabilities, only differences in the εαα are
physically relevant for neutrino oscillation data).
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Figure 1: The normalized density integral de along the neutrino path as a function of the neutrino arrival zenith angle.

Altogether the flavor transition probabilities from a source at distance L are

P s→dαβ (E) =
∑
γηkl

WβkW
∗
βlWγlW

∗
ηk exp(−ide∆εkl)

∑
ij

UηiU
∗
γjUαjU

∗
αi exp(−i

∆m2
ij

2E
L) , (13)

P s→⊕αβ (E) =
∑
ij

UβiU
∗
βjUαjU

∗
αi exp(−i

∆m2
ij

2E
L) (14)

where ∆εkl = εk − εl. Since for astrophysical neutrinos the propagation distance L is much longer than the
oscillation wavelength, we can average out the vacuum oscillation terms:

P s→dαβ (E) =
∑
i

|Uαi|2|Uβi|2 − 2
∑
γηkli

Re
(
WβkW

∗
βlWγlW

∗
ηkUηiU

∗
γi|Uαi|2

)
sin2(de

∆εkl
2

)

+
∑
γηkli

Im
(
WβkW

∗
βlWγlW

∗
ηkUηiU

∗
γi|Uαi|2

)
sin(de∆εkl) ,

(15)

P s→⊕αβ (E) =
∑
i

|Uαi|2|Uβi|2 . (16)

In these expressions we have introduced the dimensionless normalization for the matter potential integral
along the neutrino trajectory in the Earth

de(Θz) ≡
∫ 2R cos(π−Θz)

0

√
2GFNe(r)dx , with r =

√
R2
⊕ + x2 + 2R⊕x cos Θz , (17)

which we plot in Fig. 1. The integral includes both the effect of the increase length of the path in the Earth
and the increase average density which is particular relevant for trajectories crossing the core and leads to
the higher slope of the curve for cos Θz . −0.84.

We notice that the total coherent flavor transition probability remains energy independent even in the
presence of NSI. Also the last term in Eq. (15) does not change sign for antineutrinos since both the
imaginary part of the combination of mixing matrices and the phase of the oscillating sin change sign for
antineutrinos.1 In other words, there is no CP violation even if all the phases in U and W are kept different
from zero. These two facts render the flavor composition of the fluxes at the detector independent of the
energy spectrum and the neutrino/antineutrino ratio at the source, as long as the flavor composition at the
source is the same for both neutrinos and antineutrinos. This is just as the case for standard 3ν oscillations
in the absence of NP.2

1Indeed this term preserves CP but violates time reversal, as it is well known that Earth matter effects violate CPT.
2Relaxing the assumption of equal flavor composition for neutrinos and antineutrinos at the source can lead to additional

interesting effects even in the case of standard oscillations as discussed in Ref. [37, 38].
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In brief, the effect of NSI in the Earth is to modify the flavor composition at the detector as compared
to the standard case, in a way which depends on the zenith angle of the arrival direction of the neutrinos.
Also, as expected, the effect only appears in presence of additional flavor mixing during propagation in the
Earth, i.e., for Wαi 6= Cδαi, which occurs only if some off-diagonal εαβ (with α 6= β) is different from zero.

2.2. Incoherent effects

In addition to the coherent effects discussed so far, high-energy neutrinos propagating through the
Earth can also interact inelastically with the Earth matter either by charged current or by neutral current
interactions. As a consequence of these inelastic processes the neutrino flux is attenuated, its energy is
degraded, and secondary fluxes are generated from the decay of the charged leptons (in particular τ±)
produced in charged current interactions. In some new physics scenario attenuation and other decoherence
effects can also occur in the travel from the source to the Earth, but they are not relevant for this work.

For simplicity, let us first neglect NSI and focus only on the usual 3ν oscillation framework. In the
standard scenario, attenuation and regeneration effects can be consistently described by a set of coupled
partial integro-differential cascade equations (see for example [39] and references therein). In this case the
fluxes at the arrival point in the Earth are given by Eq. (1) and (2) while for the fluxes at the detector we
have:

SM: Ps→dαβ (E,E′) =
∑
γ

P s→⊕αγ (E)F⊕→dγβ (E,E′) , (18)

where F⊕→dγβ (E,E′) is the function accounting for attenuation and regeneration effects, which depends on
the trajectory of the neutrino in the Earth matter (i.e., it depends on Θz). Attenuation is the dominant
effect and for most energies is only mildly flavor dependent. So the dominant incoherent effects verify

SM: F⊕→dγβ (E,E′) ' δγβF⊕→datt (E)δ(E − E′) . (19)

When considering NSI in the Earth the simple factorization of coherent and incoherent effects introduced
in Eq. (18) does not hold, since NSI-induced oscillations, attenuation, and regeneration occur simultaneously
while the neutrino beam is traveling across the Earth’s matter. In order to properly account for all these
effects we need to replace the evolution equation in the Earth (5) with a more general expression including
also the incoherent components. This can be done by means of the density matrix formalism, as illustrated
in Ref. [40] (see also Ref. [41]). However, if one neglects the subleading flavor dependence of these effects
and focus only on the dominant attenuation term, as we did in Eq. (19) for the standard case, it becomes
possible to write even in the presence of NSI-oscillations:

NSI: Ps→dαβ (E,E′) ' P s→dαβ (E)F⊕→datt (E)δ(E − E′) (20)

with P s→dαβ (E) given in Eq. (15). In other words, although the presence of NSI affects the flavor composition
at the detector through a modification of the coherent part of the evolution in the Earth, the incoherent
part is practically the same in both the standard and the non-standard case and does not introduce relevant
flavor distortions.

In the next section we quantify our results taking into account the existing bounds on NSI. For simplicity
we will consider only NSI with quarks and we further assume that the NSI Hamiltonian is real. At present
the strongest model-independent constraints on NSI with quarks relevant to neutrino propagation arise
from the global analysis of oscillation data [35, 42] (see also [43]) in combination with some constraints
from scattering experiments [44, 45] such as CHARM [46, 47], CDHSW [48] and NuTeV [49]. As shown
in Ref. [35] neutrino oscillations provide the stronger constraints on NSI, with the exception of some large
εee−εµµ terms which are still allowed in association with a flip of the octant of θ12, the so-called “dark-side”
solution (or LMA-D) found in Ref. [43]. However, these large NSI’s are disfavored by scattering data [43]. A
fully consistent analysis of both oscillation and scattering data covering the LMA-D region is still missing,
so here we conservatively consider only NSI’s which are consistent with oscillations within the LMA regions.
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The corresponding allowed ranges read (we quote the most constraining of both u and d NSI’s):

90% CL 3σ CL
εqee − εqµµ [+0.02,+0.51] [−0.09,+0.71]
εqττ − εqµµ [−0.01,+0.03] [−0.03,+0.19]

εqeµ [−0.09,+0.04] [−0.16,+0.11]
εqeτ [−0.13,+0.14] [−0.38,+0.29]
εqµτ [−0.01,+0.01] [−0.03,+0.03]

(21)

where for each NSI coupling the ranges are shown after marginalization over all the oscillations parameters
and the other NSI couplings.

3. Results

Flavor composition of the astrophysical neutrinos are usually parametrized in terms of the flavor ratios
at the source and at the Earth surface, defined as:

ξsα ≡
φsα(E)∑
γ φ

s
γ(E)

, ξ⊕β ≡
φ⊕β (E)∑
γ φ
⊕
γ (E)

=
∑
α

P s→⊕αβ (E)ξsα (22)

and it has become customary to plot them in ternary plots. Experimentally ξ⊕β are reconstructed from the

measured neutrino fluxes in the detector φdα by deconvoluting the incoherent effects due to SM interactions
in the Earth matter:

ξ⊕,rec
β ≡

φ⊕,rec
β (E)∑
γ φ
⊕,rec
γ (E)

with φ⊕,rec
β (E) ≡

∑
γ

∫
dE′G⊕←dγβ (E,E′)φdγ(E′) (23)

where the function G⊕←dαβ (E,E′) is the inverse of the Earth attenuation+degradation+regeneration function

F⊕→dαβ (E,E′) introduced in the previous section:∑
γ

∫
dE′′F⊕→dγβ (E,E′′)G⊕←dαγ (E′′, E′) = δαβ δ(E − E′) (24)

Under the approximation described in Eq. (19) G⊕←dαβ (E,E′) reduces to:

G⊕←dαβ (E,E′) ' δαβ
1

F⊕→datt (E)
δ(E − E′) (25)

so that

ξ⊕,rec
β '

φdβ(E)
/
F⊕→datt (E)∑

γ φ
d
γ(E)

/
F⊕→datt (E)

=
φdβ(E)∑
γ φ

d
γ(E)

≡ ξdβ (26)

where we have introduced the flavor ratios at the detector ξdβ . Thus we have shown that the reconstructed

flavor ratios at the surface of the Earth (ξ⊕,rec
β ) are well approximated by the measured flavor ratios at the

detector (ξdβ). This conclusion depends only on the validity of the approximation (19), and therefore applies
both for standard oscillations and in the presence of new physics such as Earth NSI. It should be noted,
however, that in the standard case ξ⊕,rec

β really coincides with the actual flavor ratios ξ⊕β defined in Eq. (22),
whereas in the presence of NSI this is no longer the case.

In what follows we will present our results in terms of flavor ratios at the detector ξdβ , since, as we have

just seen, they are good estimators of the reconstructed quantities ξ⊕,rec
β usually shown by the experimental

collaborations. It is easy to show that:

ξdβ =
∑
α

P s→dαβ (E)ξsα (27)
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Figure 2: Two-dimensional projections of the allowed regions from the global analysis of oscillation data from Ref. [50] in the
relevant combinations giving the flavor content at the Earth. The allowed regions are shown at 90%, 95% and 3σ CL. In the
upper panels we show the regions for four initial flavor compositions (ξse : ξsµ : ξsτ ) = ( 1

3
: 2

3
: 0), (1 : 0 : 0), (0 : 1 : 0), and

( 1
2

: 1
2

: 0). In the lower panel the regions are shown for the more general scenarios, (ξse : ξsµ : ξsτ ) = (x : 1−x : 0) for 0 ≤ x ≤ 1,
and (ξse : ξsµ : ξsτ ) = (x : y : 1 − x− y) for 0 ≤ x, y ≤ 1.

where P s→dαβ (E) is obtained from Eq. (15). In principle, one may expect that the flavor ratios ξdβ would

depend on the neutrino energy, either through the oscillation probability P s→dαβ (E) or though the intrinsic
energy dependence of the flavor ratios at the source ξsα. However, as we have seen in the previous section
the expression in Eq. (15) is independent of E, and moreover we will assume (as it is customary to do) that
the ratios ξsα do not depend on the neutrino energy even though the fluxes φsα(E) do. Hence, the flavor
ratios ξdβ are independent of energy and they can be conveniently plotted in a ternary plot.

Let us now discuss the results of our fit, starting with the simpler case of standard oscillations. In the
absence of new physics effects the present determination of the leptonic mixing matrix from the measure-
ments of neutrino oscillation experiments allows us to determine the astrophysical neutrino flavor content
at detection given an assumption of the neutrino production mechanism. For completeness and reference
we show in Fig. 2 the allowed regions of the flavor ratios at the Earth as obtained from the projection of
the six oscillation parameter χ2 function of the global NuFIT analysis of oscillation data [50, 51] in the
relevant mixing combinations (see also [16, 32, 38]). We stress that in our plots the correlations among
the allowed ranges of the oscillation parameters in the full six-parameter space are properly taken into
account. The results are shown after marginalization over the neutrino mass ordering and for different
assumptions of the flavor content at the source as labeled in the figure. Fig. 2 illustrates the well-known
fact [6] that during propagation from the source neutrino oscillations lead to flavor content at the Earth
close to (ξ⊕e : ξ⊕µ : ξ⊕τ ) = ( 1

3 : 1
3 : 1

3 ), with largest deviations for the case when the flavor content at the
source is (1 : 0 : 0) [52] and (0 : 1 : 0).

As discussed in the previous section NSI in the Earth modify these predictions and, unlike for NP effects
in the propagation from the source, such Earth-induced modifications are a function of the arrival zenith

7



ξ ed /ξ
e⊕

ξ µd /ξ
µ⊕

ξ τd /ξ
τ⊕

cosΘz cosΘz cosΘz

Figure 3: Flavor ratios at the detector as a function of the zenith angle of the neutrino normalized to the expectation in
the absence of NSI and for oscillation parameters at the best fit of the global analysis (sin2 θ12 = 0.305, sin2 θ13 = 0.0219,
sin2 θ23 = 0.579, and δCP = 254◦). For the left (central) [right] panels the only non-vanishing NSI parameters are εeµ = 0.04
(εeτ = −0.05) [εeµ = εeτ = −0.04]. The different curves corresponds to different flavor composition at the source: (ξse : ξsµ :

ξsτ ) = (1 : 0 : 0) (full black), (0 : 1 : 0) (dashed red), ( 1
2

: 1
2

: 0) (dotted blue), and ( 1
3

: 2
3

: 0) (dash-dotted purple).

angle of the neutrino. As illustration we show in Fig. 3 the variation of the flavor ratios at the detector as
a function of the zenith angle of the neutrino for some values of the εαβ well within the presently allowed
90% CL ranges. In our convention cos Θz = −1 corresponds to vertically upcoming neutrinos (which have
crossed the whole Earth before reaching the detector) while cos Θz = 0 corresponds to horizontally arriving
neutrinos (for which effectively no Earth matter is crossed so that ξdβ(cos Θz = 0) = ξ⊕β ). From Fig. 3 we
can observe the main characteristics of the effect of NSI in the Earth matter. Deviations are sizable for
flavor α as long as εβ 6=α is non-zero and ξsα or ξsβ are non-zero. Larger effects are expected for source flavor
compositions for which vacuum oscillations from the source to the Earth lead to “less equal” ratios at the
Earth surface: (1 : 0 : 0) and (0 : 1 : 0). Finally the increase in frequency for almost vertical neutrino
direction is a consequence of the increase of the integral density de for core crossing trajectories (see Fig. 1).

Next we show how the allowed regions in the ternary plots shown in Fig. 2 are modified when including
the effect of the NSI presently allowed at given CL. In order to do so we project the χ2 of the global analysis
of oscillation data in the presence of arbitrary NSI on the relevant combinations entering in the flavor ratios
within a given CL. The results are shown in Fig. 4, Fig. 5 and Fig. 6 for the flavor compositions at source
(ξse : ξsµ : ξsτ ) = (1 : 0 : 0), (0 : 1 : 0) and ( 1

3 : 2
3 : 0), respectively. The results are shown averaged over four

zenith angular directions.
Comparing the allowed regions in Fig. 4 and Fig. 5 with the corresponding ones for (1 : 0 : 0) and

(0 : 1 : 0) compositions in the case of standard 3ν oscillations given in Fig. 2 we see that the flavor ratios
can take now much wider range of values in any of the zenith angle ranges considered. Moreover, although
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Figure 4: Allowed regions for the flavor ratios in the presence of NSI in the Earth at 90, 95% and 3σ CL for an initial flavor
(ξse : ξsµ : ξsτ ) = (1 : 0 : 0). The four triangles correspond to averaging over neutrinos arriving with directions given in
the range 0 ≥ cos Θz > −0.25 (upper left), −0.25 ≥ cos Θz > −0.5 (upper right) −0.5 ≥ cos Θz > −0.75 (lower left), and
−0.75 ≥ cos Θz ≥ −1 (lower right).

sizable deviations from (ξde : ξdµ : ξdτ ) = ( 1
3 : 1

3 : 1
3 ) are possible, the allowed regions now extend to include

( 1
3 : 1

3 : 1
3 ) at CL of 3σ or lower. We also see that the larger CL region becomes smaller for most vertical

arrival directions (see the relative size of the light blue regions in the two lower triangles on these figures).
This is so because at those CL for the larger values of ε allowed the NSI-induced oscillations are fast enough
to be averaged out 〈sin2(∆εij

de
2 )〉 ∼ 1

2 for those trajectories while the value in the second most vertical
angular bin can be in average larger than 1/2. For contrast, as illustrated in Fig. 6, for the case of flavor
composition at the source (ξse : ξsµ : ξsτ ) = ( 1

3 : 2
3 : 0) NSI in the Earth never induce sizable modifications of

the expectation (ξde : ξdµ : ξdτ ) = (1
3 : 1

3 : 1
3 ).

4. Conclusions

The measurement of the flavor composition of the detected ultra-high energy neutrinos can be a pow-
erful tool to learn about the mechanisms at work in their sources. Such inference, however, relies on the
understanding of the particle physics processes relevant to the neutrino propagation from the source to the
detector. The presence of NP effects beyond those of the well established mass-induced 3ν oscillations alter
the flavor composition at the detector and can therefore affect the conclusions on the dominant production
mechanism.

In this work we have focused on NP effects associated with NSI of the neutrinos in the Earth matter.
The relevant flavor transition probabilities accounting from oscillations from the source to the Earth plus
NSI in the Earth are energy independent but depend on the zenith angle of the arrival direction of the
neutrinos, which is a characteristic feature of this form of NP. Quantitatively, we have shown that within
the presently allowed range of NSI large deviations from the standard 3ν oscillation predictions for the
detected flavor composition can be expected, in particular for fluxes dominated by one flavor at the source.
On the contrary we find that the expectation of equalized flavors in the Earth for sources dominated by
production via pion-muon decay-chain is robust even in the presence of this form of NP.
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Figure 5: Same as Fig. 4 for (ξse : ξsµ : ξsτ ) = (0 : 1 : 0).
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