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a b s t r a c t 

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 3 ν
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.

© 2016 Elsevier B.V. All rights reserved.
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. Introduction

The detection of ultra-high energy neutrinos of astrophysical

rigin in IceCube [1–4] marks the begin of high energy neutrino

stronomy. From the point of view of astronomy, the main open

uestion resides in finding the sources of such neutrinos, an issue

o which many suggestions have been contributed (for a recent re-

iew see Ref. [5] ). More on the astrophysical front, one also ques-

ions what type of mechanisms are at work in those sources to

roduce such high energy neutrino flux. To address this question

he measurement of the flavor composition of the observed neu-

rinos acquires a special relevance. For example, for the pion-muon

ecay chain, which is the most frequently considered, one expects
s 
μ = 2 φs 

e while φs 
τ = 0 [6] (denoting by φs 

α the neutrino flux of

avor να at source). Alternatively, if some of the muons lose en-

rgy very rapidly one would predict a single μ-flavor flux while
s 
e = φs 

τ = 0 [7–11] . If neutrino production is dominated by neu-

ron decay one expects also a single flavor flux but of electron neu-

rinos [8] so in this case φs 
μ = φs 

τ = 0 . Decay of charm mesons con-

ribute a flux with equal amounts of electron and muon neutrinos,
s 
e = φs 

μ and φs 
τ = 0 . If several of the above processes in the source
∗ Corresponding author.
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ompete, arbitrary flavor compositions of φs 
e and φs 

μ are possible

ut still with φτ = 0 [10] . If, in addition, ντ are also produced in

he source [12–14] , then generically φs 
α � = 0 for α = e, μ, τ . 

Neutrino oscillations modify the flavor composition of the neu-

rino flux by the time they reach the Earth. In the context of the

ell established framework of 3 ν oscillations these modifications

re well understood and quantifiable given the present determina-

ion of the neutrino oscillation parameters. Because of this several

tudies to quantify the flavor composition of the IceCube events,

ven with the limited statistics data available, have been presented

15–23] but the results are still inconclusive. 

It is well-known that new physics (NP) effects beyond 3 ν os-

illations in the neutrino propagation can alter the predicted fla-

or composition of the flux reaching the Earth, thus making the

ask of elucidating the production mechanism even more challeng-

ng. Examples of NP considered in the literature include Lorentz or

PT violation [24] , neutrino decay [25,26] , quantum decoherence

27,28] pseudo-Dirac neutrinos [29,30] , sterile neutrinos [31] , non-

tandard neutrino interactions with dark matter [32] , or generic

orms of NP in the propagation from the source to the Earth

arametrized by effective operators [33] . Besides modifications of

he flavor ratios many of these NP effects also induce a modifica-

ion of the energy spectrum of the arriving neutrinos. 

In this paper we consider an alternative form of NP, namely the

ossibility of non-standard interactions (NSI) of the neutrinos in

he Earth matter. Unlike the kind of NP listed above, this implies
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that neutrinos reach the Earth surface in the expected flavor com-

binations provided by the “standard” 3 ν vacuum oscillation mech-

anism: in other words, NSI in the Earth affect only the flavor evo-

lution 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 be-

cause of this effect within the presently allowed values of the NSI

parameters. To this aim we briefly review in Section 2 the formal-

ism employed and derive the relevant flavor transition probabili-

ties from the source to the detector including the effect of NSI in

the Earth. We show that the resulting probabilities are energy in-

dependent 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

Section 3 , where in particular we highlight for which source flavor

composition the Earth-matter NSI can be most relevant. Finally in

Section 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 φs 
α ( ̄φs 

α) for

α = e, ν, τ . The corresponding fluxes of a given flavor at the Earth’s

surface are denoted as φ�
α ( ̄φ�

α ) while the fluxes arriving at the

detector after traversing the Earth are φd 
α ( ̄φd 

α). They are generically

given by 

φ�

β
(E) = 

∑ 

α

∫ 
dE ′ P 

s → �

αβ
(E , E ′ ) φs 

α(E ′ ) , 

φd 
β (E) = 

∑ 

α

∫ 
dE ′ P 

s → d 
αβ (E , E ′ ) φs 

α(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 probabil-

ities from the source ( s ) to the Earth entry point ( �) and to the

detector ( d ) can be written as 

P 

s → �

αβ
(E , E ′ ) = P s → �

αβ
(E) δ(E − E ′ ) , with P s → �

αβ
(E) = 

∣∣∣A 

s → �

αβ
(E) 

∣∣∣2

(2)

P 

s → d 
αβ (E , E ′ ) = P s → d 

αβ (E) δ(E − E ′ ) , with 

P s → d 
αβ (E) = 

∣∣A 

s → d 
αβ (E) 

∣∣2 = 

∣∣∣∣∣∑ 

γ

A 

s → �
αγ A 

�→ d 
γβ

∣∣∣∣∣
2 

, (3)

where we have introduced the flavor transition amplitude from the

source to the Earth surface A 

s → � and from the Earth surface to

the detector A 

� → d . 

Generically these amplitudes are obtained by solving the neu-

trino and antineutrino evolution equations for the flavor wave

function 

�
 ν(x ) = { νe (x ) , νμ(x ) , ντ (x ) } T 

i 
d � ν(x ) 

dx 
= H 

s → �
ν �

 ν(x ) , i 
d � ν̄(x ) 

dx 
= H 

s → �

ν̄
�
 ν̄(x ) (4)

for evolution between the source and the Earth surface and 

i 
d � ν(x ) 

dx 
= H 

�→ d 
ν �

 ν(x ) , i 
d � ν̄(x ) 

dx 
= H 

�→ d 
ν̄

�
 ν̄(x ) , (5)

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

ominating the propagation from the source to the detector but

llowing for new physics in the interactions of the neutrinos in the

arth matter. In this case 

 

s → �
ν = (H 

s → �

ν̄ ) ∗ = H osc = U D vac U 

† with 

D vac = 

1 

2 E 
diag (0 , 	m 

2 
21 , 	m 

2 
31 ) (6)

nd U is the leptonic mixing matrix [34,35] . While 

 

�→ d 
ν � H mat , H 

�→ d 
ν̄ � −H 

∗
mat (7)

here the � corresponds to neglecting vacuum oscillations inside

he Earth which is a very good approximation for the relevant neu-

rino energies ( � 1 TeV). 

The standard theoretical framework for the NP considered here

s provided by non-standard interactions affecting neutrino inter-

ctions in matter [36] . They can be described by effective four-

ermion operators of the form 

 NSI = −2 

√ 

2 G F ε 
f P 

αβ
( ̄ναγ μνβ )( ̄f γμP f ) , (8)

here f is a charged fermion, P = (L, R ) and ε f P 

αβ
are dimensionless

arameters encoding the deviation from standard interactions. NSI

nter in neutrino propagation only through the vector couplings,

o in the most general case the non-standard matter Hamiltonian

an be parametrized as [37] 

 mat = 

√ 

2 G F N e (r) 

( 

1 0 0 

0 0 0 

0 0 0 

) 

+ 

√ 

2 G F 

∑ 

f= e,u,d 

N f (r) 

⎛ 

⎜ ⎝ 

ε f ee ε f eμ ε f eτ

ε f∗eμ ε f μμ ε f μτ

ε f∗eτ ε f∗μτ ε f ττ

⎞ 

⎟ ⎠ 

. (9)

he standard model interactions are encoded in the non-vanishing

e entry in the first term of Eq. (9) , while the non-standard inter-

ctions with fermion f are accounted by the ε f 
αβ

coefficients with

 

f 

αβ
= ε f L 

αβ
+ ε f R 

αβ
. Here N f ( r ) is the number density of fermions f

n the Earth matter. In practice, the PREM model [38] fixes the

eutron/electron ratio to Y n = 1 . 012 in the Mantle and Y n = 1 . 137

n the Core, with an average Y n = 1 . 051 all over the Earth. Thus

e get an average up-quark/electron ratio Y u = 3 . 051 and down-

uark/electron ratio Y d = 3 . 102 . We can therefore define: 

 αβ ≡
∑ 

f= e,u,d 

〈
Y f 

Y e 

〉
ε f 
αβ

= ε e αβ + Y u ε 
u 
αβ + Y d ε 

d 
αβ (10)

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

 mat = 

√ 

2 G F N e (r) 

( 

1 + ε ee ε eμ ε eτ
ε ∗eμ ε μμ ε μτ

ε ∗eτ ε ∗μτ ε ττ

) 

≡ W D mat W 

† (11)

here 

 mat = 

√ 

2 G F N e (r) diag (ε 1 , ε 2 , ε 3 ) . (12)

here W is a 3 × 3 unitary matrix containing six physical parame-

ers, three real angles and three complex phases. So without loss of

enerality the matter potential contains eight parameters, five real

nd three phases (as only difference of ε i enter the flavor transi-

ion probabilities, only differences in the ε αα are physically rele-

ant for neutrino oscillation data). 

Altogether the flavor transition probabilities from a source at

istance L are 
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Fig. 1. The normalized density integral d e along the neutrino path as a function of 

the neutrino arrival zenith angle. 
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s → d 
αβ (E) = 

∑ 

γ ηkl 

W βk W 

∗
β l W γ l W 

∗
ηk exp (−id e 	ε kl ) 

×
∑ 

i j 

U ηi U 

∗
γ j U α j U 

∗
αi exp 

(
−i 

	m 

2 
i j 

2 E 
L 

)
, (13) 

 

s → �

αβ
(E) = 

∑ 

i j 

U βi U 

∗
β j U α j U 

∗
αi exp 

(
−i 

	m 

2 
i j 

2 E 
L 

)
(14) 

here 	ε kl = ε k − ε l . Since for astrophysical neutrinos the propa-

ation distance L is much longer than the oscillation wavelength,

e can average out the vacuum oscillation terms: 

 

s → d 
αβ (E) = 

∑ 

i 

| U αi | 2 | U βi | 2 − 2 

∑ 

γ ηkli 

Re 
(
W βk W 

∗
β l W γ l W 

∗
ηk U ηi U 

∗
γ i | U αi | 2

× sin 

2 

(
d e 

	ε kl 

2 

)
(15

+ 

∑ 

γ ηkli 

Im 

(
W βk W 

∗
β l W γ l W 

∗
ηk U ηi U 

∗
γ i | U αi | 2 

)
sin (d e 	ε kl ) , 

 

s → �

αβ
(E) = 

∑ 

i 

| U αi | 2 | U βi | 2 . (16) 

n these expressions we have introduced the dimensionless nor-

alization for the matter potential integral along the neutrino tra-

ectory in the Earth 

 e (�z ) ≡
∫ 2 R cos (π−�z ) 

0 

√ 

2 G F N e (r) dx, with 

r = 

√ 

R 

2 
�

+ x 2 + 2 R �x cos �z , (17) 

hich we plot in Fig. 1 . The integral includes both the effect of

he increase length of the path in the Earth and the increase aver-

ge density which is particular relevant for trajectories crossing the

ore and leads to the higher slope of the curve for cos �z � −0 . 84 .

We notice that the total coherent flavor transition probability

emains energy independent even in the presence of NSI. Also the

ast term in Eq. (15) does not change sign for antineutrinos since

oth the imaginary part of the combination of mixing matrices and

he phase of the oscillating sin change sign for antineutrinos. 1 In

ther words, there is no CP violation even if all the phases in U

nd W are kept different from zero. These two facts render the

avor composition of the fluxes at the detector independent of the

nergy spectrum and the neutrino/antineutrino ratio at the source,
1 Indeed this term preserves CP but violates time reversal, as it is well known 

hat Earth matter effects violate CPT. 

t

s

s long as the flavor composition at the source is the same for both

eutrinos and antineutrinos. This is just as the case for standard 3 ν
scillations in the absence of NP. 2 

In brief, the effect of NSI in the Earth is to modify the flavor

omposition at the detector as compared to the standard case, in

 way which depends on the zenith angle of the arrival direction

f the neutrinos. Also, as expected, the effect only appears in pres-

nce of additional flavor mixing during propagation in the Earth,

.e. , for W αi � = C δαi , which occurs only if some off-diagonal ε αβ

with α � = β) is different from zero. 

.2. Incoherent effects 

In addition to the coherent effects discussed so far, high-energy

eutrinos propagating through the Earth can also interact inelasti-

ally with the Earth matter either by charged current or by neu-

ral current interactions. As a consequence of these inelastic pro-

esses the neutrino flux is attenuated, its energy is degraded, and

econdary fluxes are generated from the decay of the charged lep-

ons (in particular τ±) produced in charged current interactions. In

ome new physics scenario attenuation and other decoherence ef-

ects can also occur in the travel from the source to the Earth, but

hey are not relevant for this work. 

For simplicity, let us first neglect NSI and focus only on the

sual 3 ν oscillation framework. In the standard scenario, attenu-

tion and regeneration effects can be consistently described by a

et of coupled partial integro-differential cascade equations (see

or example [41] and references therein). In this case the fluxes

t the arrival point in the Earth are given by Eqs. (1) and (2) while

or the fluxes at the detector we have: 

M: P 

s → d 
αβ (E , E ′ ) = 

∑ 

γ

P s → �
αγ (E ) F �→ d 

γβ
(E , E ′ ) , (18)

here F �→ d 
γ β

(E , E ′ ) is the function accounting for attenuation and

egeneration effects, which depends on the trajectory of the neu-

rino in the Earth matter ( i.e. , it depends on �z ). Attenuation is the

ominant effect and for most energies is only mildly flavor depen-

ent. So the dominant incoherent effects verify 

M: F �→ d 
γ β

(E , E ′ ) � δγβF �→ d 
att (E) δ(E − E ′ ) . (19)

When considering NSI in the Earth the simple factorization of

oherent and incoherent effects introduced in Eq. (18) does not

old, since NSI-induced oscillations, attenuation, and regeneration

ccur simultaneously while the neutrino beam is traveling across

he Earth’s matter. In order to properly account for all these effects

e need to replace the evolution equation in the Earth (5) with

 more general expression including also the incoherent compo-

ents. This can be done by means of the density matrix formalism,

s illustrated in Ref. [42] (see also Ref. [43] ). However, if one ne-

lects the subleading flavor dependence of these effects and focus

nly on the dominant attenuation term, as we did in Eq. (19) for

he standard case, it becomes possible to write even in the pres-

nce of NSI-oscillations: 

SI: P 

s → d 
αβ (E , E ′ ) � P s → d 

αβ (E ) F �→ d 
att (E ) δ(E − E ′ ) (20)

ith P s → d 
αβ

(E) given in Eq. (15) . In other words, although the pres-

nce of NSI affects the flavor composition at the detector through a

odification of the coherent part of the evolution in the Earth, the

ncoherent part is practically the same in both the standard and

he non-standard case and does not introduce relevant flavor dis-

ortions. 
2 Relaxing the assumption of equal flavor composition for neutrinos and antineu- 

rinos at the source can lead to additional interesting effects even in the case of 

tandard oscillations as discussed in Ref. [39,40] . 
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In the next section we quantify our results taking into ac-

count the existing bounds on NSI. For simplicity we will consider

only NSI with quarks and we further assume that the NSI Hamil-

tonian is real. At present the strongest model-independent con-

straints on NSI with quarks relevant to neutrino propagation arise

from the global analysis of oscillation data [37,44] (see also [45] )

in combination with some constraints from scattering experiments

[46,47] such as CHARM [4 8,4 9] , CDHSW [50] and NuTeV [51] . As

shown in Ref. [37] neutrino oscillations provide the stronger con-

straints on NSI, with the exception of some large ε ee − ε μμ 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.

[45] . However, these large NSI’s are disfavored by scattering data

[45] . A fully consistent analysis of both oscillation and scattering

data covering the LMA-D region is still missing, so here we con-

servatively consider only NSI’s which are consistent with oscilla-

tions within the LMA regions. The corresponding allowed ranges

read (we quote the most constraining of both u and d NSI’s): 

90% CL 3 σ CL 

ε q ee − ε q μμ [+0 . 02 , +0 . 51] [ −0 . 09 , +0 . 71] 

ε q ττ − ε q μμ [ −0 . 01 , +0 . 03] [ −0 . 03 , +0 . 19] 

ε q eμ [ −0 . 09 , +0 . 04] [ −0 . 16 , +0 . 11] 

ε q eτ [ −0 . 13 , +0 . 14] [ −0 . 38 , +0 . 29] 

ε q μτ [ −0 . 01 , +0 . 01] [ −0 . 03 , +0 . 03] 

(21)

where for each NSI coupling the ranges are shown after marginal-

ization over all the oscillations parameters and the other NSI cou-

plings. 

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: 

ξ s 
α ≡ φs 

α(E) ∑ 

γ φs 
γ (E) 

, ξ�

β
≡

φ�

β
(E) ∑ 

γ φ�
γ (E) 

= 

∑ 

α

P s → �

αβ
(E) ξ s 

α (22)

and it has become customary to plot them in ternary plots. Exper-

imentally ξ�

β
are reconstructed from the measured neutrino fluxes

in the detector φd 
α 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 

�← d 
γ β

(E , E ′ ) φd 
γ (E ′ ) (23)

where the function G 

�← d 
αβ

(E , E ′ ) is the inverse of the Earth

attenuation + degradation + regeneration function F �→ d 
αβ

(E , E ′ ) in-

troduced in the previous section: ∑ 

γ

∫ 
dE ′′ F �→ d 

γ β
(E , E ′′ ) G 

�← d 
αγ (E ′′ , E ′ ) = δαβ δ(E − E ′ ) (24)

Under the approximation described in Eq. (19) G 

�← d 
αβ

(E , E ′ ) reduces

to: 

G 

�← d 
αβ

(E , E ′ ) � δαβ
1 

F �→ d 
att (E) 

δ(E − E ′ ) (25)

so that 

ξ�, rec 
β

� 

φd 
β
(E) 

/
F �→ d 

att (E) ∑ 

γ φd 
γ (E) 

/
F �→ d 

att (E) 
= 

φd 
β
(E) ∑ 

γ φd 
γ (E) 

≡ ξ d 
β (26)

where we have introduced the flavor ratios at the detector ξ d 
β

. Thus

we have shown that the reconstructed flavor ratios at the surface
f the Earth ( ξ�, rec 
β

) are well approximated by the measured flavor

atios at the detector ( ξ d 
β

). This conclusion depends only on the

alidity of the approximation (19) , and therefore applies both for

tandard oscillations and in the presence of new physics such as

arth NSI. It should be noted, however, that in the standard case
�, rec 
β

really coincides with the actual flavor ratios ξ�

β
defined in

q. (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

atios at the detector ξ d 
β
, since, as we have just seen, they are good

stimators of the reconstructed quantities ξ�, rec 
β

usually shown by

he experimental collaborations. It is easy to show that: 

d 
β = 

∑ 

α

P s → d 
αβ (E) ξ s 

α (27)

here P s → d 
αβ

(E) is obtained from Eq. (15) . In principle, one may ex-

ect that the flavor ratios ξ d 
β

would depend on the neutrino en-

rgy, either through the oscillation probability P s → d 
αβ

(E) or though

he intrinsic energy dependence of the flavor ratios at the source
s 
α . However, as we have seen in the previous section the expres-

ion in Eq. (15) is independent of E , and moreover we will assume

as it is customary to do) that the ratios ξ s 
α do not depend on the

eutrino energy even though the fluxes φs 
α(E) do. Hence, the flavor

atios ξ d 
β

are independent of energy and they can be conveniently

lotted in a ternary plot. 

Let us now discuss the results of our fit, starting with the sim-

ler case of standard oscillations. In the absence of new physics ef-

ects the present determination of the leptonic mixing matrix from

he measurements of neutrino oscillation experiments allows us to

etermine the astrophysical neutrino flavor content at detection

iven an assumption of the neutrino production mechanism. For

ompleteness and reference we show in Fig. 2 the allowed regions

f the flavor ratios at the Earth as obtained from the projection of

he six oscillation parameter χ2 function of the global NuFIT anal-

sis of oscillation data [52,53] in the relevant mixing combinations

see also [16,33,40] ). We stress that in our plots the correlations

mong the allowed ranges of the oscillation parameters in the full

ix-parameter space are properly taken into account. The results

re shown after marginalization over the neutrino mass ordering

nd for different assumptions of the flavor content at the source as

abeled in the figure. Fig. 2 illustrates the well-known fact [6] that

uring propagation from the source neutrino oscillations lead to

avor content at the Earth close to (ξ�
e : ξ�

μ : ξ�
τ ) = ( 1 3 : 1 

3 : 1 
3 ) ,

ith largest deviations for the case when the flavor content at the

ource is (1: 0: 0) [54] and (0: 1: 0). 

As discussed in the previous section NSI in the Earth mod-

fy these predictions and, unlike for NP effects in the propaga-

ion from the source, such Earth-induced modifications are a func-

ion of the arrival zenith angle of the neutrino. As illustration we

how in Fig. 3 the variation of the flavor ratios at the detector

s a function of the zenith angle of the neutrino for some val-

es of the ε αβ well within the presently allowed 90% CL ranges.

n our convention cos �z = −1 corresponds to vertically upcom-

ng neutrinos (which have crossed the whole Earth before reaching

he detector) while cos �z = 0 corresponds to horizontally arriv-

ng neutrinos (for which effectively no Earth matter is crossed so

hat ξ d 
β
( cos �z = 0) = ξ�

β
). From Fig. 3 we can observe the main

haracteristics of the effect of NSI in the Earth matter. Deviations

re sizable for flavor α as long as ε β � = α is non-zero and ξ s 
α or ξ s 

β

re non-zero. Larger effects are expected for source flavor compo-

itions for which vacuum oscillations from the source to the Earth

ead to “less equal” ratios at the Earth surface: (1: 0: 0) and (0:

: 0). Finally the increase in frequency for almost vertical neutrino

irection is a consequence of the increase of the integral density

 e for core crossing trajectories (see Fig. 1 ). 
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Fig. 2. Two-dimensional projections of the allowed regions from the global analysis of oscillation data from Ref. [52] in the relevant combinations giving the flavor content 

at the Earth. The allowed regions are shown at 90%, 95% and 3 σ CL. In the upper panels we show the regions for four initial flavor compositions (ξ s 
e : ξ

s 
μ : ξ s 

τ ) = ( 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, (ξ s 
e : ξ

s 
μ : ξ s 

τ ) = (x : 1 − x : 0) for 0 ≤ x ≤ 1, and (ξ s 
e : ξ

s 
μ : ξ s 

τ ) = 

(x : y : 1 − x − y ) for 0 ≤ x , y ≤ 1. 

ξ ed
/ξ
e⊕

ξ μd /
ξ μ⊕

ξ τd /
ξ τ⊕

cosΘz cosΘz cosΘz

Fig. 3. Flavor ratios at the detector as a function of the zenith angle of the neu- 

trino normalized to the expectation in the absence of NSI and for oscillation pa- 

rameters at the best fit of the global analysis ( sin 
2 θ12 = 0 . 305 , sin 

2 θ13 = 0 . 0219 , 

sin 
2 θ23 = 0 . 579 , and δCP = 254 ◦). For the left (central) [right] panels the only non- 

vanishing NSI parameters are ε eμ = 0 . 04 ( ε eτ = −0 . 05 ) [ ε eμ = ε eτ = −0 . 04 ]. The dif- 

ferent curves correspond to different flavor composition at the source: (ξ s 
e : ξ

s 
μ : 

ξ s 
τ ) = (1 : 0 : 0) (full black), (0: 1: 0) (dashed red), ( 1 

2 
: 1 

2 
: 0) (dotted purple), and 

( 1 
3 

: 2 
3 

: 0) (dash-dotted blue). (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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Next we show how the allowed regions in the ternary plots

hown in Fig. 2 are modified when including the effect of the NSI

resently allowed at given CL. In order to do so we project the χ2 

f the global analysis of oscillation data in the presence of arbi-

rary NSI on the relevant combinations entering in the flavor ra-

ios within a given CL. The results are shown in Figs. 4 , 5 and 6

or the flavor compositions at source (ξ s 
e : ξ s 

μ : ξ s 
τ ) = (1 : 0 : 0) , (0:

: 0) and ( 1 3 : 2 
3 : 0) , respectively. The results are shown averaged

ver four zenith angular directions. 

Comparing the allowed regions in Figs. 4 and 5 with the cor-

esponding ones for (1: 0: 0) and (0: 1: 0) compositions in the

ase of standard 3 ν oscillations given in Fig. 2 we see that the fla-

or ratios can take now much wider range of values in any of the

enith angle ranges considered. Moreover, although sizable devia-

ions from (ξ d 
e : ξ d 

μ : ξ d 
τ ) = ( 1 3 : 1 

3 : 1 
3 ) are possible, the allowed re-

ions now extend to include ( 1 3 : 1 
3 : 1 

3 ) at CL of 3 σ or lower. We

lso see that the larger CL region becomes smaller for most verti-

al arrival directions (see the relative size of the light blue regions

n the two lower triangles on these figures). This is so because at

hose CL for the larger values of ε allowed the NSI-induced oscil-

ations are fast enough to be averaged out 〈 sin 

2 (	ε i j 
d e 
2 ) 〉 ∼ 1 

2 for

hose trajectories while the value in the second most vertical an-

ular bin can be in average larger than 1/2. For contrast, as illus-

rated in Fig. 6 , for the case of flavor composition at the source

(ξ s 
e : ξ s 

μ : ξ s 
τ ) = ( 1 3 : 2 

3 : 0) NSI in the Earth never induce sizable

odifications of the expectation (ξ d 
e : ξ d 

μ : ξ d 
τ ) = ( 1 3 : 1 

3 : 1 
3 ) . 

. Conclusions 

The measurement of the flavor composition of the detected

ltra-high energy neutrinos can be a powerful tool to learn about

he mechanisms at work in their sources. Such inference, however,
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Fig. 4. Allowed regions for the flavor ratios in the presence of NSI in the Earth at 90, 95% and 3 σ CL for an initial flavor (ξ s 
e : ξ

s 
μ : ξ s 

τ ) = (1 : 0 : 0) . The four triangles 

correspond to averaging over neutrinos arriving with directions given in the range 0 ≥ cos �z > −0 . 25 (upper left), −0 . 25 ≥ cos �z > −0 . 5 (upper right) −0 . 5 ≥ cos �z > 

−0 . 75 (lower left), and −0 . 75 ≥ cos �z ≥ −1 (lower right). 

Fig. 5. Same as Fig. 4 for (ξ s 
e : ξ

s 
μ : ξ s 

τ ) = (0 : 1 : 0) . 
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relies on the understanding of the particle physics processes rele-

vant to the neutrino propagation from the source to the detector.

The presence of NP effects beyond those of the well established

mass-induced 3 ν 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

f the neutrinos in the Earth matter. The relevant flavor transition

robabilities accounting from oscillations from the source to the

arth plus NSI in the Earth are energy independent but depend on

he zenith angle of the arrival direction of the neutrinos, which is

 characteristic feature of this form of NP. Quantitatively, we have
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Fig. 6. Same as Fig. 4 for (ξ s 
e : ξ

s 
μ : ξ s 

τ ) = ( 1 
3 

: 2 
3 

: 0) . 
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[  

 

hown that within the presently allowed range of NSI large devia-

ions from the standard 3 ν oscillation predictions for the detected

avor composition can be expected, in particular for fluxes dom-

nated by one flavor at the source. On the contrary we find that

he expectation of equalized flavors in the Earth for sources dom-

nated by production via pion-muon decay-chain is robust even in

he presence of this form of NP. 
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