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Neutrino properties can be constrained by the detection of ultra-high energy cosmic neutrinos
(UHECNS). By using the updated global fitting results of neutrino mixing parameters, we present
predictions on the neutrino flavor ratios at the Earth from three possibly astrophysical sources.
Comparing with the latest IceCube data, we find that the normal hierarchy (NH) and inverted
hierarchy (IH) cases from the initial ratios ¢J, : ¢} : ¢ =1:2:0 and 0:1:0 are compatible with
the data in the standard neutrino oscillation scenario. We also examine the neutrino flavor ratios
in a neutrino decay scenario beyond the standard model, and introduce the special case that two
mass eigenstates of neutrinos, i.e., v; and vy, are degenerated. We find that the IH case and the
degenerate NH case from the 1:2:0 and 0:1:0 sources are still permissible with the IceCube data
within the 30 error range. The general constraints only rely on the neutrino mixing and oscillation

framework are also discussed.

PACS Numbers: 14.60.Pq, 95.85.Ry, 13.35.Hb

The properties of neutrinos are under active
investigations from various experiments. The
neutrino oscillation has been well established by
the experiments with solar, atmospheric, reactor
and accelerator neutrinos in recent decades [1-9].
There have been a number of new measurements
on the neutrino mass splitting recently [10-13].
However, the hierarchy of mass eigenstates is still
undecided, and it is also not clarified yet whether
neutrinos are Dirac or Majorana fermions.

The detection of ultra-high energy cosmic neu-
trinos (UHECNs) can provide us information
concerning neutrino properties [14, 15]. There
are many running or on-going experiments such
as ANITA [16], ARA [17], and IceCube [18]. The
IceCube collaboration just reported the latest re-
sults of ultra-high energy cosmic neutrino fla-
vor ratios [19, 20]. The UHECNs with energy
above 107 eV are expected to arise from a se-
ries of processes in the ultra-high energy cosmic
rays (UHECRs). One of the components of the
UHECRS is the ultra-high energy proton flux,
which is thought to origin from the extra-galactic
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processes such as gamma-ray bursts (GRBs) or
active galactic nuclei (AGNs) [21].
celerated protons may scatter with the inter-
galactic medium or the cosmic microwave back-
ground (CMB) photons and generate the pions:

(1)
(2)

The proton-photon scattering in Eq. (2) is known
as the Greisen-Zatasepin-Kuzmin (GZK) pro-
cess [22, 23]. The charged pions and their muon
daughters generate the UHECNs by the decay
chains

These ac-

0
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which result in the most conventional initial ra-
tios in the pion-decay case [24, 25]

3@:¢2ﬂ:¢37:1:2:0. (5)

Besides the pion decays, some other generative
mechanisms of UHECNs were proposed. If the
muons lost energy while they are going through
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Table 1: The global fit of neutrino mixing parameters [31], with NH or TH denoting the normal or inverted

hierarchy of mass eigenstates.

parameter best fittlo 30 range
sin? 015(NH or TH)  0.30470513  0.270 — 0.344
sin? fo3(NH) 0.45270:9%2  0.382 — 0.643
sin” 03 (IH) 0.579T005f  0.389 — 0.644
sin? 0;3(NH) 0.0218T95019  0.0186 — 0.0250
sin® 013 (IH) 0.021973509  0.0188 — 0.0251
§/°(NH) 306139 0 — 360
§/°(TH) 254763 0 — 360

strong magnetic fields or matters [26, 27], the en-
ergy of v, and 7, emitted in the secondary decays
in Egs. (3) and (4) are lower than the ultra-high
energy range we concern. Hence, at high energy
the v, flux is decreased and the ratios approxi-
mately change into the muon-damped case:

0

Ve *

0
vyt

0 =0:1:0. (6)
On the other hand, the decays of neutrons from
the heavy nuclei photo-dissociation provide a
pure U, generation to bring the ratios in the

neutron-beam case [28]:

0

Ve °

0
vyt

0

Vr

=1:0:0. (7)
The flavor ratio detection can provide us infor-
mation concerning the UHECN sources.

Since the neutrinos are mixing among the
mass eigenstates in the flavor eigenstates, the
neutrino flavor ratios change during propagat-
ing and the final ratios at Earth are different
from the initial ratios at sources. In the three-
generation neutrino framework, the neutrino
mixing is well described by a 3 x 3 unitary ma-
trix U which is known as the Pontecorvo-Maki-
Nakawaga-Sakata (PMNS) mixing matrix [29,
30]. The flavor mixing of three neutrino gen-
erations is written as

lv) = ZUsz% (8)

where the subscripts [
flavour eigenstates and j
mass eigenstates. In the standard parametriza-
tion, the PMNS matrix is expressed by three
mixing angles 612, 613, 623 and one CP-phase an-

= e,u, 7 denote the
= 1,2, 3 represent the
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gle ¢ in a form

V (612, 023,013, 6)

c12€13

is
—C12523513€' — $12C23

is
—c12c23513€" + 512523

512€13

is
—512523513€" + €12C23

is
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(9)

523C13
C23C13

)

where s;; and ¢;; denote sin 6;; and cos 0;; (i, j =
1,2,3). Here we use the recently updated global
fit data [31] listed in Table 1.

For an individual neutrino arisen at a deter-
mined position, the transition probability is re-
lated to the mass square difference and the prop-
agation length. But if performing an average
over all the neutrinos arisen at arbitrary posi-
tions, only mixing parameters are related to the
ratio changes. The flavor ratio detected at Earth
#2 is written as [25]

o = Z Ui 2| Upi|* 9}

T
Ui

(10)

If considering a tribimaximal mixing case, the
flavor ratios in Eq. (5) originated from the pion-
decay sources change into [25]

S . D . 4D
1/5'¢Z/H' vr

(11)

W =
W —
W =

Using the global fitting values of mixing param-
eters, we can evaluate the final detected flavor
ratios of different initial ratios discussed above.
The results are shown in Table 2 and Fig. 1. The
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Table 2: The predicted flavor ratios of neutrinos at the Earth in different cases and initial ratios. The ratios
are in the v, : v, : v, order. The best-fit data of the IceCube experiment can be found in Refs. [19, 20].

cases ratios at source ratios at the Earth
1:2:0 0.35: 0.33 : 0.32 (NH)
0.31 : 0.35 : 0.34 (IH)
standard 0:1:0 0.25: 0.36 : 0.39 (NH)
oscillation 0.19 : 0.43 : 0.38 (IH)
1:0:0 0.55 : 0.25 : 0.20 (NH)
0.55 : 0.19 : 0.26 (IH)
decay (NH) 0.68: 0.21 : 0.11
decay (TH) 0.02: 0.57: 0.41
1:2:0 0.50 : 0.27 : 0.23
deacy 0:1:0 0.47 : 0.28 : 0.25
(degenerate) 1:0:0 0.56 : 0.25: 0.19
IceCube 0.49 : 0.51 : 0 (new)
best-fit 0:0.2:0.8 (old)

ratios in a determinate mass hierarchy are in a
line, because the ratios at source are linear cor-
related, i.e.,

(1:2:0)=(1:0:0)+2x(0:1:0). (12)
The ranges marked by the solid lines in Fig. 1
represent the error ranges due to the 30 range of
the mixing parameters. Comparing with the lat-
est data from the IceCube experiment [19, 20],
we find that in both NH and IH cases, the
pion-decay sources and muon-damped sources
are compatible with the IceCube data, but
the neutron-beam sources are disfavored even
thought we broaden the error range to 3o. Since
the flavor ratios in different mass hierarchy cases
have distinct deviations, it is expected that the
future data can put a stronger constraint on the
mass hierarchy in the standard oscillation sce-
nario.

Now we consider a new scenario beyond the
standard model. Since the splitting among three
mass eigenstates have been detected, the heav-
ier neutrinos may decay into the lighter ones via
flavor changing processes [32-34]. The dominate
neutrino decay manner is thought to be

v —»vi+X andy; = v + X, (13)
where v; (i = 1,2,3) are neutrino mass eigen-
states and X is a very light or massless particle,
e.g., a Majoron [14]. Many more detailed dis-
cussions have been proposed [15, 35-38]. Since

IceCube data
X hew
+ old
std. scenario
e 1:2:0 (NH)

Fig. 1: The comparison of the predicted flavor ratios
at Earth in the standard oscillation scenario with the
IceCube data. The NH cases are marked by the solid
points corresponding to the initial ratios by shapes,
and the TH cases are marked by the open points. The
regions marked by the solid lines represent the error
ranges due to the 30 range of mixing parameters. The
68% and 95% confidence regions of the IceCube data
are also indicated.

the exiting limit on the half-life 7 of the de-
cay channel in Eq. (13) is too weak to elimi-
nate the UHECN decay with high energy and
lengthy propagation, i.e., L > 7, only the light-
est neutrino can arrive at Earth. Thus, the fi-
nal flavor ratios detected at Earth depend on
the mass hierarchy and the mixing parameters.
The mass hierarchy determines the remain mass
eigenstate, and the mixing parameters determine
the flavor components of each mass eigenstate. If

17
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the neutrino mass eigenstates are in normal hi-
erarchy (NH), i.e., m3 > mg > my, the UHECN
beam contains the only stable mass state v1. So
that Eq. (10) reduces to

¢ = |Un*. (14)

The flavor ratios at Earth are

06 105,505, = 008 021G

08 0.1110 50

(15)
The 30 range of the mixing parameters is con-
sidered in the error calculation. A probable ratio
is an arbitrary but unitary combination of the
three ¢;’s in the error range, as shown in Fig. 1.
If the neutrino mass eigenstates are inverted hi-
erarchy (IH), i.e., mg > m; > mg, the remain
mass eigenstate turns to be v3. Hence the flavor
ratios at Earth change into

bo by by = 0.0270003 £ 0.417506

£ 0.57109%
(16)

Further more, we consider the neutrino decay
in degenerate cases. Since the mass splitting be-
tween 11 and vy, i.e., Am3,, is two orders of
magnitude smaller than Am3; and AmZ, [10-
12], it is possible to conjecture that the mass
eigenstates v; and vy are approximatively de-
generate relative to v3 [39]. This assumption is
supported by the experiments of the neutrino-
less double beta decay [39] and the cosmolog-
ical observations [40], since the mass splitting
Am3; is much smaller than the bounds of ab-
solute mass scales. For the inverted hierarchy,
both v; and 1o decay to vs, so still only the vg
is stable. Hence, the degenerate TH case leads
to the same result as that of the non-degenerate
IH case. But in the normal hierarchy case, v
is the heaviest mass eigenstate, so both v; and
1o are stable due to the degeneration. Each sta-
ble mass eigenstate originates from not only the
initial flavor eigenstates but also the 3 decay.
Since the flavor components of 11 and vy are dis-
parate, i.e., U # Uja, and the branching ratios
of the v3 decay may be different, the latter two
factors in Eq. (10) can not be cancelled. That
is to say, the final flavor ratios at the Earth are
related to the initial flavor ratio source and the
branching ratios. As a straightforward assump-
tion, i.e., letting the branching ratios of 1y and
vo both being equal to 50%, Eq. (10) changes to

of = 2 0P (Uil + U /269

T
Ui

(17)
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IceCube data
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0.00 0.17 0.33 0.50v 0.67 0.83 1.00
e

Fig. 2: The comparison of the predicted flavor ratios
in the the neutrino decay scenario with the IceCube
data. The non-degenerated cases in NH and ITH are
marked by the inverted triangles. The points of the
degenerated cases from different sources are in a line,
for the similar reason of the standard oscillation sce-
nario in Fig. 1.

where i = 1,2 and I’ = e, u, 7. Then we can get
different final flavor ratios for different sources.

The results of neutrino decay scenarios are
shown in Table 2 and Fig. 2. The 30 error re-
gions of degenerate NH cases are smaller than
those of non-degenerate cases, because the flavor
ratios in Eq. (17) are more complicated and the
errors from different mixing parameters cancel
each other, due to the unitary of the PMNS ma-
trix. The error region of the IH case is narrower
along the v, direction, because the error range of
015 is much smaller than those of other mixing
parameters. We can find that the IH case (only
v3 is stable) and the degenerate NH case from the
pion-decay sources (1:2:0) and the muon-damped
sources (0:1:0) are compatible with the IceCube
data at the 30 error range, although the best-fit
points in these cases are at the boundary of 95%
confidence region. The non-degenerate NH case
and the degenerate NH case from the neutron-
beam sources (1:0:0) are disfavored comparing
with the latest IceCube data.

In the early years, the flavor ratios of UHECNs
were discussed on a premise that the matrix el-
ement Uiz is vanishing [14, 15]. After the dis-
covery of the non-vanishing mixing angle ;3 [9],
many theoretical calculations based on the up-
dated mixing parameters are proposed [41-49],
in both standard and non-standard scenarios.
According to the new result announced by the
IceCube collaboration [20], two kinds of sources

18
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Fig. 3: The comparison of the predicted flavor ratios
in the arbitrary initial ratio scenario with the IceCube
data. The best fit regions in NH and IH are the
line shape region and the thin triangle in the middle
area. The 30 region is denoted by the filled area.
The IceCube best fit points, 68% and 95% confidence
regions are also shown as comparisons.

in the standard oscillation scenario, i.e., pion-
decay sources and muon-damped sources, are
well compatible with the new IceCube data,
while the non-standard oscillation scenarios have
not been found. We propose a new probable
case that the mass eigenstates m; and moy are
degenerate in the neutrino decay scenario. The
degeneracy of mass eigenstates changes the sta-
ble states, and results in different final flavor ra-
tios from different sources. In the degenerate NH
case, we find that the theoretical predictions of
the neutrino decay scenario are still permissible
comparing with the IceCube data, by using the
updated global fitting mixing parameters.

In the discussions above, the initial flavor ra-
tio at the source was introduced as a constraint.
Different initial ratios lead to different final ra-
tios that are detectable by the IceCube experi-
ment. Hence, one can conjecture which source
or sources play the major roles according to the
IceCube data or which way of the neutrino decay
is probable, according to the IceCube data. On
the other hand, if all the possible initial ratios
are included, i.e., the initial ratios are arbitrary,
one can also get a constraint on the final ratios
by the restrict on the neutrino mixing and oscil-
lation only. Here we consider a general example
that not only flavor ratio is arbitrary, even the
ratio of mass eigenstates is also arbitrary, which
means the mass eigenstates are allowed to be in-
coherent during propagating. The later case is

October-December 2015
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more general since it can completely cover the
region of the former case. Fig. 3 shows the fi-
nal ratios with the mixing parameters best fit
regions and the 30 regions in both NH and TH
case, compared with the IceCube data. The 3o
regions in NH and TH case are almost the same.
In Fig. 3, the best fit regions makes up only a
very small portion in the ratio triangle, no mat-
ter in NH or IH case. It suggests that the neu-
trino mixing framework can actually provide a
strong constraint on the flavor ratio detected at
Earth, no matter what happened at the source.

Another point can not be neglected is that the
best fit points of the IceCube data are not cov-
ered by the general 30 region, though the 95%
and 68% confidence regions overlap with the 3o
region in some areas. That may indicate the
probability of new physics models beyond the
the neutrino mixing and oscillation framework
today. It is well expected that the UHECNs de-
tections can be used as constraints of the mixing
parameters and the mechanism.

In summary, we discuss the flavor ratios of
UHECNS originated from three possibly astro-
physical sources. The final flavor ratios at the
FEarth depend on the initial ratios because of the
neutrino oscillation or the neutrino decay. By us-
ing the recently updated global fitting results of
mixing parameters, we evaluate the final flavor
ratios within the 3¢ error range, and compare
our results with the recent IceCube data [19, 20].
In the standard oscillation scenario, both NH
and IH cases from the pion-decay sources (1:2:0)
and the muon-damped sources (0:1:0) are com-
patible with the IceCube data, but the neutron-
beam sources (1:0:0) are disfavored for both NH
and TH cases. If considering the neutrino decay,
we find that the IH case and the degenerate NH
case from the 1:2:0 and 0:1:0 sources are permis-
sible within the 30 error range, while the non-
degenerate NH case or the degenerate NH case
from the 1:0:0 sources are disfavored with the
data. If removing all the other restricts but neu-
trino mixing and oscillation, we can also get a
constraint on the final ratios. Since the differ-
ence between NH and IH cases are considerably
significant in the standard scenario, the decay
scenario and the general constraint, the future
data of UHECNSs can provide us more informa-
tion on the neutrino properties.
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