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Neutrino telescopes as a probe of active and sterile neutrino mixings

Zhi-zhong Xinga

aInstitute of High Energy Physics, P.O. Box 918, Beijing 100049, China

If the ultrahigh-energy (UHE) neutrino fluxes produced from a distant astrophysical source can be measured at a
km3-size neutrino telescope, they will provide a promising way to help determine the flavor mixing pattern of three
active neutrinos. Considering the conventional UHE neutrino source with the flavor ratio φe : φµ : φτ = 1 : 2 : 0,
I show that φD

e : φD

µ : φD

τ = (1− 2∆) : (1 + ∆) : (1 + ∆) holds at the detector of a neutrino telescope, where ∆
characterizes the effect of µ-τ symmetry breaking (i.e., θ13 6= 0 and θ23 6= π/4). Current experimental data yield
−0.1 ≤ ∆ ≤ +0.1. It is also possible to probe ∆ by detecting the νe flux of E

ν
e

≈ 6.3 PeV via the Glashow

resonance channel νee → W− → anything. Finally, I give some brief comments on the possibility to constrain
the mixing between active and sterile neutrinos by using the UHE neutrino telescopes.

1. Introduction

The solar [1], atmospheric [2], reactor [3] and
accelerator [4] neutrino experiments have pro-
vided convincing evidence for the existence of
neutrino oscillations and opened a window to new
physics beyond the standard model. The neutrino
mixing is described by a unitary matrix V ,




νe
νµ
ντ



 =





Ve1 Ve2 Ve3

Vµ1 Vµ2 Vµ3

Vτ1 Vτ2 Vτ3









ν1
ν2
ν3



 . (1)

In the “standard” parametrization of V [5], one
defines Ve2 = sin θ12 cos θ13, Ve3 = sin θ13e

−iδ and
Vµ3 = sin θ23 cos θ13. Here I have omitted the Ma-
jorana CP-violating phases from V , because they
are irrelevant to the properties of neutrino oscil-
lations to be discussed. A global analysis of cur-
rent experimental data (see, e.g., Ref. [6]) points
to θ13 = 0 and θ23 = π/4, which motivate a num-
ber of authors to consider the µ-τ permutation
symmetry for model building [7].
The main purpose of my talk is to investigate

how the effect of µ-τ symmetry breaking can show
up at a neutrino telescope. I anticipate that Ice-
Cube [8] and other second-generation neutrino
telescopes [9] are able to detect the fluxes of
ultrahigh-energy (UHE) νe (νe), νµ (νµ) and ντ
(ντ ) neutrinos generated from very distant as-
trophysical sources. For most of the currently-
envisaged sources of UHE neutrinos [10], a gen-
eral and canonical expectation is that the initial

neutrino fluxes are produced via the decay of pi-
ons created from pp or pγ collisions and their fla-
vor content can be expressed as

{

φe , φµ , φτ

}

=

{

1

3
,
2

3
, 0

}

φ0 , (2)

where φα (for α = e, µ, τ) denotes the sum of να
and να fluxes, and φ0 = φe + φµ + φτ is the total
flux of neutrinos and antineutrinos of all flavors.
Due to neutrino oscillations, the flavor composi-
tion of such cosmic neutrino fluxes to be measured
at the detector of a neutrino telescope has been
expected to be [11]

{

φD
e , φD

µ , φD
τ

}

=

{

1

3
,
1

3
,
1

3

}

φ0 . (3)

However, it is worth remarking that this naive
expectation is only true in the limit of µ-τ sym-
metry (or equivalently, θ13 = 0 and θ23 = π/4).
Starting from the hypothesis given in Eq. (2) and
allowing for the slight breaking of µ-τ symmetry,
I am going to show that

φD
e : φD

µ : φD
τ = (1− 2∆) : (1 + ∆) : (1 + ∆) (4)

holds to an excellent degree of accuracy, where ∆
characterizes the effect of µ-τ symmetry break-
ing (i.e., the combined effect of θ13 6= 0 and
θ23 6= π/4) [12]. I obtain −0.1 ≤ ∆ ≤ +0.1
from the present neutrino oscillation data. I
find that it is also possible to probe ∆ by de-
tecting the νe flux of Eν

e

≈ 6.3 PeV via the
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well-known Glashow resonance (GR) [13] channel
νee → W− → anything at a neutrino telescope.
Finally, I will give some comments on the possi-
bility to constrain the mixing between active and
sterile neutrinos by using neutrino telescopes.

2. Signals of µ-τ symmetry breaking

Let me define φ
(D)
α ≡ φ

(D)
ν
α

+ φ
(D)
ν
α

(for α =

e, µ, τ) throughout this paper, where φ
(D)
ν
α

and

φ
(D)
ν
α

denote the να and να fluxes, respectively.

As for the UHE neutrino fluxes produced from
the pion-muon decay chain with φν

τ

= φν
τ

= 0,

the relationship between φν
α

(or φν
α

) and φD
ν
α

(or φD
ν
α

) is given by φD
ν
α

= φν
e

Peα + φν
µ

Pµα or

φD
ν
α

= φν
e

P̄eα + φν
µ

P̄µα, in which Pβα and P̄βα

(for α = e, µ, τ and β = e or µ) stand respectively
for the oscillation probabilities P (νβ → να) and
P (νβ → να). Because the Galactic distances far
exceed the observed neutrino oscillation lengths,
Pβα and P̄βα are actually averaged over many os-

cillations. Then I obtain P̄βα = Pβα and

Pβα =

3
∑

i=1

|Vαi|2|Vβi|2 , (5)

where Vαi and Vβi (for α, β = e, µ, τ and i =
1, 2, 3) denote the matrix elements of V defined
in Eq. (1). The relationship between φα and φD

α

turns out to be

φD
α = φePeα + φµPµα . (6)

To be explicit, I have

φD
e =

φ0

3

(

Pee + 2Pµe

)

,

φD
µ =

φ0

3

(

Peµ + 2Pµµ

)

,

φD
τ =

φ0

3

(

Peτ + 2Pµτ

)

. (7)

It is then possible to evaluate the relative sizes of
φD
e , φ

D
µ and φD

τ by using Eqs. (1), (5) and (7).
In order to clearly show the effect of µ-τ sym-

metry breaking on the neutrino fluxes to be de-
tected at neutrino telescopes, I define

ε ≡ θ23 −
π

4
, (|ε| ≪ 1) . (8)

Namely, ε measures the slight departure of θ23
from π/4. Using small θ13 and ε, I express |Vαi|2
(for α = e, µ, τ and i = 1, 2, 3) as follows:

[

|Vαi|2
]

=
1

2
A+ εB +

1

2
(θ13 sin 2θ12 cos δ)C

+O(ε2) +O(θ213) . (9)

where

A =





2 cos2 θ12 2 sin2 θ12 0
sin2 θ12 cos2 θ12 1
sin2 θ12 cos2 θ12 1



 ,

B =





0 0 0
− sin2 θ12 − cos2 θ12 1
sin2 θ12 cos2 θ12 −1



 ,

C =





0 0 0
1 −1 0
−1 1 0



 .

Eqs. (5) and (9) allow me to calculate Pβα:

Pee + 2Pµe = 1 +
θ13
2

sin 4θ12 cos δ

−ε sin2 2θ12 ,

Peµ + 2Pµµ = 1− θ13
4

sin 4θ12 cos δ

+
ε

2
sin2 2θ12 ,

Peτ + 2Pµτ = 1− θ13
4

sin 4θ12 cos δ

+
ε

2
sin2 2θ12 , (10)

where the terms of O(ε2) and O(θ213) are omitted.
Substituting Eq. (10) into Eq. (7), I get [12]

φD
e =

φ0

3
(1− 2∆) ,

φD
µ =

φ0

3
(1 + ∆) ,

φD
τ =

φ0

3
(1 + ∆) , (11)

where

∆ =
1

4

(

2ε sin2 2θ12 − θ13 sin 4θ12 cos δ
)

. (12)

Eq. (4) is therefore proved by Eq. (11). One
can see that φD

e + φD
µ + φD

τ = φ0 holds. Some
discussions are in order.



3

(1) The small parameter ∆ characterizes the
overall effect of µ-τ symmetry breaking. Allowing
δ to vary between 0 and π, I obtain the lower and
upper bounds of ∆ for given values of θ12 (< π/4),
θ13 and ε: −∆bound ≤ ∆ ≤ +∆bound, where

∆bound =
1

4

(

2|ε| sin2 2θ12 + θ13 sin 4θ12
)

. (13)

It is obvious that ∆ = −∆bound when ε < 0
and δ = 0, and ∆ = +∆bound when ε > 0 and
δ = π. A global analysis of current neutrino
oscillation data [6] indicates 30◦ < θ12 < 38◦,
θ13 < 10◦ (≈ 0.17) and |ε| < 9◦ (≈ 0.16) at the
99% confidence level, but the CP-violating phase
δ is entirely unrestricted. Using these constraints,
I analyze the allowed range of ∆ and its depen-
dence on δ. The maximal value of ∆bound (i.e.,
∆bound ≈ 0.098) appears when |ε| and θ13 ap-
proach their respective upper limits and θ12 ≈ 33◦

holds [12]. ∆bound is not very sensitive to the
variation of θ12 in its allowed region.
If θ13 = 0 holds, ∆bound = 0.5|ε| sin2 2θ12 <

0.074 when θ12 approaches its upper limit. If
ε = 0 (i.e., θ23 = π/4) holds, I obtain ∆bound =
0.25θ13 sin 4θ12 < 0.038 when θ12 approaches its
lower limit. Thus ∆bound is more sensitive to the
deviation of θ23 from π/4.
(2) Of course, ∆ = 0 exactly holds when θ13 =

ε = 0 is taken. Because the sign of ε and the
range of δ are both unknown, we are now unable
to rule out the nontrivial possibility ∆ ≈ 0 in
the presence of θ13 6= 0 and ε 6= 0. In other
words, ∆ may be vanishing or extremely small if
its two leading terms cancel each other. It is easy
to arrive at ∆ ≈ 0 from Eq. (12), if the condition

ε

θ13
= cot 2θ12 cos δ (14)

is satisfied. Because of | cos δ| ≤ 1, Eq. (14) im-
poses a strong constraint on the magnitude of
ε/θ13. The dependence of ε/θ13 on δ is illus-
trated in Ref. [12], where θ12 varies in its allowed
range. I find that |ε|/θ13 < 0.6 is necessary to
hold, such that a large cancellation between two
leading terms of ∆ is possible to take place.
The implication of the above result on UHE

neutrino telescopes is two-fold. On the one hand,
an observable signal of ∆ 6= 0 at a neutrino tele-

scope implies the existence of significant µ-τ sym-
metry breaking. If a signal of ∆ 6= 0 does not
show up at a neutrino telescope, on the other
hand, one cannot conclude that the µ-τ symme-
try is an exact or almost exact symmetry. It is
therefore meaningful to consider the complemen-
tarity between neutrino telescopes and terrestrial
neutrino oscillation experiments [14], in order to
finally pin down the parameters of neutrino mix-
ing and leptonic CP violation.
(3) To illustrate, I define the flux ratios

Re ≡ φD
e

φD
µ + φD

τ

,

Rµ ≡
φD
µ

φD
τ + φD

e

,

Rτ ≡ φD
τ

φD
e + φD

µ

, (15)

which may serve as the working observables at
neutrino telescopes [15]. At least, Rµ can be ex-
tracted from the ratio of muon tracks to show-
ers at IceCube [8], even if those electron and tau
events cannot be disentangled. Taking account of
Eq. (11), I approximately obtain

Re ≈ 1

2
− 3

2
∆ ,

Rµ ≈ 1

2
+

3

4
∆ ,

Rτ ≈ 1

2
+

3

4
∆ . (16)

It turns out that Re is most sensitive to the effect
of µ-τ symmetry breaking.
Due to φD

µ = φD
τ shown in Eq. (11), Rµ = Rτ

holds no matter whether ∆ vanishes or not. This
observation implies that the “µ-τ” symmetry be-
tween Rµ and Rτ is actually insensitive to the
breaking of µ-τ symmetry in the neutrino mass
matrix. If both Re and Rµ are measured, one
can then extract ∆ from their difference:

Rµ −Re =
9

4
∆ . (17)

Taking ∆ = ∆bound ≈ 0.1, we get Rµ−Re ≤ 0.22.

3. On the Glashow resonance

I proceed to discuss the possibility to probe the
breaking of µ-τ symmetry by detecting the νe
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flux from distant astrophysical sources through
the so-called Glashow resonance (GR) channel
νee → W− → anything [13]. The latter can take
place over a very narrow energy interval around
the νe energy EGR

ν
e

≈ M2
W /2me ≈ 6.3 PeV. A

neutrino telescope may measure both the GR-
mediated νe events (N

GR
ν
e

) and the νµ+νµ events

of charged-current (CC) interactions (NCC
ν
µ
+ν

µ

)

in the vicinity of EGR
ν
e

. Their ratio, defined as

RRG ≡ NGR
ν
e

/NCC
ν
µ
+ν

µ

, can be related to the ratio

of νe’s to νµ’s and νµ’s entering the detector,

R0 ≡
φD
ν
e

φD
ν
µ

+ φD
ν
µ

. (18)

Note that φD
ν
e

, φD
ν
µ

and φD
ν
µ

stand respectively

for the fluxes of νe’s, νµ’s and νµ’s before the
RG and CC interactions occur at the detector.
In a recent paper [16], RGR = aR0 with a ≈ 30.5
has been obtained by considering the muon events
with contained vertices [17] in a water- or ice-
based detector. An accurate calculation of a is
crucial for a specific neutrino telescope to detect
the GR reaction rate, but it is beyond the scope of
this talk. Here I only concentrate on the possible
effect of µ-τ symmetry breaking on R0.

Provided the initial neutrino fluxes are pro-
duced via the decay of π+’s and π−’s created from
high-energy pp collisions, their flavor composition
can be expressed in a more detailed way as

{

φν
e

, φν
µ

, φν
τ

}

=

{

1

6
,
1

3
, 0

}

φ0 ,

{

φν
e

, φν
µ

, φν
τ

}

=

{

1

6
,
1

3
, 0

}

φ0 . (19)

In comparison, the flavor content of UHE neu-
trino fluxes produced from pγ collisions reads

{

φν
e

, φν
µ

, φν
τ

}

=

{

1

3
,
1

3
, 0

}

φ0 ,

{

φν
e

, φν
µ

, φν
τ

}

=

{

0 ,
1

3
, 0

}

φ0 . (20)

For either Eq. (19) or Eq. (20), the sum of φν
α

and φν
α

is consistent with φα in Eq. (2).
Due to neutrino oscillations, the νe flux at the

detector of a neutrino telescope is given by φD
ν
e

=

φν
e

P̄ee + φν
µ

P̄µe. With the help of Eqs. (5), (9),

(19) and (20), I explicitly obtain

φD
ν
e

(pp) =
φ0

6
(1− 2∆) ,

φD
ν
e

(pγ) =
φ0

12

(

sin2 2θ12 − 4∆
)

. (21)

The sum of φD
ν
µ

and φD
ν
µ

, which is defined as φD
µ ,

has been given in Eq. (11). It is then straightfor-
ward to calculate R0 by using Eq. (18) for two
different astrophysical sources:

R0(pp) ≈ 1

2
− 3

2
∆ ,

R0(pγ) ≈ sin2 2θ12
4

− 4 + sin2 2θ12
4

∆ . (22)

This result indicates that the dependence of
R0(pp) on θ12 is hidden in ∆ and suppressed
by the smallness of θ13 and ε. In addition, the
deviation of R0(pp) from 1/2 can be as large
as 1.5∆bound ≈ 0.15. It is obvious that the
ratio R0(pγ) is very sensitive to the value of
sin2 2θ12. A measurement of R0(pγ) at IceCube
and other second-generation neutrino telescopes
may therefore probe the mixing angle θ12 [16].
Indeed, the dominant production mechanism for
ultrahigh-energy neutrinos at Active Galactic Nu-
clei (AGNs) and Gamma Ray Bursts (GRBs) is
expected to be the pγ process in a tenuous or
radiation-dominated environment [18]. If this ex-
pectation is true, the observation of R0(pγ) may
also provide us with useful information on the
breaking of µ-τ symmetry.

4. Comments on sterile neutrinos

Today we are not well motivated to consider
the existence of very light sterile neutrinos, which
may take part in the oscillations of active neutri-
nos and change the conventional interpretation
of current experimental results [6]. In particular,
it is hard to simultaneously interpret the LSND
anomaly [19] and other convincing neutrino os-
cillation data by introducing one or two sterile
neutrinos. The mixing between sterile and active
neutrinos has to be sufficiently suppressed; oth-
erwise, it might bring sterile neutrinos in equi-
librium with active neutrinos before neutrino de-
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coupling — the resultant excess in energy depen-
dence would endanger the Big Bang nucleosyn-
thesis of light elements [20]. If the mass-squared
differences between active and sterile neutrinos
are of O(10−11) eV2 or smaller, however, neu-
trino oscillations will not produce and maintain a
significant sterile neutrino population. This case
has been considered in Ref. [21] with a conclusion
that the UHE neutrinos may offer a unique oppor-
tunity to probe neutrino oscillations in the mass-
squared range 10−16 eV2 ≤ ∆m2 ≤ 10−11 eV2, a
region which is not accessible by any other means.
The possible effects of sterile neutrinos on the

UHE neutrino fluxes have been discussed in the
literature (see, e.g., Refs. [21] and [22]). For sim-
plicity, I do not elaborate on them in this talk.
I only emphasize that some of such discussions
are already out of date, because the experimental
constraints on the mixing between sterile and ac-
tive neutrinos have become more stringent than
before. Whether the light sterile neutrinos exist
or not remains an open question.

5. Comments on the ratio φe : φµ : φτ

What I have so far considered is the canon-
ical or conventional astrophysical source, from
which the UHE neutrino flux results from the
pion decays and thus has the flavor composition
φe : φµ : φτ = 1 : 2 : 0. In reality, however, this
simple flavor content could somehow by contami-
nated for certain reasons (e.g., a small amount of
νe, νµ and ντ and their antiparticles might come
from the decays of heavier hadrons produced by
pp and pγ collisions. Following a phenomenologi-
cal approach, Zhou and I [15] proposed a generic
parametrization of the initial flavor composition
of an UHE neutrino flux:




φe

φµ

φτ



 =





sin2 ξ cos2 ζ
cos2 ξ cos2 ζ

sin2 ζ



φ0 , (23)

where ξ ∈ [0, π/2] and ζ ∈ [0, π/2]. Then the
conventional picture, as shown in Eq. (2), corre-
sponds to ζ = 0 and tan ξ = 1/

√
2 (or ξ ≈ 35.3◦)

in our parametrization. It turns out that any
small departure of ζ from zero will measure the
existence of cosmic ντ and ντ neutrinos, which

could come from the decays ofDs and BB mesons
produced at the source [11]. On the other hand,
any small deviation of tan2 ξ from 1/2 will imply
that the pure pion-decay mechanism for the UHE
neutrino production has to be modified.
After defining three neutrino flux ratiosRα (see

Eq. (15) for α = e, µ, τ) as our working observ-
ables at a neutrino telescope, we have shown that
the source parameters ξ and ζ can in principle
be determined by the measurement of two inde-
pendent Rα and with the help of accurate neu-
trino oscillation data [15]. We have also examined
the dependence of Rα upon the smallest neutrino
mixing angle θ13 and upon the Dirac CP-violating
phase δ. Our numerical examples indicate that it
is promising to determine or (at least) constrain
the initial flavor content of UHE neutrino fluxes
with the second-generation neutrino telescopes.

6. Concluding remarks

I have discussed why and how the second-
generation neutrino telescopes can serve as a
striking probe of broken µ-τ symmetry. Based
on the conventional mechanism for UHE neutrino
production at a distant astrophysical source and
the standard picture of neutrino oscillations, I
have shown that the flavor composition of cosmic
neutrino fluxes at a terrestrial detector may de-
viate from the naive expectation φD

e : φD
µ : φD

τ =

1 : 1 : 1. Instead, φD
e : φD

µ : φD
τ = (1 − 2∆) :

(1 + ∆) : (1 + ∆) holds, where ∆ characterizes
the effect of µ-τ symmetry breaking. The latter
is actually a reflection of θ13 6= 0 and θ23 6= π/4
in the 3 × 3 neutrino mixing matrix. I have ex-
amined the sensitivity of ∆ to the deviation of
θ13 from zero and to the departure of θ23 from
π/4, and obtained −0.1 ≤ ∆ ≤ +0.1 from cur-
rent data. I find that it is also possible to probe
the breaking of µ-τ symmetry by detecting the νe
flux of Eν

e

≈ 6.3 PeV via the Glashow resonance

channel νee → W− → anything.
This work, different from the previous ones (see

Refs. [14,15,16,23]) in studying how to determine
or constrain one or two of three neutrino mix-
ing angles and the Dirac CP-violating phase with
neutrino telescopes, reveals the combined effect
of θ13 6= 0, θ23 6= π/4 and δ 6= π/2 which can
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show up at the detector. Even if ∆ 6= 0 is estab-
lished from the measurement of UHE neutrino
fluxes, the understanding of this µ-τ symmetry
breaking signal requires more precise information
about θ13, θ23 and δ. Hence it makes sense to look
at the complementary roles played by neutrino
telescopes and terrestrial neutrino oscillation ex-
periments (e.g., the reactor experiments to pin
down the smallest neutrino mixing angle θ13 and
the neutrino factories or superbeam facilities to
measure the CP-violating phase δ) in the era of
precision measurements.

The feasibility of the above idea depends on the
assumption that we have correctly understood the
production mechanism of cosmic neutrinos from
a distant astrophysical source (i.e., via pp and pγ
collisions) with little uncertainties. It is also de-
pendent upon the assumption that the error bars
associated with the measurement of relevant neu-
trino fluxes or their ratios are much smaller than
∆. The latter is certainly a challenge to the sensi-
tivity or precision of IceCube and other neutrino
telescopes under construction or under considera-
tion, unless the effect of µ-τ symmetry breaking is
unexpectedly large. Nevertheless, any constraint
on ∆ to be obtained from neutrino telescopes will
be greatly useful in diagnosing the astrophysical
sources and in understanding the properties of
neutrinos themselves. Much more effort is there-
fore needed in this direction.

Finally, I would like to thank Y.Q. Ma and
other organizers for kind invitation and warm
hospitality. The symposium is as wonderful as
the beach in Wei Hai, a fantastic place which is
suitable for talking about the fantastic idea on
neutrino telescopes. I am also grateful to Z. Cao
and S. Zhou for many stimulating discussions on
UHE cosmic rays and neutrino astronomy.
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