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Resumen

El presente es el resultado de las investigaciones realizadas durante la maestría

en física bajo la supervisión de Alberto Gago. Se discutirán brevemente tres trabajos

realizados en este periodo con el fin de obtener el grado de Magíster en Física.

Durante la última década y media numerosos experimentos han demostrado que

los neutrinos se transforman entre sus diferentes sabores al propagarse. Las evi-

dencias de este fenómeno, denominado oscilaciones de neutrinos por su carácter

periódico, favorecen la hipótesis de que los neutrinos tienen masa y que los estados

de masa y de sabor están relacionados por una matriz no diagonal. Las oscilaciones

de neutrinos están caracterizadas por dicha matriz de mezcla y por las diferencias

de masas cuadradas entre los diferentes estados de masa. Las entradas de dicha ma-

triz de mezcla, llamada matriz Pontecorvo-Maki-Nakagawa-Sakata (PMNS), han

sido medidas con creciente precisión por los experimentos de oscilación de neutrinos

solares, atmosféricos, de reactores y de aceleradores. Recientemente se ha logrado

medir todos los ángulos de mezcla involucrados en la rotación de los estados de ma-

sa, abriendo la posibilidad de observar una fase de violación de CP diferente de cero.

Además, se ha establecido que hay, al menos, dos diferencias de masa cuadradas una

correspondiente a la escala de oscilación solar y la otra a la atmosférica. Se sabe el

orden entre los estados de masas que participan en la oscilación solar, pero no en el

caso de la atmosférica. Futuros experimentos pretenden medir con mayor precisión

la matriz de mezcla, determinar la jerarquía entre los estados de masa de neutrinos,

la existencia de una fase CP y probar o negar la existencia de más estados de masa.

La reciente construcción del telescopio de neutrinos IceCube en el polo sur ha

impulsado la búsqueda de física nueva en las fuentes astrofísicas vía el flujo de neu-

trinos de ultra alta energía. Para ello es importante tener un buen conocimiento

del flujo esperado, sobretodo, a altas energías, donde existen menos datos. Entre las

fuentes de neutrinos de ultra alta energía más importantes se encuentran los núcleos

activos de galaxias (NAG). En este contexto, estudiamos el flujo difuso de neutrinos



predicho por dos modelos de producción de neutrinos en NAG. Estos modelos asu-

men como válida la correlación entre las NAG y la dirección de los rayos cósmicos de

ultra alta energía hallada por el observatorio Pierre Auger (OPA) en Argentina. Tal

que los datos obtenidos sobre los flujos de rayos cósmicos de alta energía en OPA

pueden ser usados para estimar los flujos de neutrinos medidos acá en la tierra. No

obstante, la relación entre estos dos flujos no es directa sino que en ella intervienen

parámetros que dependen del modelo. En este estudio variamos los parámetros de

los modelos y comparamos el número de eventos con los limites recientemente im-

puestos por IceCube. Encontramos que ambos modelos se encuentras desfavorecidos,

por los limites actuales, y que en, caso de ser vistos, ellos podrían ser distinguidos

con alta significancia.

Otra de las búsquedas realizadas por IceCube, en el régimen de los neutrinos de

alta energía, son las señales de aniquilación de materia oscura provenientes del Sol.

Una propuesta popular es considerar que la materia oscura es un WIMP (Weakly

Interacting Massive Particle : Partículas Masivas de Interacción Débil). En este

contexto la materia oscura puede ser caracterizada, en primera instancia, por su

sección de choque y su masa. En los modelos donde el WIMP posee una sección de

choque dependiente del spín (SD) la interacción de la materia oscura local con el

Sol puede ser intensa. Esta interacción causaría una acumulación de materia oscura

en el centro del Sol. La cual podría aniquilarse en partículas del modelo estándar

las cuales, al decaer o interactuar con la materia solar, darían lugar a un flujo de

neutrinos activos. Es la esperanza de experimentos como IceCube que dicho flujo

de neutrinos sea observable. Hasta el momento no se ha observado dicho flujo, por

lo que IceCube ha puesto limites en la sección de choque de la materia oscura. En

este trabajo hacemos notar que dichos limites dependen de la forma de oscilación de

los neutrinos; la cual conecta el flujo de neutrinos al salir del Sol con el detectado

en la Tierra. En este trabajo consideramos modelos de neutrinos estériles. Estos

suponen la existencia de sabores adicionales de neutrinos que no interactúan vía el

boson Z, pero si se mezclan con los sabores activos afectando la probabilidad de

oscilación. Encontramos que las modificaciones de los limites de materia oscura, en

varios de estos modelos, son considerables debido a que aparecen nuevas resonancias,

inducidas por la materia solar, que magnifican la transición entre neutrinos activos

y estériles.

Como se ha hecho notar antes, la presencia de materia puede modificar sus-

tancialmente la probabilidad de oscilación de los neutrinos. Usando esta propiedad

planteamos un método para detectar regiones de densidad anómala en la corteza de

la Tierra. Consideramos el caso en que los neutrinos provienen de un rayo-beta de
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alta intensidad y un detector de carbono. Estudiamos la capacidad de esta configura-

ción de descubrir cavidades con alto nivel de confianza. Además, en el caso de poder

descubrirlas, estudiamos la capacidad que se tiene para medir sus parámetros, i.e.

densidad, tamaño y posición. Para ello estudiamos numéricamente cuatro cavidades

inspiradas en casos reales : una con una densidad similar al agua, otra de hierro,

otra de metales pesados y otra con una densidad de electrones similar a la que, su-

puestamente, aparece antes de un sismo. Reconstruimos la cavidad en cada uno de

los casos mencionados y analizamos la sensibilidad del método a la variación de los

parámetros. Adicionalmente, explicamos el comportamiento de nuestros resultados

teóricos con un modelo aproximado, llamado "slabs", en el que consideramos que la

densidad es constante por tramos en vez de depender continuamente del radio de la

Tierra. Finalmente dotamos de movilidad a nuestro detector y hacemos que nuestra

fuente de neutrinos sea un haz orientable con el fin de mover el haz para hacer un

barrido de toda la corteza terrestre. En este contexto definimos un parámetro que

nos permitiría evaluar fácilmente y con alta confianza la presencia de la cavidad.
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Abstract. We have determined the currently allowed regions of the parameter spaces of two
representative models of diffuse neutrino flux from active galactic nuclei (AGN): one by Koers
& Tinyakov (KT) and another by Becker & Biermann (BB). Our observable has been the
number of upgoing muon-neutrinos expected in the 86-string IceCube detector, after 5 years
of exposure, in the range 105 ≤ Eν/GeV ≤ 108. We have used the latest estimated discovery
potential of the IceCube-86 array at the 5σ level to determine the lower boundary of the
regions, while for the upper boundary we have used either the AMANDA upper bound on
the neutrino flux or the more recent preliminary upper bound given by the half-completed
IceCube-40 array (IC40). We have varied the spectral index of the proposed power-law fluxes,
α, and two parameters of the BB model: the ratio between the boost factors of neutrinos
and cosmic rays,Γ ν/ΓCR, and the maximum redshift of the sources that contribute to the
cosmic-ray flux, zmax

CR . For the KT model, we have considered two scenarios: one in which
the number density of AGN does not evolve with redshift and another in which it evolves
strongly, following the star formation rate. Using the IC40 upper bound, we have found that
the models are visible in IceCube-86 only inside very thin strips of parameter space and that
both of them are discarded at the preferred value of α = 2.7 obtained from fits to cosmic-ray
data. Lower values of α, notably the values 2.0 and 2.3 proposed in the literature, fare better.
In addition, we have analysed the capacity of IceCube-86 to discriminate between the models
within the small regions of parameter space where both of them give testable predictions.
Within these regions, discrimination at the 5σ level or more is guaranteed.
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1 Introduction

Active Galactic Nuclei (AGN) are the most luminous persistent objects in the Universe,
emitting radiation along almost the entire electromagnetic spectrum, with typical luminosities
on the order of 1042 erg s−1 (see, e.g., [1, 2]). There is evidence that supports the idea
that AGN are powered by matter accreting onto a central supermassive black hole, with a
mass between 106 and 1010 times the solar mass [3, 4]. In some cases an enormous amount
of energy is released in the form of two highly-collimated relativistic jets that emerge in
opposite directions, perpendicularly to the accretion disc. Although the composition of these
jets is unknown, it is widely believed that they contain high-energy charged particles, such as
electrons, protons, and ionised nuclei, which have been accelerated as a result of the repeated
crossings of the shock fronts that exist within gas clouds moving at relativistic speeds along
the jets. Such a process would be able to give protons and nuclei energies of up to ∼ 1020

eV [5, 6].
Recently, the Pierre Auger Observatory (PAO) claimed to have detected 69 cosmic-ray

events with energies above 55 EeV [7] (see also [8]), providing evidence of the anisotropy in
the arrival directions of utrahigh-energy cosmic rays (UHECRs). Based on the observation of
29 of these events having an angular separation of less than 3.1◦ from the positions of AGN
in the 12th edition Véron-Cetty & Véron catalogue [9], a possible correlation was found with
AGN lying relatively close, at distances of 75 Mpc or less. Even though the claim on the
correlation has lost some ground since the first publication of the Auger results [10, 11], it
still constitutes a possible hint towards identifying AGN as the sources of the highest-energy
cosmic rays. It is also believed that AGN could be sites of ultra-high-energy (UHE) neutrino
production. These would be produced in the interactions of UHE charged particles among
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themselves and with the ambient photons. Therefore, under the assumption that cosmic-ray
emission is accompanied by neutrino emission [12–14], Auger’s claim can be used to normalise
the neutrino flux predicted by astrophysical models of AGN.

In the present work, we have focused on two such models of neutrino production that
take into account Auger’s results: one by H. B. J. Koers & P. Tinyakov [15] and another one
by J. Becker & P. L. Biermann [16], which we will call hereafter the KT and BB models,
respectively. They differ greatly in their assumptions and, within some regions of their
parameter spaces, on their predictions of the neutrino fluxes. We have assessed the possibility
of observing these two fluxes in the km-scale IceCube neutrino telescope at the South Pole, by
allowing their respective model parameters to vary within given boundaries, and calculating
the corresponding number of high-energy muon-neutrinos expected in the detector. In doing
this, we have taken into account the experimental upper bound on the neutrino flux set
by the AMANDA-II experiment [17], an upper bound set by IceCube [18] in its 40-string
configuration, and the signal discovery potential of high-energy astrophysical neutrinos in
the completed 86-string IceCube array. Furthermore, we have also explored the parameter
space for regions where the event-number predictions from the two production models can
be distinguished from each other.

The remaining of the paper is divided as follows. In Section 2, we describe the salient fea-
tures of the KT and BB models, and show explicitly how the observations from the PAO enter
the flux normalisation. Section 3 introduces current and envisioned experimental bounds on
the high-energy extra-terrestrial neutrino flux. In Section 4 we allow the parameters in the
KT and BB models to vary within given bounds, and calculate the number of muon-neutrinos
in IceCube predicted by each, while, in Section 5, we present comparative plots of the two
models in parameter space. We summarise and conclude in Section 6.

2 Two models of neutrino production at AGN

AGN have long been presumed to be sites of high-energy neutrino production. In the scenario
of neutrino production by meson decay, it is assumed that inside the AGN protons are
accelerated through first-order Fermi shock acceleration [6, 19] and that pions are produced
in the processes

p+ γ → ∆+ →
{

p+ π0

n+ π+
, n+ γ → p+ π− , (2.1)

with branching ratios Br
(

∆+ → pπ0
)

= 2/3 and Br ( ∆+ → nπ+) = 1/3. The neutral pions
decay into gamma rays through π0 → γγ, while the charged pions decay into electron- and
muon-neutrinos through

π+ → νµ + µ+ → νµ + e+ + νe + νµ , π− → νµ + µ− → νµ + e− + νe + νµ . (2.2)

The gamma rays thus created may be obscured and dispersed by the medium, and the
protons will in addition be deviated by extragalactic magnetic fields on their journey to
Earth. Neutrinos, on the other hand, escape from the production site virtually unaffected by
interactions with the medium, so that, if their direction could be reconstructed at detection,
they could point back to their sources.

If neutrinos are produced by charged pion decay, then, from eq. (2.2), the ratios of the
different flavours (νx + νx) to the total flux are

φ0νe : φ
0
νµ : φ0ντ = 1 : 2 : 0 . (2.3)
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Under this assumption, by the time neutrinos reach Earth, standard mass-driven neutrino
oscillations will have distributed the total flux equally among the three flavours so that, at
detection,

φνe : φνµ : φντ = 1 : 1 : 1 . (2.4)

New physics effects, such as neutrino decay [20], decoherence [21], or violation of Lorentz
invariance or of CPT [22–24], could in principle result in large deviations from these ratios.
In the present work, we have assumed that the ratios at production and detection are given,
respectively, by their standard values, eqs. (2.3) and (2.4).

In what follows, we will present in detail two representative models of UHE neutrino
production at AGN, one by Koers & Tinyakov (KT) and the other by Becker & Biermann
(BB), both of which make use of the apparent correlation between the directions of UHECRs
and the positions of known AGN reported by the PAO in order to extrapolate the diffuse
neutrino flux.

2.1 Cosmic ray flux normalisation

The preferred mechanism for cosmic-ray acceleration at AGN is first-order Fermi acceleration
[6], which results in a power-law differential diffuse cosmic-ray proton spectrum,

φdiffp (E) ≡
dNp

dE
= Adiff

p E−αp , (2.5)

with E the cosmic-ray energy at detection on Earth and Adiff
p an energy-independent nor-

malisation constant. The integral of this expression,

Φdiff
p (Eth) =

∫

Eth

dNp

dE
dE ≃ Adiff

p (αp − 1)−1 E
−αp+1
th , (2.6)

is the integrated cosmic ray flux above a certain threshold energy Eth. Using experimental
data, the integrated flux can also be calculated as

Φdiff
p (Eth) = Nevts (Eth) /Ξ , (2.7)

where Nevts (Eth) is the number of observed cosmic rays above a given value of Eth and Ξ is
the total detector exposure.

Combining this expression with eq. (2.6) yields for the normalisation constant,

Adiff
p = Φdiff

p (αp − 1)E
αp−1
th =

Nevts (αp − 1)

Ξ
E

αp−1
th . (2.8)

We will see in the following two subsections that the relation between the cosmic-ray normal-
isation constant, Adiff

p , and the neutrino normalisation constant, Adiff
ν , is model-dependent.

When calculating the proton spectrum from a single point source, we will need to
weigh the normalisation constant using the detector effective area A that is accessible to the
observation, which depends on the declination δs of the source, i.e.,

Apt
p = Φpt

p (αp − 1)E
αp−1
th ≡

Nevts (αp − 1)

Ξ
E

αp−1
th

∫

A (δs) dΩ

A (δs)
, (2.9)

where we have implicitly defined the integrated flux from a point source,Φ pt
p .
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We will use the latest results from the PAO on the observation of UHECRs [7] to evaluate
the diffuse and point-source cosmic-ray fluxes. Using data recorded from 1 January 2004 to
31 December 2009, amounting to an exposure of Ξ = 20370 km2 yr sr, the total number
of UHECRs with zenith angles θ ≤ 60◦ and reconstructed energies above Eth = 55 EeV is
Ntot = 69 events. Of these, the arrival directions of Ncorr = 29 events were found to lie at an
angular distance of less than 3.1◦ from the position of an AGN within 75 Mpc (z ≤ 0.018)
in the 12th edition Véron-Cetty & Véron (VCV) catalogue, i.e., they were correlated to an
identified AGN. In particular, NCen A = 2 events were correlated to Centaurus A (Cen A),
the nearest active galaxy, which, at a distance of about 3.5 Mpc, is one of the most promising
UHE neutrino sources [25, 26].

Note that the original PAO report on UHECR anisotropy [8] made use of 9000 km2 yr
sr to report a total of 29 events above a threshold energy of 57 EeV, out of which 20 were
correlated to AGN in the VCV catalogue, and 2 were correlated to Cen A. The neutrino
production models that we have considered in our analysis were built using these data. In
what follows, we have updated them using the latest PAO results.

2.2 Model by Koers & Tinyakov

The KT model [15] assumes that Cen A is a typical source of UHECRs and neutrinos, and
computes the diffuse flux under the assumption that all sources are identical to Cen A by
integrating over a cosmological distribution of sources, while taking into account energy losses
during the propagation of the particles. Two limiting cases have been considered regarding
the source distribution: one in which there is no source evolution with redshift, that is,
ϵ (z) = 1, and another one, adopted from [27], in which there is a strong source evolution
that follows the star formation rate, i.e.,

ϵ (z) ∝

⎧

⎨

⎩

(1 + z)3.4 , if z ≤ 1.9
(1 + 1.9)3.4 , if 1.9 < z < 3
(z − 3)−0.33 , if z ≥ 3

. (2.10)

The integrated UHECR diffuse flux and the integrated flux from Cen A above 55 EeV
can be calculated, respectively, using eqs. (2.8) and (2.9):

Φdiff
p (Eth) =

Ntot −NCen A

Ξ
= 1× 10−20 cm−2 s−1 sr−1 (2.11)

ΦCen A
p (Eth) =

NCen A

Ξ

∫

A (δs) dΩ

A (δs)
= 2× 10−21 cm−2 s−1 , (2.12)

where δs = −43◦ is the declination of Cen A. The relative exposure at this declination is
A (δs) /

∫

A (δs) dΩ = 0.15 sr−1 [15, 28]. In eq. (2.11), the number of cosmic rays from Cen A
is subtracted from the total since the flux is not subject to the energy losses that the diffuse
flux is, on account of its being the closest AGN.

The diffuse neutrino flux is normalised using the integrated UHECR fluxΦ diff
p (Eth)

above the threshold Eth,

φdiffν (Eν)

φCen A
ν (Eν)

= H (Eth)
Φdiff
p (Eth)

ΦCen A
p (Eth)

≃ 5H (Eth) . (2.13)

The proportionality constant, H (Eth), is called the “neutrino boost factor” and contains the
information on neutrino mean free path lengths and source evolution. To calculate it, proton
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energy losses are taken into account in the continuous-loss approximation, considering losses
by the adiabatic expansion of the Universe and from interactions with the CMB photons
resulting in pion photoproduction and electron-positron pair production; see Appendix A in
Ref. [15] for details. The variation of H with αp is shown in the same reference. Note that
the change in the reconstructed threshold energy from 57 EeV in the original PAO analysis
[8] to 55 EeV in the updated analysis [7] has reduced H in about 10%. This decrease is
compensated by a higher value of the ratioΦ diff

p /ΦCen A
p , which has moved from 1.8 using the

original PAO data to 5 using the latest data. As a result, the KT diffuse neutrino flux has
only changed marginally between the old and new PAO data set. To obtain the diffuse flux,
the source distribution is integrated up to z = 5. This relation between the diffuse neutrino
flux and the flux from Cen A is the main result of the KT model.

In their paper [15], Koers & Tinyakov used a model by Cuoco & Hannestad [29] to
describe the neutrino emission from Cen A, φCen A

ν , itself based on a model by Mannheim,
Protheroe & Rachen [30]. In this model, it is assumed that high-energy protons, acceler-
ated by some mechanism (e.g., shock acceleration) are confined within a region close to the
source. Because of energy losses in their photopion interactions with the ambient photon
field, which is assumed to have an energy spectrum n (Eγ) ∝ E−2

γ , their lifetime is much
shorter than their diffusive escape time and they decay into neutrons and neutrinos, both
of which escape the source. Thereafter, the neutrons decay into UHECR protons; however,
because of their interaction with the photon field before decaying, the neutrons produce a
softer proton spectrum than the seed proton spectrum. Furthermore, the model predicts two
spectral breaks in the CR spectrum, at energies at which the optical depths for proton and
neutrino photopion production become unity. These two breaks are close in energy, though,
so that, to simplify the model, only one spectral break is considered, at energy Ebr. Below
Ebr, the UHECR proton and neutrino spectra are harder than the seed proton spectrum by
one power of the energy, while above Ebr, the UHECR proton spectrum is softer than the
seed spectrum by one power of the energy and the neutrino spectrum is harder by one power
of the energy. Hence, at high energies, the model predicts a neutrino spectrum that is harder
by one power of the energy than the UHECR proton spectrum.

Following [15, 29, 30], the all-flavour neutrino spectrum from Cen A can be written as

φCen A
νall

(Eν) =
ξν

ξnη2νn
min

(

Eν

ηνnEbr
,

E2
ν

η2νnE
2
br

)

φCen A
p

(

Eν

ηνn

)

, (2.14)

where ξi (i = ν, n) is the fraction of the proton’s energy that is transferred to the species i
in photopion interactions and ηνn is the ratio of the average neutrino energy to the average
neutron energy. The KT model uses for these parameters the values featured in [30], obtained
from Monte Carlo simulations: ξν ≈ 0.1, ξn ≈ 0.5, ⟨Eν⟩/Ep ≈ 0.033 and ⟨En⟩/Ep ≈ 0.83,
with which ξν/ξn = 0.2 and ηνn = 0.04. The neutrino break energy, Ebr, is estimated from
the gamma-ray break energy as Ebr ≃ 3× 108Eγ,br. Ref. [30] uses Eγ,br = 200 MeV, so that
Ebr = 108 GeV. Under the assumption of equal flavour ratios at Earth, eq. (2.4), the νµ+ νµ
flux is 1/3 the flux in eq. (2.14). Plugging the power-law proton spectrum, eq. (2.5), with
the normalisation constant for a point source, eq. (2.9), into the eq. (2.14) yields

φCen A
νµ (Eν) =

ΦCen A
p (Eth)

3

ξνη
αp−2
νn

ξn

αp − 1

Eth

(

Eν

Eth

)

−αp
(

Eν

Eν,br

)

min

(

1,
Eν

Eν,br

)

(2.15)

for the muon-neutrino flux from Cen A, with Eν,br ≡ ηνnEbr = 4 × 106 GeV. Using the
scaling relation, eq. (2.13), the muon-neutrino diffuse flux in the KT model is therefore
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φdiff,KT
νµ (Eν) ≃ 5H (Eth)φCen A

νµ (Eν) and we can write it as

φdiff,KT
νµ (Eν) = Adiff,KT

ν E−α
ν min

(

Eν

Eν,br
,

E2
ν

E2
ν,br

)

, (2.16)

with the neutrino normalisation given by

Adiff,KT
ν ≃

5

3
H (Eth)

ξν
ξn
η
αp−2
νn ACen A

p (αp) , (2.17)

and, following eq. (2.9), ACen A
p = ΦCen A

p (αp − 1)E
αp−1
th .

2.3 Model by Becker & Biermann

The BB model [16] describes the production of high-energy neutrinos in the relativistic jets
of radio galaxies. According to the model, the UHECRs observed by the PAO originated at
FR-I galaxies (relatively low-luminosity radio galaxies with extended radio jets, and radio
knots distributed along them), which can in principle accelerate protons up to about 1020 eV.
Like in the KT model, here the protons are also shock-accelerated. Unlike the KT model,
though, where the neutrino emission occurred in a region close to the AGN core, in the BB
model the neutrino emission from pγ interactions is expected to peak at the first strong shock
along the jet, lying at a distance of zj ∼ 3000 gravitational radii from the center.

The optical depth corresponding to proton interactions with the disc photon field
τpγdisc ≈ 0.02 and so pγ interactions in the disc are not the dominant source of neutri-
nos. The proton-proton interactions that occur when the jet encounters the AGN’s torus are
also neglected as neutrino source in the BB model. The dominant mechanism of neutrino
production is the interaction between the accelerated protons and the synchrotron photons
in the relativistic jet, at one of the jet’s knots. For boost factors of the streaming plasma of
Γ ∼ 10, the optical depth τpγsynch ∼ 1.

Hence, it is expected that neutrino emission occurs predominantly at the foot of the jet,
where the beam is still highly collimated. Therefore, the BB model predicts a highly beamed
neutrino emission, produced in the first shock (zj ∼ 3000rg), and consequently observable
only from sources whose jets are directed towards Earth. Flat-spectrum radio sources, such as
FR-I galaxies whose jets are pointing towards Earth, will have correlated neutrino and proton
spectra, while steep-spectrum sources, which are AGN seen from the side, are expected to
be weak neutrino sources, but to contribute to the cosmic-ray proton flux.

The BB model assumes that the Ncorr = 29 events that were observed by the PAO to
have a positional correlation to sources in the VCV catalogue were indeed originated at AGN
lying in the supergalactic plane. In order to relate the proton and neutrino normalisation
constants, Adiff

p and Adiff
ν , we will use the connection between the proton and neutrino energy

fluxes [16], i.e.,

jν =
τpγ
12

Γν

ΓCR

Ωp

Ων

nν

np
(zmax

CR ) jp , (2.18)

whereΩ ν , ΩCR are the solid angles of emission of neutrinos and cosmic rays, respectively,
andΓ ν , ΓCR are the boost factors of neutrinos and cosmic rays, respectively. The parameter
zmax
CR is the redshift of the farthest AGN that contribute to the cosmic-ray flux. The total
number of neutrino (proton) sources, nν (np), is calculated by integrating the luminosity
function of Willott [31] (Dunlop & Peacock [32]) from zmin

CR = 0.018 (0.0008) up to zmax
CR .
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On the other hand, assuming a power-law behaviour for the diffuse differential flux of
protons, eq. (2.5), the energy flux results in

jp = Ap

∫ Ep,max

Ep,min

Ep
dNp

dEp
dEp =

{

Ap (αp − 2)−1E
−αp+2
p,min , if αp ̸= 2

Ap ln (Ep,max/Ep,min) , if αp = 2
, (2.19)

where the term proportional to E
−αp+2
p,max has been neglected, in the case when αp ̸= 2. As-

suming that the neutrino spectrum follows the proton spectrum, i.e., φdiff,BB
νµ = Adiff

ν E−αν
ν

with αν ≈ αp, the energy flux for neutrinos is

jν ≃

{

Adiff
ν (αp − 2)−1E

−αp+2
ν,min , if αp ̸= 2

Adiff
ν ln (Eν,max/Eν,min) , if αp = 2

. (2.20)

The lower integration limits for protons and neutrinos are, respectively, Ep,min = Γpmp ≈
Γp · (1 GeV) and Eν,min = Γν · (mπ/4) =Γ ν · (0.035 GeV). Finally, replacing eq. (2.19),
eq. (2.20), and the proton normalisation constant Adiff

p given by eq. (2.8) evaluated with
Nevts = Ncorr, we see that when αp ̸= 2, the neutrino normalisation constant is

Adiff,BB
ν ≃

τpγ
12

(

Γν

Γp

)αp+1 nν

np
(zmax

CR )
(mπ

4

)αp−2
Adiff

p (αp) . (2.21)

The dependence of nν/np on zmax
CR is shown graphically in Figure 5 of Ref. [16]: nν/np

decreases with zmax
CR . To arrive at this expression1, it must be noted that because of the

relativistic beaming in the jets, the emission solid angles areΩ ν ∼ 1/Γ2
ν andΩ p ∼ 1/Γ2

CR.
When αp = 2, the logarithms in the two spectra are similar and cancel out, making the

previous expression for Adiff,BB
ν valid also for αp = 2. Note that, since the ratio Ncorr/Ξ has

decreased approximately by a factor of 2 between the original and updated PAO analyses,
then the updated BB diffuse flux is about half the original.

3 Current and preliminary bounds on the neutrino flux

In the present work, we have assumed that the UHE AGN neutrino flux accounts for all
of the UHE neutrino flux. This is, of course, a simplifying assumption, since high-energy
contributions could also originate at other types of sources, such as gamma-ray bursts [33–
36].

We have taken into account three experimental bounds on the diffuse astrophysical
neutrino flux: two upper bounds, one set by the AMANDA-II experiment and the other by
its successor, IceCube, in its half-completed configuration of 40 DOM strings; and a lower
bound given by the discovery potential of the final 86-string IceCube configuration. These
three bounds have been included in figure 1.

The AMANDA-II upper bound on the diffuse high-energy flux of extra-terrestrial muon-
neutrinos was obtained by using data recorded between the years 2000 and 2004 [38]:

E2
νφ

diff
νµ ≤ 7.4× 10−8 GeV cm−2 s−1 sr−1 (90% C.L.) , (3.1)

in the range 16 TeV – 2.5 PeV. This bound was set using exclusively upgoing UHE neutrinos,
six of which were detected during the 807 days of live time reported.

1The reader should be wary that in their paper [16], Becker & Biermann incorrectly reported a dependence
of the form ∼ (Γν/ΓCR)

5−αp due to an algebraic mistake[37].
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More recently, the IceCube Collaboration presented a preliminary upper bound using
375 days of recorded upgoing data with the half-completed IceCube-40 array which is almost
an order of magnitude tighter than the AMANDA bound [39]:

E2
νφ

diff
νµ ≤ 8× 10−9 GeV cm−2 s−1 sr−1 (90% C.L.) , (3.2)

in the range 104.5 – 107 GeV.
Finally, the discovery potential at the 5σ level of the full, 86-string, IceCube array has

been recently estimated [40] to reach, after five years of exposure,

E2
νφ

diff
νµ ≤ 7× 10−9 GeV cm−2 s−1 sr−1 (5σ) , (3.3)

also in the range 104.5 – 107 GeV. This is the estimated minimum necessary flux required
for a 5σ discovery after five years of running IC86. We will use this discovery potential as
a lower bound on the neutrino flux. The discovery potential in eq. (3.3) is better than the
original estimate of 9.9× 10−9 GeV cm−2 s−1 sr−1 that was presented in [41] due to a better
knowledge of the detector and improved simulations.

Note that these three bounds were obtained under the assumption of an E−α
ν neutrino

flux, with α = 2. For the KT and BB models in our work, however, we have allowed for α ̸= 2.
Therefore, we have calculated for each one of them the associated number of muon-neutrinos
in the AMANDA, IceCube-40 and IceCube-86 configurations, as appropriate, by assuming
an E−2

ν flux, and used these derived bounds on the number of events, and not on the flux, to
constrain the KT and BB models. Concretely, we have assumed a φdiffνµ (Eν) = kE−2

ν flux, with
the normalisation, k, given in each case by the numerical value of the bounds in eqs. (3.1)-
–(3.3), in units of GeV−1 cm−2 s−1 sr−1. These numbers are displayed in table 1. The
expressions required to calculate the number of upgoing muon-neutrinos in the AMANDA,
IceCube-40, and IceCube-86 arrays, for an arbitrary diffuse neutrino flux φdiffνµ , are contained
in Appendix A. We have assumed that the effective detector area of AMANDA is 1/100 times
that of IceCube-86 and that the effective area of IceCube-40 is half the area of IceCube-86,
on account of half the number of strings having been deployed. Note, however, that this is
only an estimate, since the actual effective area of IceCube-40 will be strongly dependent on
the efficiency of the cuts employed to calculate it.

4 Muon-neutrino number of events in the IceCube-86 detector for the BB
and KT models

In this Section, we study the Koers & Tinyakov (KT) and the Becker & Biermann (BB) mod-
els of diffuse AGN neutrino flux through their predictions of the number of muon-neutrinos
that will be detected by the full IceCube-86 neutrino detector. To calculate the number
of neutrinos, we have adopted the method followed in [15], which is summarised here in
Appendix A.

In our analysis, we have fixed the IceCube-86 detector exposure time at T = 5 years and
calculated the integrated event yield within the energy range 105 − 108 GeV. Only upgoing
neutrinos have been considered, i.e., those that reach the detector with zenith angles between
90◦ and 180◦ (the normal to the South Pole lies at 0◦), for which the atmospheric neutrino
and muon background is filtered out by interactions inside the Earth. Downgoing neutrinos,
i.e., those with zenith angles between 0◦ and 90◦, traverse only about 10 km of atmosphere
before reaching the detector and have not been included in the analysis due to the added
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Limit Energy range [GeV] Exp. time Upgoing νµ
AMANDA upper bound (AMANDA) [38] 1.6× 104 − 2.5× 106 807 days 6.0
IceCube-40 preliminary upper bound (IC40) [39] 104.5 − 107 375 days 5.90
IceCube-86 estimated 5σ discovery (IC86) [40] 104.5 − 107 5 years 50.28

Table 1. Maximum number of upgoing muon-neutrinos allowed by the reported exclusion limit from
AMANDA and the preliminary one from IceCube-40, and minimum number of events needed for
5σ discovery according to the estimated IceCube-86 5-year discovery flux. In every case, the event
numbers were calculated by assuming a E−2

ν diffuse flux. Each bound on the number of events was
calculated in the respective detector configuration (Appendix A contains the effective area for each),
with the corresponding exposure time.

Limit no source evolution strong source evolution
AMANDA 3.04 2.81

IC40 2.59 2.27
IC86 2.57 2.25

Table 2. Maximum value of the spectral index α in the Koers-Tinyakov model allowed by the upper
bounds AMANDA and IC40, and minimum value needed for 5σ discovery according to the estimated
IC86 discovery potential.

difficulty of separating the atmospheric background from the astrophysical neutrino signal.
Furthermore, in the case of the KT flux, we have considered both the scenario with no source
evolution and the one with strong source evolution.

Based on the experimental bounds introduced in the previous Section, we have defined
two visibility criteria with the purpose of identifying the regions of parameter space allowed by
the upper limits and accessible by the discovery potential of the full IceCube-86 array. Under
the first one –the AMANDA visibility criterion–, the IceCube-86 event-rate predictions, for
either KT or BB, are required to lie above the IC86 discovery potential and below the
AMANDA upper bound. Similarly, under the IC40 visibility criterion, the event rates must
lie above the IC86 discovery potential and below the IC40 upper bound.

4.1 Parameters under study and neutrino fluxes

We have calculated our expectations of the neutrino flux models taking as free parameters α
for the KT model (to simplify, we will use α ≡ αp hereafter), and α, Γν/ΓCR, and zmax

CR for
the BB model, and varied them within the following intervals:

2 ≤ α ≤ 3 , 1 ≤ Γν/ΓCR ≤ 20 , 10−3 ≤ zmax
CR ≤ 0.03 . (4.1)

This range of α has been chosen in order to cover a wide range around 2.7, the preferred value
obtained from fits to combined cosmic-ray data [42], or values less than 2.3 that are predicted
in case of stochastic shock acceleration [43–47]. We have defined the range ofΓ ν/ΓCR for
values greater than 1 since, under the assumptions made by the BB model, the neutrinos are
produced in early shocks and protons, in late ones. Besides, it includes the value of 3 used in
[16]. The range of zmax

CR is the same as the one used in said reference. Our purpose in varying
the latter parameter, zmax

CR , is to test different hypotheses about the maximum redshift up to
which the AGN contribute to the UHE diffuse neutrino flux. We remind the reader that the
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Figure 1. AGN muon-neutrino fluxes, multiplied by E2
ν , according to the models by Becker &

Biermann (BB) and Koers & Tinyakov (KT), with strong source evolution and without source evo-
lution. The regions were generated by varying the model parameters in the ranges 2 ≤ α ≤ 3,
1 ≤ Γν/ΓCR ≤ 20, and 10−3 ≤ zmax

CR
≤ 0.03. The grey region corresponds to all the possible BB

fluxes resulting from the variation of α, Γν/ΓCR, and zmax
CR

, whereas the brown and orange regions
correspond to all the possible KT fluxes resulting from the variation of α, under the assumption of
no source evolution and of strong source evolution, respectively. The atmospheric muon-neutrino
flux has been plotted (in black, dotted, lines) for comparison. The AMANDA-II upper bound, the
preliminary 40-string IceCube upper bound and an estimated 86-string IceCube five-year discovery
potential at 5σ have been included by assuming a E−2

ν
flux. The atmospheric neutrino flux is given

by the parametrisation in Ref. [15]. See the text for details.

results for the KT model have been obtained for a fixed value of zmax
CR = 5 and so they were

not affected by this variation.
Figure 1 shows the BB and KT diffuse muon-neutrino fluxes, multiplied by E2

ν , as
functions of the neutrino energy, when the values of the model parameters are varied within
the ranges that we have quoted above. We have also included the upper bounds on the
flux set by AMANDA and IceCube-40, and the estimated discovery potential of IceCube-86
after five years of running. Our analysis will focus on the different regions enclosed between
these upper bounds and the IC86 discovery potential taken as a lower bound, in the energy
range 105–108 GeV, where the fluxes may be detected in IceCube. We will find how the
bounds on the neutrino flux translate into bounds on the values of α, Γν/ΓCR, and zmax

CR ,
thus restricting the capacity of the KT and BB flux models to account for an observed
extra-terrestrial neutrino signal.

4.2 KT event-rate expectations in IceCube-86

Since the KT flux depends on a single parameter, i.e., the spectral index α, we can translate
the bounds on event numbers directly into bounds on α. In this way, the results presented
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Figure 2. Integrated number of upgoing muon-neutrinos, between 105 and 108 GeV, expected in
IceCube-86, after T = 5 years of exposure, associated to the KT production model assuming (a) no
source evolution and (b) strong source evolution. The orange-coloured bands are the regions of values
of α that lies above the IC86 discovery potential and below the IC40 upper bound, while the hatched
region lies above IC86 and below the AMANDA upper bound (see table 2).

in table 2 represent the upper limits on α given by the AMANDA and IC40 bounds and the
lower limits given by the IC86 discovery potential.

Figure 2 shows the integrated number of upgoing muon-neutrinos with energies between
105 and 108 GeV, as a function of α, that is expected in the full 86-string IceCube array after
five years of exposure. Plot (a) assumes no source evolution, whereas (b) assumes strong
source evolution. The predictions under the assumption of strong source evolution are up
to an order of magnitude higher than under no source evolution. This fact can be easily
understood since a difference of a similar magnitude is found in the neutrino boost factor, as
shown in Ref. [15].

The orange-coloured and hatched bands mark the visibility regions under the IC40 and
AMANDA visibility criteria, respectively, according to table 2. Owing to the fact that the
AMANDA upper bound is less restrictive than the IC40 bound, the visibility regions are in
every case larger when the former one is used. According to figure 2 and table 2, the ranges
of event numbers, NKT, that IceCube-86 will be able to detect in the interval 105−108 GeV,
after five years of exposure, are:

68 ≤ Nup
KT ≤ 77 (1847) , (4.2)

assuming no source evolution and using the IC40 (AMANDA) upper bound, and

85 ≤ Nup
KT ≤ 95 (2709) , (4.3)

assuming strong source evolution.
From table 2, we see that the KT model with no source evolution is allowed for higher

values of α than the model with strong source evolution. This is due to the fact that the
KT flux grows with α, and that, for a given value of α, the event yield produced by the
strong source evolution model is up to an order of magnitude higher than the yield with no
source evolution. Thus, lower values of α are needed to keep the former below the IC40 or
AMANDA event-number upper bounds.

From the same table, we find that for the KT model the value of α = 2.7, obtained from
fits to cosmic-ray data, would still be allowed under the AMANDA visibility criterion, but
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Figure 3. Variation of the integrated number of upgoing muon-neutrinos expected in the range
105 ≤ Eν/GeV ≤ 108 associated to the BB model, after T = 5 years of exposure of the IceCube-86
detector. In (a), (b), and (c), the value of zmax

CR
has been fixed, respectively, at the representative

values of 10−3, 0.01, and 0.03, while α andΓ ν/ΓCR have been allowed to vary. Likewise, in (d), (e),
and (f),Γ ν/ΓCR has been fixed at 1, 10, and 20, respectively, while α and zmax

CR
have been varied.

The solid lines are iso-contours of number of events: 10 (solid black), 100 (dashed red), 300 (dotted
blue), and 500 (dash-dotted green). The region coloured orange is the parameter region where the
event-number predictions lie above the IC86 discovery potential and below the IC40 upper bound,
i.e., the IC40 visibility region. Similarly, the hatched region is where the predictions lie above the
IC86 potential and below the AMANDA upper bound, i.e., the AMANDA visibility region.

is discarded by the more recent IC40 criterion, regardless of the choice of source evolution.
Under the assumption of strong source evolution, the other proposed value of α = 2.3 is
excluded (permitted) by the IC40 (AMANDA) visibility criterion, while values of α ≤ 2.25
would be out of reach of the IceCube discovery potential. Under no source evolution, the
region of α below the IC86 potential starts from 2.57. This constitutes a strong hint toward
the KT flux being too large. However, as explained in Section 3, we would like to stress
that our visibility criteria make use of event-yield bounds that are deduced from bounds on
a E−2

ν flux, a comparison that might be overly reducing the size of the visibility regions. A
more sophisticated analysis that makes use of model-independent flux bounds, i.e., bounds
not exclusive to E−2

ν models, will be presented elsewhere [48].

4.3 BB event-rate expectations in IceCube-86

As to the BB flux model, figure 3 shows iso-contours of the expected integrated number of
upgoing muon-neutrinos in the IceCube-86 detector, in theΓ ν/ΓCR–α plane, for fixed values
of (a) zmax

CR = 10−3, (b) 0.01, and (c) 0.03, and in the zmax
CR –α plane, for fixed values of (d)

Γν/ΓCR = 1, (e) 10, and (f) 20. The BB normalisation constant, according to eq. (2.21),
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zmax
CR

Minimum Maximum α Minimum MaximumΓ ν/ΓCR

α IC40 visib. AMANDA visib. Γν/ΓCR IC40 visib. AMANDA visib.
10−3 2 2.3 2.65 1 3 7.5
0.01 2 2.6 2.95 1 8.5 20
0.03 2 2.65 3 1 11 20

Table 3. Allowed intervals of α andΓ ν/ΓCR obtained by projecting the visibility regions from plots
3a–c onto the axes.

Γν/ΓCR Minimum Maximum α Minimum zmax
CR

Maximum
α IC40 visib. AMANDA visib. IC40 visib. AMANDA visib. zmax

CR

1 2.25 2.65 2.9 10−3 10−3 0.03
10 2 2.03 2.22 0.015 0.002 0.03
20 2 2.03 2.1 0.015 0.008 0.03

Table 4. Allowed intervals of α and zmax
CR

obtained by projecting the visibility regions from plots 3d–f
onto the axes.

decreases with zmax
CR and increases withΓ ν/ΓCR. This behaviour is observed in figure 3, where,

for fixed values of α andΓ ν/ΓCR, the number of events decreases as zmax
CR increases. On the

other hand, for fixed values of α and zmax
CR , the number of events increases with Γν/ΓCR.

In each plot, as we have mentioned before, the IC40 visibility region is coloured orange
and lies between the IC86 discovery potential (left border) and the IC40 upper bound (right
border) listed in table 1. The AMANDA visibility region, on the other hand, is represented
by the hatched region, and its right border is fixed instead by the AMANDA bound.

Besides the observed narrowness of the visibility regions, there are two main features
to point out. First, if the value of zmax

CR increases, the allowed ranges of α andΓ ν/ΓCR also
increase, with higher values being allowed. Second, if the value ofΓ ν/ΓCR increases, the
allowed ranges of α and zmax

CR decrease, with α tending to lower values and zmax
CR to higher

ones. These observations can be quantified if we project the visibility regions in each plane
onto the horizontal and vertical axes. The allowed regions of the parameters are shown in
tables 3 and 4.

In light of the results presented in these tables, and momentarily assuming that α = 2.7
is the true value of the cosmic-ray spectral index [42], we see that under the AMANDA
visibility criterion the BB flux model is clearly excluded for Γν/ΓCR " 10 (for any value
of zmax

CR ) and also for the lowest values of zmax
CR , close to 10−3 (for any value ofΓ ν/ΓCR).

Whenever α = 2.7 is allowed by the BB model, it is only inside a very narrow region of
parameter space, aroundΓ ν/ΓCR ∼ 1 and zmax

CR " 0.004. On the other hand, under the more
recent IC40 visibility criterion, the BB model at α = 2.7 is discarded for all values of Γν/ΓCR

and zmax
CR .
If we consider the other values of α = 2.3 and 2.0 proposed in the literature (see Ref. [16]

and references therein), we find that the allowed regions, for α = 2.3 and the AMANDA
visibility criterion, are: 1 # Γν/ΓCR # 3, 2.5 # Γν/ΓCR # 6.5 and 3 # Γν/ΓCR # 8 for
zmax
CR = 10−3, 0.01 and 0.03, respectively. In the case of α = 2, and the AMANDA visibility
criterion, the allowed regions are: 3 # Γν/ΓCR # 8, 8 # Γν/ΓCR # 20 and 11 # Γν/ΓCR # 20
for zmax

CR = 10−3, 0.01 and 0.03, respectively. For α = 2.3(2.0), and the IC40 visibility
criterion, the allowed values forΓ ν/ΓCR are: 1(3), 2.5(8) and 3(11) for zmax

CR = 10−3, 0.01 and
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Figure 4. Separation between the BB and KT models, in terms of∆ ≡ |NBB −NKT|, measured in
units of σ ≡

√
NKT (see text), for upgoing neutrinos with energies in the range 105 ≤ Eν/GeV ≤ 108

and assuming no source evolution for the KT model. The exposure time T = 5 years. In (a), (b), and
(c), the value of zmax

CR
has been fixed, respectively, at the representative values of 10−3, 0.01, and 0.03,

while α andΓ ν/ΓCR have been allowed to vary. Likewise, in (d), (e), and (f),Γ ν/ΓCR has been fixed
at 1, 10, and 20, respectively, while α and zmax

CR
have been varied. The solid lines are iso-contours of

∆ = 1σ (solid black), 5σ (dashed red), 10σ (dotted blue), and 20σ (dash-dotted green). The region
coloured orange is the parameter region where the event-number predictions of, simultaneously, the
KT and BB models lie above the IC86 discovery potential and below the IC40 upper bound, i.e.,
the IC40 visibility region. Similarly, the hatched region is where the predictions of both models lie
above the IC86 potential and below the AMANDA upper bound, i.e., the AMANDA visibility region.
These regions of simultaneous visibility are where comparison between the two production models is
meaningful, according to each of the two visibility criteria.

0.03, respectively. Clearly, lower values of α fare better under the more recent IC40 upper
bound. Like for the KT model, the BB model region of parameter space could be larger if
an analysis based on non-E−2

ν bounds were performed instead.

5 Comparison between the KT and BB models using the IceCube detector

We have quantified the difference between the predictions put forward by the two models
using the quantity

∆ (α,Γν/ΓCR, z
max
CR ) = |NBB (α,Γν/ΓCR, z

max
CR )−NKT (α)| , (5.1)

and expressed it in units of σ (α) ≡
√

NKT (α), i.e., at every point in parameter space we
have measured the difference between the number of events predicted by each model, in units
of the standard deviation of the KT prediction, assuming for it an uncertainty characteristic
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Figure 5. Same as figure 4, but assuming strong source evolution for the KT model.

of a Gaussian distribution. The higher the value of ∆, the greater the difference between
the predictions. The comparison between the models, however, is only valid within the
region that results from the intersection of the individual KT and BB visibility regions,
given, respectively, by table 2 and figure 3. This guarantees that the numbers of events
predicted by both models lie above the minimum required signal for detection at 5σ from the
atmospheric neutrino background, so that the comparison between them is meaningful.

Figures 4 and 5 show the separation between the models using the integrated number of
muon-neutrinos in the IceCube-86 detector. The iso-contours correspond to∆ /σ = 1 (solid
black), 5 (dashed red), 10 (dotted blue), and 20 (dash-dotted green), in the plane Γν/ΓCR-
–α, for values of (a) zmax

CR = 10−3, (b) 0.01, and (c) 0.03, and in the plane log (zmax
CR )–α,

for values of (d)Γ ν/ΓCR = 1, (e) 10, and (f) 20. Where only one or none of the models
are visible, the discrimination between them is obvious or meaningless, respectively. We
have coloured orange the region of simultaneous visibility under the IC40 criterion, and
hatched the region of simultaneous visibility under the AMANDA criterion. Evidently, since
the individual visibility regions of the KT and BB models are larger under the AMANDA
visibility criterion than under the IC40 criterion, the regions of simultaneous visibility are in
every case larger under the former.

We see that the KT and BB visibility regions overlap only at low values of Γν/ΓCR

and that the size of the overlapping regions grows with zmax
CR , so that they are largest for

zmax
CR = 0.01 and 0.03, as shown in plots (b) and (c) of figures 4 and 5. In particular,
under the AMANDA visibility criterion, and assuming no source evolution, the regions of
simultaneous visibility exist only for low values ofΓ ν/ΓCR, between 1 and 3, while assuming
strong source evolution, they exist up toΓ ν/ΓCR ≈ 10. Under the IC40 visibility criterion,
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comparison is allowed only inside very small regions of simultaneous visibility that lie at
α ≃ 2.57(2.25) − 2.59(2.27),Γ ν/ΓCR ≃ 1(3) − 1.5(4), and zmax

CR = 0.01 − 0.03, assuming
no (strong) source evolution. Hence, comparison between the models becomes unfeasible in
most of the parameter space.

Regardless, within the small IC40 simultaneous visibility region, the models can be
separated in no less than 5σ and no more than 10σ, under both assumptions on source evo-
lution, whereas under the dated AMANDA visibility criterion separations can vary between
1σ and 20σ. Separations of 5σ would be sufficient to discern in a statistically meaningful
way between the KT and BB models. Notice that the comparison at the favoured value of
α = 2.7 is not allowed under the IC40 visibility criterion, since neither flux will be visible
in IceCube-86. For α = 2.0 and 2.3, there is no region of simultaneous visibility under this
same visibility criterion.

6 Summary and conclusions

We have studied the IceCube-86 event rate expectations for two models of AGN diffuse
muon-neutrino flux proposed in the literature, one by Koers & Tinyakov (KT) [15] and
another by Becker & Biermann (BB) [16], both of which take into account the apparent
correlation, reported by the Pierre Auger Collaboration [7], between the incoming directions
of the highest-energy (E > 55 EeV) cosmic rays and the positions of AGN in the 12th
edition Véron-Cetty & Véron catalogue [9]. In doing this, we have assumed that the flux
of neutrinos from AGN makes up all of the UHE astrophysical neutrino flux. Both models
propose a power-law flux, i.e., proportional to E−α

ν , resulting from shock acceleration.
In our analysis, we have taken the spectral index, α, as well as two other parameters

associated to the BB model, namely, the ratio of relativistic boost factors of neutrinos and
cosmic rays,Γ ν/ΓCR, and the redshift of the most distant AGN that contributes to the
diffuse cosmic-ray flux, zmax

CR , as free parameters, and varied their values within the following
intervals: 2 ≤ α ≤ 3, 1 ≤ Γν/ΓCR ≤ 20, and 10−3 ≤ zmax

CR ≤ 0.03. In addition, we have
explored the KT model under two assumptions on the evolution of the number density of
AGN: either they do not evolve with redshift, or they evolve strongly with it, following the
star formation rate. Neutrino fluxes calculated using the latter assumption are up to an order
of magnitude higher than the ones calculated using the former one.

For each point (α,Γν/ΓCR, zmax
CR ) in parameter space, we have calculated for both models

the associated integrated number of upgoing muon-neutrinos, between 105 and 108 GeV,
that is expected after five years of exposure of the full 86-string IceCube neutrino detector
(IceCube-86). In order to determine the regions of parameter space that this detector will
be able to probe, we have tested two different upper bounds on the UHE neutrino flux: the
bound reported by the AMANDA Collaboration using 807 days of observation [38] and a
preliminary bound obtained after 375 days of exposure of the half-completed IceCube-40
detector (IC40) [39]. A lower bound, on the other hand, was fixed at the estimated IceCube-
86 five-year discovery potential at the 5σ level (IC86) [40]. With this we have defined “regions
of visibility” in parameter space as those regions inside which the event-rate predictions lie
above the IC86 discovery potential and below the AMANDA or IC40 upper bound. Since
the IC40 upper bound is lower than the AMANDA bound, the former restricts the allowed
parameter space more than the latter.

It is possible to confine the spectral index of the KT model within the range 2.57 ≤ α ≤
2.59 (3.04), under the assumption of no source evolution and using the IC40 (AMANDA)
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upper bound, and 2.25 ≤ α ≤ 2.27 (2.81), under the assumption of strong source evolution.
For the BB model, we found that IceCube-86 is sensitive to high values of Γν/ΓCR, close
to 20, only within small regions of parameter space, with α # 2.1 and zmax

CR ≈ 0.03. For
1 ≤ Γν/ΓCR # 11, under the IC40 visibility criterion, the spectral index can take on values
within the interval 2 ≤ α # 2.65, though the highest values are accessible only with zmax

CR =
0.01 to 0.03. For low values ofΓ ν/ΓCR, around 1, the allowed ranges are 2.25 # α # 2.65
and 10−3 ≤ zmax

CR ≤ 0.03.
Using combined cosmic-ray data [42], the preferred value of α has been set at 2.7. We

have found that, if the AMANDA upper bound is used, this value is allowed in both the KT
and BB models, whereas if the more recent IC40 upper bound is used, it is not. The authors
of [16] claim that the true value of the spectral index might be either α = 2.0 or 2.3. For the
BB model, these two values are allowed under both visibility criteria. For the KT model,
using the AMANDA bound, the value α = 2.3 is allowed under strong source evolution, while
under no source evolution it is not testable since it lies below the IC86 discovery potential.
Using the IC40 bound, α = 2.3 is excluded under strong source evolution and is also not
testable under no source evolution. The value α = 2.0 is not testable under any assumption
on the source evolution. Note, however, that the experimental discovery potential and upper
bounds that we have used were calculated for a E−2

ν flux and that using them to constrain
the BB and KT models might be slightly over-constraining the parameter space.

Additionally, in the event that an UHE neutrino signal is detected after five years
of running the full IceCube array, and assuming that it was produced solely by the neu-
trino flux from AGN, we have explored the detector’s capability to distinguish between
the KT model, with strong and no source evolution, and the BB model, i.e., to determine
which one of the two models would correctly describe the detected UHE neutrino data.
In order to do this, we have defined a measure of the separation between the models as
∆ (α,Γν/ΓCR, zmax

CR ) ≡ |NBB (α,Γν/ΓCR, zmax
CR )−NKT (α)|, with NBB and NKT the number

of muon-neutrinos expected in IceCube-86 associated to each model, between 105 and 108

GeV, after five years of running. At each point in parameter space, we have calculated the
value of ∆, expressed in units of σ (α) ≡

√

NKT (α). The comparison between the flux
models, however, is meaningful only in those regions of parameter space where both models
simultaneously lie inside their respective visibility regions. Thus, under the IC40 visibility
criterion, comparison is allowed only inside very small regions of simultaneous visibility lo-
cated at α ≃ 2.57(2.25)−2.59(2.27),Γ ν/ΓCR ≃ 1(3)−1.5(4), and zmax

CR = 0.01−0.03 assuming
no (strong) source evolution. Within these regions, the separation between models is at the
level of 5σ or higher. Hence, comparison between the models becomes unfeasible in most of
the parameter space, but where it becomes possible, it is statistically meaningful.

A comment is in order: if, for the BB model, we had performed the integration in
zmax
CR up to a value ≤ 5, the associated number of events would have been larger and the
corresponding visibility region even tighter than the ones we have presented, for which the
contributions to the diffuse flux only come from the supergalactic plane (zmax

CR ≤ 0.03).
Since the magnitude of the separation between models relies on the number of events, then
either the level of separation would have been higher or there would have been no region of
simultaneous visibility.

We have thus shown that, after five years of running, the completed IceCube array
might be able to strongly constrain the KT and BB models, leaving only small regions of
parameter space where the models survive. In addition, discrimination between the models,
while feasible only within even smaller regions of parameter space, might be able to reach
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the 5σ level. The reader should be aware that our predictions are based on an all-proton
cosmic-ray flux, but there is growing evidence that the UHECR flux is composed mainly of
heavy nuclei [49–52] (see, however, [53, 54]), and, as a consequence, the UHE neutrino flux
would be reduced. Thus, with reservations, our results might be seen as symptoms of the
need for new models of AGN neutrino production that are better equipped to face the latest
experimental bounds on the UHE neutrino flux.
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A Neutrino detection in IceCube

We have calculated the predicted number of muon-neutrinos detected in IceCube-86 using the
method presented in Ref. [15]. In general, the integrated number of upgoing muon-neutrinos
at a C̆erenkov detector due to a diffuse flux of muon-neutrinos, φdiffνµ , with energies between

Emin
ν and Emax

ν , is calculated as

Nν,up = TΩ

∫ Emax
ν

Emin
ν

dEν φ
diff
νµ (Eν)A

up
ν,eff (Eν) , (A.1)

where T is the detector’s exposure time; Ω, the detector’s opening solid angle; Eν , the
neutrino energy; φdiffνµ is either the KT or BB diffuse AGN neutrino flux; and Aup

ν,eff is the
upgoing neutrino effective area.

Note that the six extra DeepCore strings of the IceCube-86 array increase the neutrino
effective area only in the range 10 ≤ Eν/GeV ≤ 103 [55]. Above 103 GeV, the IceCube
effective area is determined solely by the remaining 80 strings.

The effective neutrino area takes the form

Aup
ν,eff (Eν) = S (Eν)Pµ (Eµ)Aµ,eff (Eµ) , (A.2)

where S is the shadowing factor, which takes into account neutrino interactions within the
Earth; Pµ, the probability that the neutrino-spawned muon reaches the detector with energy
greater than the threshold energy Emin

µ required to be detected; and Aµ,eff, the detector’s
effective area for muons. We will explain each term in eq. (A.2) in what follows.

The probability of muon detection can be written as [15]

Pµ (Eµ) = 1− exp(−NAvσ
CC
νN (Eν)Rµ (Eµ)) , (A.3)
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Figure 6. Angle-averaged upgoing neutrino effective areas, as functions of the neutrino energy, for
the IceCube-86, IceCube-40, and AMANDA detectors. The IceCube-40 effective area is estimated at
half the IceCube-86 area (see text), while the AMANDA effective area is a factor of 100 lower than
the IceCube-86 area.

where NAv = 6.022× 1023 mol−1 = 6.022× 1023 cm−3 (w.e., water equivalent) is Avogadro’s
constant; σCC

νN is the charged-current neutrino-nucleon cross section, taken from [56] (which
uses CTEQ4 data); and Rµ is the muon range within which the muon energy reaches the
threshold energy Emin

µ = 100 GeV, which can be expressed as

Rµ (Eµ) =
1

b
ln

(

a+ bEµ

a+ bEmin
µ

)

, (A.4)

with a = 2.0 × 10−3 GeV cm−1 (w.e.) accounting for ionisation losses and b = 3.9 × 10−6

cm−1 (w.e.) accounting for radiation losses. The relation between neutrino and muon energy
is obtained by assuming single-muon production in each neutrino interaction, which leads to
Eµ = yCC (Eν)Eν , with yCC the mean charged-current inelasticity parameter tabulated in
[56].

The shadowing factor, S, is defined in terms of Pν (Eν , θ), the probability that a neutrino
arriving at Earth with nadir angle θ (the North Pole is located at θ = 0◦) and interacting
with Earth matter, reaches the detector. We use [15]

S (Eν) =
1

1− cos (θmax)

∫ θmax

0
dθ sin (θ)Pν (Eν , θ) , (A.5)

where θmax is the detector’s maximum viewing angle, which we have taken to be θmax = 85◦,
as in Ref. [15]. Thus, the detector’s opening angle is

Ω =

∫ 2π

0
dφ

∫ θmax

0
sin (θ) dθ = 2π [1− cos (θmax)] ≈ 5.736 sr .
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The neutrino survival probability can be written as

Pν (Eν , θ) = exp

(

−NAvσ
tot
νN (Eν)

∫ L(θ)

0
ρ (r) dl

)

, (A.6)

where σtotνN is the total (charged- plus neutral-current) neutrino-nucleon cross section, tab-
ulated in Ref. [56]; ρ (r) is the Earth’s density profile given by the Preliminary Reference

Earth Model [57], parametrised by the radial coordinate r =
√

l2 + r2E − 2lrE cos (θ), with

rE = 6371 km the Earth radius; and L (θ) = 2rE cos (θ) is the distance that a neutrino
traversing the Earth at angle θ propagates.

Lastly, for IceCube-86’s upgoing muon effective area, Aµ,eff, we have used the curve
corresponding to level-2 cuts in Figure 5 of Ref. [41], which is the effective area averaged over
the northern hemisphere, and dependent only on the incoming muon energy, Eµ. Figure 6
shows that the IceCube-40 neutrino effective area is estimated at one half the IceCube-86
effective area (see Section 3), while the AMANDA neutrino effective area was a factor of 100
lower than IceCube-86 area.
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Searching for cavities of various densities in the Earth’s crust with a low-energy ν̄e

β-beam

C.A. Argüelles1,2,∗ M. Bustamante1,† and A.M. Gago1‡
1Sección F́ısica, Departamento de Ciencias, Pontificia Universidad Católica del Perú, Apartado 1761, Lima, Perú and

2Fermilab, Theoretical Physics Department, P.O. Box 500, Batavia, IL 60510, USA
(Dated: January 31, 2012)

We propose searching for deep underground cavities of different densities in the Earth’s crust
using a long-baseline ν̄e disappearance experiment, realised through a low-energy β-beam with
highly enhanced luminosity. We focus on four real-world cases: water-filled cavities, iron-banded
formations, heavier mineral deposits, and regions of abnormal charge accumulation that, supposedly,
appear prior to the occurrence of an intense earthquake. The sensitivity to identify cavities attains
confidence levels higher than 3σ and 5σ for exposures times of 3 months and 1.5 years, respectively,
and cavity densities below 1 g cm−3 or above 5 g cm−3, with widths greater than 200 km. We
reconstruct the cavity density, width, and position, assuming one of them known while keeping the
other two free, in each of the aforementioned cases. Finally, we introduce an observable to quantify
the presence of a cavity by changing the orientation of the ν̄e beam.

PACS numbers: 14.60.Lm, 14.60.Pq, 91.35.Gf, 91.35.Pn
Keywords: neutrino oscillations, tomography, Earth crust

Introduction.– Experiments performed during the last
decade have confirmed that neutrinos can change flavour
with a probability that depends on neutrino energy, dis-
tance travelled, squared-mass differences∆ m2

21 ≡ m2
2 −

m2
1 and∆ m2

31 ≡ m2
3 −m2

1, a CP-violation phase δ, and
on the mixing angles θ12, θ23 and θ13 that describe the
rotation between the mass and flavour eigenstates. In the
presence of matter, coherent forward scattering modifies
the mass-squared differences and angles, and so the value
of this probability is altered [1, 2].
In this letter, we have used neutrino oscillations in

matter to discover regions of under– and over–density
compared to the average density of the Earth’s crust.
This has already been discussed in the literature, in the
context of petroleum-filled cavities, employing either a
superbeam [3] or the flux of 7Be solar neutrinos [4], and
of electric charge accumulation in seismic faults prior to
earthquakes [5], employing reactor neutrinos. In con-
trast, we have kept the cavity density as a free param-
eter, and studied how different values affect our ability
to locate the cavity and to determine its density. Our
experimental arrangement considers long-baseline (1500
km) neutrino disappearance using a low-energy (5–150
MeV) β-beam, which provides a high-purity sample of ν̄e
and allows for intense matter effects.
Neutrino propagation in matter.– The probability am-

plitudes for the transitions ν̄e → ν̄β can be arranged

in a column vectorΨ e = (ψee ψeµ ψeτ )
T which

evolves according to idΨe/dx = HΨe, where x is
the distance travelled since creation and the effective
Hamiltonian in the flavour basis is given by H (x) =
1/ (2Eν)U †diag

(

0,∆m2
21,∆m2

31

)

U +A (x), with Eν the
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FIG. 1: (Color online) Cavity and neutrino beam with a
fixed (a) and different orientations (b).

neutrino energy and U the lepton mixing matrix [6].
The matter effects are encoded in the matrix A (x) =
diag

(

−
√
2GFNe (x) , 0, 0

)

, where Ne (x) = yeρ (x)NAv is
the electron number density, with ρ the matter density,
NAv Avogadro’s number, and ye = 0.494 in the crust [5].
We have assumed a normal mass hierarchy (∆m2

32 > 0),
fixed the values of the squared-mass differences and an-
gles to the best-fit values of Ref. [7], and the CP phase
to zero. Our results are obtained by solving numerically
the evolution equation described above.
For a qualitative understanding, we will use for the

flavour-transition probability the well-known [8] for-
mula P 3ν

ν̄e→ν̄e
= P 2ν

ν̄e→ν̄e
cos4 θ13 + sin4 θ13 (with A →

A cos2 θ13), where P 2ν
ν̄e→ν̄e

is the two-flavour slab ap-
proximation, valid on a piecewise constant density pro-
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file [9], in the three-layer case that will be pertinent to
this work. It is described by P 2ν

ν̄e→ν̄e
= | [U ]

11
|2, where

U = U3×U2×U1, Uk = cosφk−i(n⃗k·σ⃗) sinφk, σ⃗ is the vec-
tor of Pauli matrices, and n⃗k = (sin 2θMk

, 0,− cos 2θMk
),

with θMk
the matter mixing angle in the k-th slab. The

frequencies φk are given by∆ m2
Mk

xk/(4Eν), where xk is
the width of the k-th slab, and∆ m2

Mk
is the squared-

mass difference. The numerical calculation and this ap-
proximation are in reasonable agreement when using for
the latter the dominant oscillation parameters∆ m2

21 and
θ12.
Location and shape of the cavity inside the Earth.–

We have assumed the existence of a cavity of uniform
density ρcavity located within the Earth’s crust, itself of
density given by the Preliminary Reference Earth Model
(PREM) [10]. Together, the ocean, crust, and LID layers
of the PREM have a depth of up to 80 km and an average
density of ⟨ρ

⊕
⟩ = 3.3 g cm−3. Interesting geological fea-

tures such as porous rock cavities, mineral deposits and
seismic faults lie in the crust and LID layers. Therefore,
we have supposed that no part of the cavity is below 80
km. The cavity itself has been modelled as an ellipsoid,
and we have studied an elliptic cross section of it, with
major axis length w0 and minor axis length 0.2w0, as
shown in Fig. 1a.
Since the density profile of the Earth is radially sym-

metric, the position of the neutrino source (S) can be
fixed at an arbitrary point on its surface, for a given
source-detector baseline, L0. In order to specify the lo-
cation of the cavity, we need to set the distance d0 mea-
sured along the baseline from the source to the cavity’s
surface.
Low-energy β-beams.– There is currently a proposal to

use a pure, collimated beam of low-energy ν̄e generated
by means of the well-understood β decay of boosted ex-
otic ions [11] and detected through ν̄e+12C → e++12B
[12]. Our β-beam setup contemplates an ion storage ring
of total length ltot = 1885 m, with two straight sections
of length lstraight = 678 m each [13]. Inside the ring, 6He
ions boosted up to a Lorentz factor γ = 25 decay through
6
2He

++ → 6
3Li

++++e−+ ν̄e with a half-life t1/2 = 0.8067
s. Ion production with an ISOLDE technique [14] is ex-
pected to provide a rate of ion injection of g = 2 × 1013

s−1 for 6He; we have assumed a highly optimistic 5000-
fold enhancement of this value, which has not even been
considered in the literature.
The neutrino flux from the β decay of a nucleus in

its rest frame is given by the formula [15]Φ c.m. (Eν) =
bE2

ν
Ee

√

E2
e
−m2

e
F (±Z,Ee)Θ (Ee −me), where b =

ln 2/
(

m5
eft1/2

)

, with me the electron mass and ft1/2 =
806.7 the comparative half-life. The energy of the emit-
ted electron is given by Ee = Q − Eν , with Q = 3.5078
MeV the Q-value of the reaction, and F (±Z,Ee) the
Fermi function.
Based on the formalism of Ref. [16], we have considered

a cylindrical detector made of carbon, of radius R = 4
√
5

m and length h = 100 m, co-axial to the straight sections
of the storage ring, and located at a distance L0 = 1500
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FIG. 2: (Color online) Confidence levels (C.L.s) in the
w vs. ρcavity plane assuming there is no cavity. The four

points A–D are special cases described in the text.

km from it. The integrated number of e+ at the detector,
after an exposure time t, is calculated as

N = tg
t1/2
ln 2

nh

∫

dEνΦtot (Eν)Pν̄e→ν̄e (L0, Eν)σ (Eν) ,

(1)
with n ≈ 6.03 × 1023 cm−3 the density of carbon nuclei
in the detector and σ the detection cross section [12].
Since L0 ≫ ltot, lstraight, h, we can writeΦ tot (Eν) ≃
Φlab (Eν , θ = 0) (lstraight/ltot)S/

(

4πL2
0

)

, where Φlab is
the flux in the laboratory frame [15], θ is the angle of
emission of the neutrino with respect to the beam axis,
and S = πR2 is the detector’s transverse area.
Sensitivity to cavities.– Assuming that there is no cav-

ity along the baseline L0, we evaluate the sensitivity to
differentiate this situation from the hypothesis that the
neutrino beam traverses a cavity of width w, position d,
and density ρ. To do this, we define

χ2 (w, d,ρ ) =
∑

i

[N cav
i

(w, d,ρ )−Nno-cav
i

]2

Nno-cav
i

, (2)

with N cav
i

(w, d,ρ ) the number of e+, in the i-th energy
bin, that reach the detector in the case where the beam
traverses the cavity, and Nno-cav

i
the corresponding num-

ber in the no-cavity case. Given that γ = 25, the neutrino
spectrum extends from 5 to 150 MeV, in bins of 5 MeV.
On account of the maximum energy considered, the pro-
duction of muons, from ν̄µ+12C → µ+ +X , is inhibited,
and thus the ν̄e → ν̄µ channel is not included in this
work.
Before presenting the results, it is convenient to men-

tion that, within the slab approximation, the first and
third slabs correspond to the crust, and the second one,
to the cavity, so that x1 = d, x2 = w, and x3 = L0−d−w.
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TABLE I: Minimum value of ρcavity to have a
statistical significance of 5σ or 10σ C.L. with respect to
the no-cavity case, for a given width w and exposures of

3 months or 1.5 years.

Cavity width (w)
ρcavity[g cm−3]

3 months 1.5 years
5σ 10σ 5σ 10σ

50 km 18 > 25 9 15
100 km 10 18 6 9
250 km 6.5 9 4.5 6

Fig. 2 shows the sensitivity in the form of isocontours of
χ2 = 1σ, 3σ, 5σ, and 10σ, with the cavity located at the
center of the baseline, so that d = (L0 − w)/2 (which is
tantamount to φ1 = φ3), and detector exposure times of
(a) 3 months and (b) 1.5 years. Because of this relation
between d and w, the analysis can be reduced to two
parameters: ρ and w (or d). It is observed that the sen-
sitivity improves as |ρcavity − ⟨ρ

⊕
⟩| increases. Also, the

statistical significance, for the cavity hypothesis, grows
with w, given that the cumulative matter density differ-
ences are greater.
In the slab approximation, the behaviour of the oscil-

lation probability, that dictates the shape of the isocon-
tours, is dominated by the φ2 frequency, which is the only
one that depends on both ρ and w. In fact, for a given
energy, and since we have observed that the combinations
of sines and cosines of φ1 in the probability vary slowly
with w, each isocontour approximately corresponds to a
constant value of w

√

c20/E
2
ν + 2c0c1ρ cos 2θ12/Eν + c21ρ

2,
where c0 = ∆m2

21/4 and c1 = −GF yeNAv cos2 θ13/
√
2.

Table I shows the minimum value of ρcavity needed to
reach 5σ and 10σ separations, for small (w = 50 km),
medium (100 km), and large (250 km) cavities, after de-
tector exposure times of 3 months and 1.5 years.
Determination of cavity parameters.– The next step in

the analysis is to change the assumption of no-cavity to
that of a real cavity. This implies replacing Nno-cav

i
→

N cav
i

(w0, d0, ρcavity) in Eq. (2). Firstly, we consider a
known cavity position (i.e., d = d0, with the hypotheti-
cal cavity no longer centered) and, heretofore, we set 1.5
years as exposure time, unless otherwise specified, and
keep the other details of the study equal to those pre-
sented in the sensitivity analysis. We will study the four
points, motivated by centered real-world cavities, marked
in Fig. 2: A (ρcavity = 1 g cm−3, ye = 0.555, w0 = 250
km), corresponding to a deep water-filled underground
cavity, B (ρcavity = 5 g cm−3, ye = 0.5, w0 = 250 km), to
an iron banded formation [17], C (ρcavity = 10 g cm−3,
ye = 0.5, w0 = 100 km), to a heavier mineral deposit,
and D (ρcavity = 25 g cm−3, ye = 0.5, w0 = 50 km), rep-
resenting a zone of seismic faults with the typical charge
accumulation that supposedly exists prior to an earth-
quake of magnitude 7 in the Richter scale [18]. In Ref. [5],
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FIG. 3: (Color online) Confidence levels in the w vs. ρ
plane. Plots (a)–(d) correspond to central cavities A–D
from Fig. 2. The real values (ρ0, w0) are marked by

crosses and the best-fit values by stars.

a value of ρcavity ≈ ⟨ρ
⊕
⟩ and a maximum value of ye ≈ 4

at the fault are used, while, to keep in line with the anal-
ysis of cavities A–C, we have equivalently taken for cavity
D ρcavity = 25 g cm−3 and ye = 0.5.
Notice that the closest distance from the cavities to

the Earth surface, for A and B, is about 19 km, and, for
cavities C and D, 34 km and 39 km, respectively. Wider
or uncentered cavities would lie closer to the surface; for
instance, a centered cavity with w0 = 323 km would lie
only 12 km deep, which is roughly the current maximum
drilling depth [19].
Secondly, in Fig. 3 we observe that values of ρ close to

⟨ρ
⊕
⟩ (equivalent to the no-cavity case), regardless of w,

are excluded at the same statistical significance as shown
in Fig. 2. The shape of the isocontours is explained by
the same argument as in said figure. The uncertainty in
w is large in cases A and B, since in that density region
the contours are parallel to the asymptote at ρ = ⟨ρ

⊕
⟩.

In cases C and D, the uncertainty is smaller given that
at higher densities the contour regions tend to be paral-
lel to the horizontal axis. It is interesting to point out
that in a real-case scenario, where there could be some
prior knowledge about the density, it would be possible to
constrain w significantly. For instance, for ρ = 1 g cm−3

(case A), w = 240+30
−50 km at 1σ uncertainties, while for

ρ = 25 g cm−3 (case D), w = 50± 10 km.
In Fig. 4, we display the case where the cavity position

is unknown, while its density is known (i.e., ρ = ρcavity)
and, thus, the contour regions are described by w and
d (with w + d ≤ L0). In this figure, the size of the
uncertainty in w follows from Fig. 3. Therefore, we are
capable of determining w with reasonable precision in
cases C and D. On the other hand, the determination of d
improves mildly as the density increases. For example, in
case A, d = 600+375

−475 km and, in D, d = 725+225
−275 km at 1σ

uncertainties. Using the slab approximation, this larger
uncertainty can be explained by the weak dependence of
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FIG. 5: (Color online) In solid black lines, A vs. α, for
the four cavities A–D, together with selected

uncertainty regions.

the probability, for most of the relevant energy range, on
φ1 and φ3, and, therefore, on d.

Searching for a cavity.– We have explored the possibil-
ity of varying the beam orientation, defined by the angle
α measured with respect to the tangent to Earth at S,
as a way of finding a cavity. This is shown in Fig. 1b,
and could be implemented by using a mobile neutrino
detector, either on land or at sea [20]. At an angle α, the
beam travels a baseline Lα; for some values, it will cross
a portion of the cavity with position dα and width wα.
To quantify the size of the traversed portion, we have
defined

A (L0, w0, d0,α , ρcavity) =
N cav (Lα, wα, dα, ρcavity)

Nno-cav (Lα)
,

(3)

with N cav and Nno-cav the total numbers of e+ between
5 and 150 MeV, and Lα, wα, dα functions of L0, w0, d0,
and α. For this analysis, we have set the exposure time
at t = 3 months.

Fig. 5 shows the A vs. α curves for the four cav-
ities A–D. The curve for cavity A lies below A = 1
because its density is lower than ⟨ρ

⊕
⟩, while the den-

sities of cavities B–D are higher. The 1σA to 5σA un-
certainty regions around the curves are included, with
σA ≡ A

√

(1/N cav) (1 +A) the standard deviation of A.
Since N cav ∼ 1/L2

α
, then σA ∼ Lα and, given that, by

geometrical construction, Lα grows with α, this means
that σA also grows with α, a feature that is observed in
Fig. 5. Similarly to previous figures, the separation from
A = 1 grows as ρcavity moves away from ⟨ρ

⊕
⟩. The C.L.

achieved at the maximum deviation point is not as high
as those shown in Fig. 2, due to the fact the analysis of A
does not take into account the spectral shape, but only
the total e+ count.

Separation from A = 1 at the 2σA C.L. is achieved
for all cavities, with A and C reaching 3σA, and D, 5σA.
Thus, the parameterA could be used as a quick estimator
of the presence of a cavity, while a more detailed analysis,
similar to the one performed for Fig. 4, could be used to
estimate the cavity shape, i.e., its position and width,
and, from the latter, its volume.

Conclusions.– We studied the use of a low-energy (5–
150 MeV) β-beam of ν̄e, with a baseline of 1500 km and
a large luminosity enhancement, to find the presence of
deep underground cavities in the Earth’s crust. We have
determined the sensitivity as a function of the cavity den-
sity ρ and size w (dimension of the cavity aligned with the
neutrino beamline), which reaches significances in the or-
der of 5σ (3σ) for baseline-centered cavities with densities
lower than 1 g cm−3 or greater than 5 g cm−3, exposure
time of 1.5 years (3 months), and w greater than 200 km,
rendering our analysis highly competitive. We analysed
the C.L. regions of the reconstructed parameters of four
real-world cavities in the ρ vs. w plane, for a known cav-
ity position d, and also in the w vs. d plane, when ρ is
known. Finally, we have considered sweeping the Earth
in search of a cavity using an orientable neutrino beam,
which proves to be a useful tool to detect its presence.
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If light sterile neutrinos exist and mix with the active neutrino flavors, this mixing will
affect the propagation of high-energy neutrinos from dark matter annihilation in the Sun.
In particular, new Mikheyev-Smirnov-Wolfenstein resonances can occur, leading to almost
complete conversion of some active neutrino flavors into sterile states. We demonstrate how
this can weaken IceCube limits on neutrino capture and annihilation in the Sun and how
potential future conflicts between IceCube constraints and direct detection or collider data
might be resolved by invoking sterile neutrinos. We also point out that, if the dark matter–
nucleon scattering cross section and the allowed annihilation channels are precisely measured
in direct detection and collider experiments in the future, IceCube can be used to constrain
sterile neutrino models using neutrinos from the dark matter annihilation.

I. INTRODUCTION

The hunt for dark matter is currently at a very exciting, but also somewhat confusing stage.
Many unexpected experimental results that have been reported over the past few years can be
interpreted in terms of dark matter, but all of them could have more mundane explanations, and
moreover the dark matter interpretations of different experimental data sets do not fit together in
many cases. For instance, the signals reported by CoGeNT [1, 2], DAMA [3, 4] and CRESST [5]
appear to be in some tension with the null results from other direct detection experiment, in
particular CDMS [6, 7] and XENON-100 [8] (see, however, [9, 10]). Moreover, the dark matter
parameter regions favored by CoGeNT, DAMA and CRESST do not coincide under standard
assumptions on the dark matter halo [11–16] (see, however, refs. [17–20]). Also, if the recently
observed anomalies in the cosmic electron and positron spectra [21, 22]) are due to dark matter
annihilation or decay, this would imply dark matter masses of order 1 TeV (see, for instance,
[23]), whereas the CoGeNT, DAMA and CRESST hints would indicate dark matter masses of
order 10 GeV. It is thus clear that many of the potential hints for dark matter must have other
explanations, and this illustrates that a single experiment might never be able to unambiguously
identify dark matter. Only matching detections by several different experiments would convince
the community at large that dark matter has been observed. Fortunately, the toolbox for dark
matter search is quite large: Direct detection experiments like CoGeNT, DAMA, CRESST, CDMS
and XENON-100 search for dark matter recoils on atomic nuclei; collider searches at the Tevatron
and the LHC aim to directly produce dark matter particles and detect them through missing
energy signatures; indirect searches look for the annihilation or decay products of astrophysical
dark matter. Among the possible messengers are electrons and positrons, anti-protons, gamma
rays, and neutrinos.

A special role is played by searches for neutrinos from dark matter annihilation in the Sun,
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which are carried out by the Super-Kamiokande [24, 25] and IceCube [26, 27] collaborations. Even
though these searches probe the products of dark matter annihilation, the expected event rates
are usually determined by the dark matter capture rate in the Sun and thus by the dark matter–
nucleus scattering cross section. Therefore, these searches, even though indirect, are sensitive to
the same observables as direct detection experiments and can directly test any potential direct
detection signal (provided that dark matter can annihilate and that its annihilation products
include neutrinos). In particular, many astrophysical uncertainties, for instance those associated
with the local dark matter density, affect the Super-Kamiokande and IceCube searches in the same
way as the direct searches, making the comparison between those experiments quite robust with
respect to astrophysics.

On the other hand, neutrinos from dark matter annihilation in the Sun are strongly affected
by neutrino oscillation physics. In this paper, we will investigate how the oscillations pattern of
high-energy neutrinos from dark matter annihilation in the Sun can be modified by the existence
of sterile neutrinos. Our study is motivated by the results of the LSND [28] and MiniBooNE [29]
experiments, as well as the reactor antineutrino anomaly [30–32], all of which can be interpreted
as hints for the existence of sterile neutrinos with masses of order 1 eV [33–35]. (Note, however,
that even models with two sterile neutrinos cannot resolve all tension in the global data set.) We
will argue that, if sterile neutrinos exist, neutrinos from dark matter annihilation can encounter
new Mikheyev-Smirnov-Wolfenstein (MSW) resonances when propagating out of the Sun, and that
these resonances can potentially convert a large fraction of them into undetectable sterile states.
This can weaken constraints on dark matter annihilation in the Sun significantly. (The existence
of new MSW resonances in the presence of sterile neutrinos has also been investigated recently
in the context of IceCube atmospheric neutrino data [36, 37].) On the positive side, if the dark
matter–nucleon scattering cross section and the dark matter annihilation channels are precisely
determined elsewhere, for instance in direct detection and collider experiments, IceCube can be
used as a sensitive tool for constraining sterile neutrino models.

The outline of the paper is as follows: In section II, we review the relevant aspects of the formal-
ism of neutrino oscillations and discuss the effect of MSW resonances on the oscillation probabilities
of high-energy neutrinos in the Sun. We then describe in section III how we compute the expected
neutrino signal from dark matter annihilation in the IceCube detector, and in section IV we show
how the existence of sterile neutrinos modifies the dark matter constraints from IceCube. We will
discuss our results and conclude in section VI.

II. NEUTRINO OSCILLATIONS AND NEUTRINO INTERACTIONS IN THE SUN

Neutrinos from dark matter annihilation in the Sun probe a very unique regime of neutrino
oscillations: They are produced in a region of very high matter density (∼ 150 g/cm3) at the
center of the Sun [38], but with energies that can be much higher than those at which neutrino
oscillations in the Sun are usually studied.

In the standard three-flavor oscillation framework, it is well known from the study of low-energy
(O(MeV)) solar neutrinos that strong transitions between electron neutrinos, νe, and muon/tau
neutrinos, νµ, ντ , take place in a region where the number density of electrons Ne reaches a critical
value, given by the Mikheyev-Smirnov-Wolfenstein (MSW) resonance condition [39–42]

N low
e = aCP cos θ12

∆m2
21

2E

1√
2GF

. (1)

Here, E is the neutrino energy, GF is the Fermi constant, θ12 and∆ m2
21 are the usual solar neutrino

mixing parameters, and aCP = 1 (−1) for neutrinos (antineutrinos). The MSW resonance condition
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can be understood if we recall that according to the Fermi theory of weak interactions the local
matter potential due to W exchange with an electron, which is felt by electron-neutrinos but not
by muon and tau neutrinos, is given by

√
2aCPGFne(r), with ne(r) =

〈

ēγ0e
〉

the electron number
density at a distance r from the center of the Sun. At high matter density near the center, the
flavor-diagonal MSW potential is larger than the flavor-off-diagonal neutrino mass term∆ m2

21/2E
for multi-MeV neutrinos. Thus mixing between νe and νµ, ντ is suppressed, and mass and flavor
eigenstate almost coincide. For instance, the flavor eigenstate νe is almost equal to the mass
eigenstate ν2 for multi-MeV neutrinos produced at the center of the Sun. At low matter density in
the outer layers of the Sun, on the other hand, the mass terms dominate over the potential term,
so that the effective mixing matrix is close to the vacuum mixing matrix, according to which νe
is mostly composed of ν1. If the change in the matter density is not too fast, neutrinos cannot
“jump” from one mass eigenstate to another, so that a neutrino produced as an almost pure ν2
will still be in an almost pure ν2 state when it exits the Sun. However, its flavor composition has
changed dramatically, and in fact, the νe admixture to ν2 in vacuum is given |Ue2|2 ≃ sin2 θ12 ≃ 0.31
(using the standard parameterization [42] and the current best fit values [43, 44] for the leptonic
mixing matrix). Thus, almost 70% of the neutrinos are converted to νµ, ντ on their way out of the
Sun. The flavor-conversion happens predominantly at the transition between the matter potential-
dominated and the mass mixing-dominated regime, where the two terms are of similar magnitude.
This requirement leads precisely to the condition (1).

For energies above ∼ 100 MeV (not accessible with conventional solar neutrinos), a second
MSW resonance appears at a higher density

Nhigh
e = aCP cos θ13

∆m2
31

2E

1√
2GF

. (2)

This second resonance leads to strong νe ↔ νµ, ντ transitions if∆m2
31 > 0, and to strong ν̄e ↔ ν̄µ, ν̄τ

transitions for∆ m2
31 < 0.

The requirement that the change in matter density be not too fast (see above) can be made
more precise. One can show that resonant flavor transitions in the (ij)-sector cease when the
adiabaticity condition [42]

γr ≡
(

∆m2
ij

2E
sin 2θij

)2 1

|V̇ |res
≫ 1 (3)

is no longer fulfilled. Here, γr is called the adiabaticity parameter at the resonance and |V̇ |res
denotes the gradient of the MSW potential V =

√
2GFNe at the location of the resonance. Loss

of adiabaticity thus occurs for small mixing angles, small∆ m2 and high energies. In the case of
the resonance in the (12)-sector, which turned out to be the solution to the long-standing solar
neutrino problem, we expect adiabatic transitions below ∼ 10 GeV, and non-adiabatic behavior
above. (Note that, if flavor transitions of solar neutrinos were non-adiabatic, an initial νe would
leave the Sun not as a ν2 mass eigenstate, but as a superposition of the form U∗

e1|ν1⟩+ U∗

e2e
iφ|ν2⟩,

with the oscillation phase φ. After averaging over φ, this would lead to a νe survival probability
given by 1− 1

2 sin
2 2θ12, in conflict with the experimental data on solar neutrinos.)

The neutrino oscillation probabilities in the Sun in the standard three-flavor framework are
plotted as a function of energy in figures 1 and 2 (black lines). The transition between the adiabatic
and non-adiabatic regimes at energies around 10 GeV is clearly visible. At typical solar neutrino
energies of few MeV, the νe survival probability has the expected value of sin2 θ12 ≃ 0.3, while in
the non-adiabatic regime, it is 1− 1

2 sin
2 2θ12 ≃ 0.6. (Small deviations from these values can arise

from the inclusion of three-flavor effects, in particular a non-zero θ13.)
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Figure 1: Flavor transition probabilities in the Sun as a function of energy for an initial νe (left), an initial
νµ (center), and an initial ντ (right). The top plots are for neutrinos, the ones at the bottom are for anti-
neutrinos. Black lines are for standard three-flavor oscillation, whereas red lines are for a representative
“3 + 2” model with two sterile neutrinos (see text for details). Absorption and τ regeneration effects are
neglected in these plots. Note that the black dotted lines (νx → ντ in the SM) and the black dot-dashed
lines (νx → νµ in the SM) lie on top of each other since νµ–ντ mixing is assumed to be maximal.

If sterile neutrinos exist, the oscillation phenomenology becomes much richer. Even if vacuum
oscillations between active and sterile neutrino flavors are negligible because of small mixing angles,
active–sterile oscillations in matter can be significant, in particular at the high energies relevant
to neutrinos from dark matter annihilation. The n-flavor MSW potential has the form

V = (ne − nn/2,−nn/2,−nn/2, 0, . . . ) , (4)

where the terms containing the neutron density nn originate from coherent forward scattering
through Z0 exchange. These terms are usually neglected in the three-flavor framework since they
are flavor-universal and therefore cannot contribute to oscillations among active neutrinos. How-
ever, they become relevant in the presence of sterile states. In particular, there will be additional
MSW resonances whenever any of the matter potential terms becomes equal to any of the mass
terms in the Hamiltonian. These MSW resonance can lead to nearly complete conversion of certain
neutrino (or antineutrino) flavors into sterile states on the way out of the Sun.

To illustrate this observation, which is the main topic of this paper, we consider a sterile neutrino
scenario similar to the one that has been shown in Ref. [33] to provide a reasonably good fit to the
global neutrino data, including the anomalous LSND and MiniBooNE results. The model has two
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sterile neutrino flavors νs1, νs2 and two new mass eigenstates ν4, ν5 with mixing parameters

sin2 θ12 = 0.32 sin2 2θ13 = 3× 10−3 sin2 θ23 = 0.45

∆m2
21 = 7.6× 10−5 eV2 ∆m2

31 = 2.38× 10−3 eV2

∆m2
41 = 0.90 eV2 ∆m2

51 = 0.47 eV2

sin2 2θ14 = 0.086 sin2 2θ15 = 0.060 sin2 2θ24 = 0.088

sin2 2θ25 = 0.055 sin2 2θ34 = 0.002 sin2 2θ35 = 0.000

δ13 = 1.47π δ14 = 1.086π δ15 = 0.77π

(5)

Here, we use the parameterization

U3+2 = R45R35R25R
δ
15R34R24R

δ
14R23R

δ
13R12 (6)

for the leptonic mixing matrix, where Rij denotes a rotation matrix in the (ij) plane with rotation
angle θij , and Rδ

ij denotes a similar rotation matrix which in addition carries a complex phase δij :

Rij =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

. . .

cos θij · · · sin θij
...

...
− sin θij · · · cos θij

. . .

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

, Rδ
ij =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

. . .

cos θij · · · sin θije−iδij

...
...

− sin θijeiδij · · · cos θij
. . .

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

. (7)

In a “3 + 2” scenario like equation (5), the new MSW resonances converting active neutrinos into
sterile ones affect antineutrinos more strongly than neutrinos, but since neutrino cross sections are
larger than antineutrino cross sections, we expect the impact of sterile neutrinos on dark matter
searches to be only moderate, especially in detectors like IceCube and Super-Kamiokande which
cannot distinguish neutrinos from antineutrinos. (Below, we will also discuss a 3 + 3 toy model in
which effects are larger.)

The neutrino oscillation probabilities in the Sun for this sterile neutrino scenario are shown in
figures 1 as red curves. The most striking feature is the strong conversion of ν̄µ (and to some degree
also ν̄τ ) into sterile neutrinos at energies above ∼ 200 GeV. Indeed, we can see from equation 1
(with the replacements θ12 → θ14 ≃ 0,∆ m2

21 → ∆m2
41 ≃ −1 eV2, and Ne → −Nn/2) that

above E ∼ 100 GeV, the MSW resonance between active and sterile neutrinos lies within the
Sun. Therefore, high energy ν̄µ and ν̄τ produced from dark matter annihilation at the center
of the Sun will be almost fully converted into sterile neutrinos, leaving as detectable states only
neutrinos, and antineutrinos from the ν̄e component of the primary flux. For a given dark matter
mass, annihilation channel and annihilation cross section, the expected event number in a neutrino
detector is thus reduced, so that experimental constraints on dark matter annihilation in the Sun
become weaker.

In addition to the 3 + 2 scenario, we are also going to consider a 3 + 3 toy model with 3 sterile
neutrinos. The oscillation parameters in this model are chosen such that each active neutrino flavor
eigenstate mixes with only one of the sterile neutrinos. This can be achieved by choosing mass
squared difference∆ m2

s ≡ ∆m2
41 ≃ ∆m2

52 ≃ ∆m2
63 and mixing angles θs ≡ θ14 ≃ θ25 ≃ θ36 (all

other active–sterile mixing angles are zero), so that the sterile neutrino sector is a mirror image of
the active neutrino sector as far as vacuum oscillations are concerned. (Similar models have been
considered in [45].) The parameterization of the leptonic mixing matrix is here

U3+3 = R36R25R14R23R
δ
13R12 (8)
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Unless specified otherwise, we choose∆ m2
41 = 0.1 eV2 and sin2 2θs = 0.03. In general, if∆ m2

41,
∆m2

52, ∆m2
63 ≫ ∆m2

21, |∆m2
31|, conversions of active neutrinos into sterile neutrinos can be under-

stood in a simple two-flavor framework as long as the distance travelled by the neutrinos is much
shorter than the active neutrino oscillation lengths Losc

21 = 4πE/∆m2
21 and Losc

31 = 4πE/|∆m2
31|.

This remains true even in matter. In this case, the effective two-flavor oscillations between an
active flavor and its corresponding sterile flavor are affected by an MSW resonance. The resonance
conditions are, in analogy to equations (1) and (2):

Ne = aCP cos θ14
∆m2

41

2E

1√
2GF

, (νe ↔ νs1 transitions) (9)

−
Nn

2
= aCP cos θ25

∆m2
52

2E

1√
2GF

, (νµ ↔ νs2 transitions) (10)

−
Nn

2
= aCP cos θ36

∆m2
63

2E

1√
2GF

. (ντ ↔ νs3 transitions) (11)

We see from these equations that the resonance between νe and the first sterile flavor eigenstate
νs1 will be in the neutrino sector (aCP = 1), whereas the νµ ↔ νs2 and ντ ↔ νs3 resonances
affect antineutrinos (aCP = −1). This behavior is reflected in figure 2, where we show the flavor
transition probabilities for all oscillation channels in the 3 + 3 model as a function of energy. We
see that in a large energy range νe, ν̄µ and ν̄τ are almost fully converted into sterile states. We
expect that this will lead to a considerable weakening of the limits IceCube can set on dark matter
capture and annihilation in the Sun.

Note that this weakening could be even more pronounced if the mostly active neutrino mass
eigenstates were heavier than the mostly sterile ones, since in that case the MSW resonances for
second and third generation neutrinos would move from the antineutrino sector to the neutrino
sector, which is more important for IceCube’s dark matter search because neutrino interaction cross
sections are about a factor of 3 larger than antineutrino cross sections. We do not consider this
possibility here since relatively heavy active neutrinos would be in potential conflict with cosmol-
ogy [46–49]. (These conflict can potentially be avoided in non-minimal cosmologies [48, 49] and in
models where the relic abundance of sterile neutrinos is reduced, see for instance references [50, 51]
for a discussion of such models.)

Apart from oscillation, the propagation of high-energy neutrinos through the Sun is also affected
by non-coherent neutral current (CC) and charged current (CC) interactions. NC interactions
change the neutrino energy, whereas CC interactions lead to absorption and possible reemission of
neutrinos in the decay of secondary µ or τ leptons. Since secondary muons are usually thermalized
before they decay, reemission of high-energy neutrinos is only possible in the case of ντ+X → τ+X ′

CC interactions (“τ regeneration”). In figure 3 we plot the non-interaction (“survival”) probability
for neutrinos from dark matter annihilation on their way out of the Sun as a function of the neutrino
energy.

III. SIMULATION TECHNIQUES

To estimate quantitatively how existing limits on dark matter annihilation in the Sun are
modified in the presence of sterile neutrinos, we have carried out numerical simulations. We
compute the dark matter capture rate as a function of the dark matter mass and scattering cross
section using the formulae from [52] and assuming a local WIMP density of 0.3 GeV/cm3 with an
isothermal velocity distribution and velocity dispersion 220 km/sec. We assume the annihilation
cross section to be large enough for the capture and annihilation reactions to be in equilibrium,
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Figure 2: Flavor transition probabilities in the Sun as a function of energy for an initial νe (left), an initial
νµ (center), and an initial ντ (right). The top plots are for neutrinos, the ones at the bottom are for anti-
neutrinos. Black lines are for standard three-flavor oscillation, whereas red lines are for a “3+ 3” toy model
with three sterile neutrinos (see text for details). Absorption and τ regeneration effects are neglected in
these plots. Note that the black dotted lines (νx → ντ in the SM) and the black dot-dashed lines (νx → νµ
in the SM) lie on top of each other since νµ–ντ mixing is assumed to be maximal.

Figure 3: Survival (= non-interaction) probabilities for high-energy neutrinos from dark matter annihilation
on their way out of the Sun. We show results for standard three-flavor oscillations, for the best fitting 3+ 2
model, and for a 3 + 3 toy model. The features in the 3 + 2 and 3 + 3 curves are due to the interplay of
active–sterile conversion and active neutrino interactions.

so that the annihilation rate is equal to half the capture rate. We use initial neutrino spectra
from [53], which were generated using WimpSim [54].

To propagate the neutrinos out of the Sun, we use our own Monte Carlo code, which is capable
of working with an arbitrary number of neutrino flavors n, and simulates n-flavor oscillations in
matter as well as NC and CC neutrino scattering in the Sun, including τ regeneration. We use the
nusigma package [53, 54] to calculate the neutrino cross sections, and TAUOLA [55] for decaying
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secondary τ ’s.
In practice, we proceed as follows: We propagate the n-component neutrino state vector ψ(t) out

of the Sun using the rkf45 Runge-Kutta-Fehlberg algorithm from the GNU Scientific Library [56]
to solve the evolution equation

i
d

dt
ψ(t) =

1

2E
U

⎛

⎜

⎜

⎜

⎜

⎜

⎝

0
∆m2

21

∆m2
31

∆m2
41

. . .

⎞

⎟

⎟

⎟

⎟

⎟

⎠

U †ψ(t) +
√
2GF

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

Ne(t)− Nn(t)
2

−Nn(t)
2

−Nn(t)
2

0
. . .

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

ψ(t) .

(12)

After each Runge-Kutta step, we determine randomly if the neutrino undergoes an incoherent
interactions during that step. The probability for a CC or NC interaction is given by PCC/NC =
σCC/NC/(σCC+σNC)×

[

1− exp
(

−∆r n(r) (σCC+σNC)
)]

, where n(r) is the local nucleon number
density, σCC(NC) is the charged current (neutral current) neutrino–nucleon scattering cross section,
and∆ r is the current Runge-Kutta step size. If it is determined that the neutrino interacts through
a neutral current, its energy after the interaction is picked randomly from the final state energy
spectrum calculated using nusigma [53, 54]. Since we are treating neutrino propagation as a one-
dimensional problem, we assume that the direction of travel does not change, and we continue to
propagate the neutrino radially outward. In the case of a νe or νµ charged current interactions,
we simply discard the neutrino. In a charged current ντ interactions, the original neutrino is also
absorbed, but since the secondary τ lepton (unlike a secondary muon from a νµ interaction) decays
before it is stopped in matter, new high-energy neutrinos can be produced from its decay (“τ
regeneration”). We use TAUOLA [55] to simulate τ decay, and propagate all secondary high-energy
neutrinos out of the Sun individually.

We compute the expected event rate in the IceCube detector by multiplying the differential
muon neutrino and antineutrino fluxes at the Earth the effective detector area Aeff(E) [57] and
then integrating over energy. We have checked that Earth shadowing effects [58, 59] are negligible
for our results. Note that the effective area given in [57] has been computed from a simulation of
the full 86-string IceCube detector, whereas the latest published dark matter limits from IceCube
are based on data taken in the 40-string IceCube configuration and in the older AMANDA-II
detector. Since we will ultimately use our simulation only to compute ratios of event rates between
different oscillation models, we expect the systematic bias introduced that way to be small. Note
also that Aeff(E) as given in [57] is the combined effective area for neutrinos and antineutrinos.
Since in sterile neutrino models, the relative importance of neutrinos and antineutrinos in the
IceCube signal changes, we need seperate effective areas for neutrinos (Aν

eff(E)) and antineutrinos
(Aν̄

eff(E)). We obtain them according to

Aν
eff(E) = Aeff(E)

σνCC(E) dµ−(Eµ)

σνCC(E) dµ−(Eµ) + σν̄CC(E) dµ+(Eµ)
, (13)

Aν̄
eff(E) = Aeff(E)

σνCC(E) dµ−(Eµ)

σνCC(E) dµ−(Eµ) + σν̄CC(E) dµ+(Eµ)
, (14)

with the charged current neutrino–nucleon (antineutrino–nucleon) cross section σνCC(E) (σν̄CC(E)),
and the muon (antimuon) range dµ−(Eµ) (dµ+(Eµ)). For simplicity, we assume a one-to-one relation
between the neutrino energy E and the secondary muon energy Eµ: Eµ = (1− yCC(Eν))Eν , where
yCC is the mean charged current inelasticity parameter [60]. We have checked that using full
differential cross sections would not significantly change our results.
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Figure 4: Predicted neutrino fluxes (left) and antineutrino fluxes (right) for annihilation of a 1 TeV WIMP
into W+W− in the Sun. We show the total neutrino flux at production, as well as the muon neutrino flux
at the Earth. For illustration, we also show the flux of secondary neutrinos from τ regeneration, as well as
the flux obtained using the simplified calculation that neglects regeneration and partial energy loss (see text
for details). Results for standard oscillations are shown in black, results for the 3 + 3 toy model introduced
in section II are shown in red.

We have verified our Monte Carlo code by comparing its predictions to published results
from [53, 54, 61, 62].

While the advantage of the Monte Carlo technique is certainly its flexibility, it is also quite
computationally intensive. Since we are also interested in carrying out parameter scans over differ-
ent sets of sterile neutrino parameters (see section V below), we have also developed a faster code,
which does not take into account τ regeneration and energy loss in neutral current interactions.
Instead, it simply considers all neutrinos that interact in the Sun in any way (NC or CC) to be lost
to detection. Thus, for each given set of oscillation parameters and for each neutrino energy, we
need to solve the equation of motion only once to determine the oscillation probabilities for those
neutrinos which do not interact. At each Runge-Kutta step, we also keep track of the interaction
probability to obtain simultaneously the fraction of neutrinos at the considered energy which leave
the Sun without interacting.

We compare the results of our full Monte Carlo simulation to those of the simplified method
in figure 4. We also show the flux of secondary neutrinos from τ regeneration, and we notice that
these neutrinos account for most of the difference between the MC results and the ones from the
simplified method. (Another small contribution to this difference comes from neutrinos that have
undergone NC scattering, but are still within the accessible energy range.) This conclusion is the
same for standard three-flavor oscillations (black and gray curves in figure 4) and for the 3 + 3
model (red curves).
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IV. MODIFIED ICECUBE LIMITS ON DARK MATTER CAPTURE IN THE SUN

In figure 5 we show how the IceCube limits on spin-dependent dark matter–proton scattering
need to be modified if sterile neutrinos exist (black and gray lines). For comparison we also show as
colored lines limits from a number of direct dark matter searches. Solid black lines in figure 5 are
the published IceCube limits from [27, 57]; Dashed and dotted lines show the constraint obtained
in the 3 + 2 model and the 3 + 3 toy model introduced in section II, respectively. To obtain these
results, we have used the methods described in section III to predict the ratio of the event rates
at IceCube with and without sterile neutrinos, and we have then rescaled the published IceCube
90% CL limit on the dark matter–nucleon scattering cross section σ90,STD (which was computed
assuming standard oscillations) by this ratio. Specifically, if we denote the IceCube event rate by
NSTD, N3+2 and N3+3 for the standard oscillation, 3 + 2, and 3 + 3 scenarios, respectively, we
compute the cross section limits in the 3 + 2 and 3+ 3 scenarios, σ90,3+2 and σ90,3+3, according to

σ90,3+2 = σ90,STD
N3+2

NSTD
, (15)

σ90,3+3 = σ90,STD
N3+3

NSTD
. (16)

We see that the 3 + 2 model leads to a moderate weakening of the cross section limit, which
can be understood from the fact that only electron neutrinos νe and muon antineutrinos ν̄µ are
substantially transformed into sterile states (see figure 1), and that these transitions happen only
for neutrinos with energies above several hundred GeV, whose contribution to the muon flux at
IceCube is suppressed due to the large absorption probability in the Sun. In the 3 + 3 toy model,
on the other hand, resonant flavor transitions happen already at lower energy (see figure 2), and
they happen for νe, ν̄µ and ν̄τ .

As mentioned in section II, the effect could be even stronger if∆ m2
41, ∆m2

51, and∆ m2
61 were

negative (which might, however, require non-standard cosmology to be consistent).

V. DEPENDENCE ON STERILE NEUTRINO PARAMETERS

In section IV we have illustrated using two exemplary models how neutrino limits on dark
matter capture and annihilation in the Sun are modified by oscillations into sterile neutrinos . We
are now going to study more systematically how the worsening of these limits depends on the sterile
neutrino parameters. We do this using the 3+3 toy model introduced in section II since this model
has only two new parameters (θs and∆ m2

s), but still covers the most important phenomenological
aspects of more general sterile neutrino scenarios.

We show in figure 6 the factor by which the IceCube limits on the spin-dependent dark matter–
nucleon scattering cross section are weakened for a wide range of sin2 2θs and∆ m2

s values. The
shape of the contours can be understood as follows: At very large∆ m2

s, the new MSW resonances,
equations (9)–(11) lie at a very high neutrino energy. For instance, at∆ m2

s = 1 eV2, equation (9)
yields a resonance energy of about 60 GeV at solar core densities, i.e. only neutrinos with E !
60 GeV are affected by the resonance. Since very high energy neutrinos are mostly absorbed in
the Sun, they do not contribute significantly to the IceCube limits. For somewhat lower∆ m2

s,
the resonances move down in energy into the region relevant to IceCube. For too low∆ m2

s or
for too small θs, on the other hand, MSW-enhanced flavor transitions become non-adiabatic (see
equation (3) and related discussion), suppressing active–sterile transitions again. This happens
first at high energy, which is why at low∆ m2

s the correction factors shown in figure 6 are generally
larger for dark matter annihilation into the soft b̄b channel than for annihilation in to the hard
W+W− final state.
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Figure 5: IceCube limits on spin-dependent dark matter-proton scattering [27, 57] in scenarios with
(black/gray dashed and dotted lines) and without (black/gray solid lines) sterile neutrinos compared to
data from direct detection experiments [24, 63–65] and from Super-Kamiokande (SK) [25] (colored lines).
Black lines correspond to results based on our Monte Carlo (MC) code, whereas gray lines are based on
a simplified calculation which does not include secondary neutrinos (see text for details). We see that for
the 3 + 2 scenario which provides the best fit to short baseline neutrino oscillation data, the limits are only
moderately weakened. Our 3 + 3 toy model, on the other hand, illustrates that larger modifications are
possible.

VI. DISCUSSION AND CONCLUSIONS

In this paper, we have shown how IceCube limits on dark matter capture and annihilation in
the Sun are modified if eV-scale sterile neutrinos exist, as suggested by part of the short baseline
oscillation data. Since IceCube is looking for high-energy neutrinos from dark matter annihilation
in the center of the Sun, its results depend strongly on the oscillations of these neutrinos on
their way out of the Sun. We have argued that in sterile neutrino scenarios new high-energy
MSW resonances can lead to almost complete conversion of certain neutrino flavors into sterile
states inside the Sun. In this case IceCube’s constraints on dark matter–nucleon scattering can be
significantly weakened, by a factor of two or more.

This may have interesting implications if in the future dark matter is detected in a direct search
or at the LHC, but the parameters determined there are in conflict with limits (or signals) from
neutrino telescopes. If the allowed dark matter annihilation channels and branching fractions are
established at the LHC, such a conflict could then provide a clear and strong hint for the existence
of sterile neutrinos. With sufficient data, neutrino telescopes would even be able to contribute the
determination of the active–sterile mixing parameters.

Note added: While we were completing this work, reference [66] appeared on the arXiv, ad-
dressing similar topics.
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Figure 6: Weakening of IceCube limits on dark matter capture and annihilation in the Sun due to sterile
neutrinos, assuming for illustrative purposes the 3+3 toy model introduced in section II. The contours show
the factor by which the IceCube limit on spin-dependent dark matter–proton scattering cross section for a
1 TeV WIMP. Red dashed contours are for annihilation into W+W− (which yields a rather hard neutrino
spectrum), blue solid contours are for annihilation into b̄b (which yields a much softer spectrum). At large
∆m2

s, oscillations into sterile neutrinos become less relevant because the active–sterile MSW resonances
move to very high energies; at small∆ m2

s or small sin2 2θs, the MSW transitions become non-adiabatic.
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Appendix A: Numerics of neutrino oscillation probabilities

In this appendix, we discuss the algorithm used to compute the neutrino oscillation probabilities
in the Sun. As mentioned in section III we use an implementation of the well known Runge-Kutta
(RK) algorithm [67], namely the rkf45 algorithm implemented in the GNU Scientific Library [56].
In each iteration this algorithm uses a step function to evolve the neutrino state vector from a time
t0 to a time t0 +∆t by approximately solving the Schrödinger equation, where∆ t is chosen such
that the optimal balance between speed and accuracy is achieved. Rather than working entirely
in one basis, we transform the Schrödinger equation to an instantaneous interaction basis before
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each step. This instantaneous interaction basis is defined by the transformation

ψI(t; t0) = S(t, t0)ψ(t) ≡ eiH0(t−t0)ψ(t) , (A1)

where the Hamiltonian has been separated in the following manner

H(t) = H(t0) +∆H(t; t0) , (A2)

with

H0(t0) =
1

2E
UDU † + V (t0) , ∆H(t; t0) = V (t)− V (t0) . (A3)

Here V (t) is the neutrino matter potential (see equation (4)), E the neutrino energy, U the leptonic
mixing matrix, and D = diag(0,∆m2

21,∆m2
31, ...).

The Schrödinger equation in the interaction basis is

i
dψI

dt
= HIψI (A4)

with HI(t; t0) = S(t, t0)∆H S†(t, t0). Since the matter potential changes slowly in the Sun and
thus HI is small, the RK algorithm can choose a larger step size∆ t compared to a calculation in
the flavor basis. Note that the elements Sjk of the transformation matrix S(t, t0) can be evaluated
efficiently by computing Ṽjme−iλm(t−t0)(Ṽ †)mk, where λm are the eigenvalues of H0, and Ṽ is
the matrix of the corresponding eigenvectors. After the evolution of the step has concluded we
transform ψI back to the flavor basis,

ψ(t0 +∆t) = e−iH0(t0)∆tψI(t0 +∆t) , (A5)

and proceed to the next step, setting t0 → t0 +∆t.
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