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Abstract

In the paper attached to this thesis, Paper I [1], we have calculated the flux of neutrinos
that emanate from cosmic ray collisions in the solar atmosphere. These neutrinos are
created in the cascades that follow the primary collision and can travel from their produc-
tion point to a detector on Earth, interacting with the solar material and oscillating on
the way. The motivation is both a better understanding of the cosmic ray interactions
in the solar environment but also the fact that this neutrino flux presents an almost
irreducible background for the searches for neutrinos from annihilations between dark
matter particles in the Sun’s core.

This interesting connection between neutrinos and dark matter make use of the Sun
as a laboratory to investigate new models of particle physics. If dark matter consists
of weakly interacting massive particles (WIMPs), the Sun will sweep up some of these
WIMPs when it moves through the halo of dark matter that our galaxy lies in. These
WIMPs will become gravitationally bound to the Sun and over time accumulate in the
Sun’s core. In most models WIMPs can annihilate to Standard Model particles when
encountering each other. The only particle that can make it out of the Sun without being
absorbed is the neutrino. The buildup of WIMPs in the solar interior can therefore lead
to a detectable flux of neutrinos.

Neutrino telescopes therefore search for an excess of neutrinos from the Sun. To be
able to ensure that a detected flux is in fact coming from dark matter annihilations one
must properly account for all other sources of neutrinos. At higher energies these are
primarily neutrinos created in energetic collisions between cosmic rays and particles in
the Earth’s atmosphere, but also the solar atmospheric neutrinos. The latter will be
tougher to disentangle from a WIMP signal since they also come from the Sun.

We calculate in Paper I the creation of the neutrinos in the solar atmosphere and
propagate these neutrinos to a detector on Earth, including oscillations and interactions
in the Sun and vacuum oscillations between the Sun and the Earth. We find that the
expected flux is small but potentially detectable by current neutrino telescopes, although
further studies are needed to fully ascertain the possibility of discovery as well as how to
properly disentangle this from a potential WIMP-induced neutrino signal.
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Sammanfattning på svenska

I varje ögonblick träffas jorden av ett enormt antal neutriner som skapas i solen. Dessa
oerhört lätta elementarpartiklar växelverkar endast med den svaga kraften vilket får
konsekvensen att enorma neutrinoteleskop krävs för att detektera dem på jorden. Ett
exempel på ett sådant neutrinoteleskop är IceCube, en detektor som är inbyggd i den
antarktiska isen och har en total volym på mer än en kubikkilometer. De flesta neutriner
som når jorden från solen har skapats i kärnfysikaliska fusionsprocesser i solens inre och
har lägre energier än de neutriner vi är intresserade av i denna licentiatuppsats. Ett
exempel på mer högenergetiska neutriner vi förväntar oss komma från solen är neutriner
som bildas i de kaskader av partiklar som uppstår när partiklar från den kosmiska strål-
ningen kolliderar med atomkärnor i solens yttre delar. Dessa neutriner kommer efter att
de producerats att färdas genom solens inre där de växelverkar och oscillerar mellan de
tre neutrinosmakerna. Efter att ha färdats genom solen kommer de oscillera ytterligare
innan de når jorden, där de kan detekteras i ett neutrinoteleskop som IceCube.

I artikeln som bifogas denna uppsats (Paper I) har vi beräknat flödet på jorden av
dessa solatmosfäriska neutriner. Motivationen för denna beräkning är delvis att bättre
förstå hur den kosmiska strålningen växelverkar i den miljö som solens atmosfär utgör och
hur detta kan skilja sig från hur det sker i jordens atmosfär men också det faktum att det
solatmosfäriska neutrinoflödet utgör ett bakgrundsflöde för de neutriner som förväntas
bildas i annihilationer mellan mörk materia-partiklar som samlats upp i solens inre.

Mörk materia är en typ av materia som är helt osynlig i vanliga teleskop eftersom
den inte skickar ut något, alternativt en väldigt liten mängd, ljus som kan samlas upp i
teleskop. Därmed kan vi endast avgöra den mörka materians närvaro genom att observera
hur den påverkar omgivande synlig materia. En stor mängd observationer på väldigt
skilda astronomiska storleksskalor stödjer idag idén om att mörk materia finns närvarande
i stora mängder i universum—ungefär fem gånger mer än den synliga, kända materian.

Den hypotes som fått störst fotfäste genom att testas mot observationer är att mörk
materia består av en ny form av elementarpartikel, en svagt växelverkande massiv partikel
som kallas wimp (förkortning av engelskans “weakly interacting massive particle”). När
solen färdas runt galaxens centrum kommer den att genom sin gravitation dra åt sig
sådana partiklar, som samlas upp i solens inre. Den höga densiteten gör att wimparna
annihilerar med varandra i högre grad vilket leder till att andra partiklar bildas, som till
exempel fotoner, kvarkar och neutriner. Endast neutriner växelverkar tillräckligt svagt
för att kunna ta sig ut ur solens täta inre, och dessa neutriner kan detekteras på jorden.
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I den bifogade artikeln har vi beräknat hur stort flöde av solatmosfäriska neutriner vi
kan vänta oss i en detektor som IceCube på jorden samt studerat hur detta flöde agerar
som en bakgrund i sökandet efter neutriner från solen som kommer från annihilation
mellan wimpar, och hur det kan påverka sökandet efter dessa neutriner. Våra resultat
indikerar att det potentiellt är möjligt att detektera det solatmosfäriska neutrinoflödet i
IceCube, med ett förväntat flöde på en handfull neutriner per år.

Vi startar denna uppsats med en introduktion där vi presenterar bakgundsmaterial
som fördjupar innehållet i den bifogade artikeln och sätter resultaten i ett större sam-
manhang. Denna del består i tur och ordning av en introduktion till partikelfysikens
nuvarande status, neutriner och hur de kan få massa och oscillera mellan smaker, mörk
materia och de belägg vi har för dess existens samt en genomgång av de olika typer av
neutrinoflöden vi förväntar oss från solen.
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Preface

This thesis deals with the topics of neutrino physics and dark matter. Specifically we
explore the high energy neutrino flux originating from cosmic ray interactions in the solar
atmosphere and how it would look like in a neutrino detector on Earth. Another possible
source of high energy neutrinos from the Sun is the flux coming from annihilations be-
tween dark matter particles in the centre of the Sun. These expected fluxes of neutrinos
from the Sun are being searched for with large neutrino detectors on Earth. We have in
Paper I calculated the flux of solar atmospheric neutrinos and explored how it acts as a
background in dark matter searches.

Outline

This thesis is organised as follows. We begin Part I with Ch. 1 where we briefly introduce
the Standard Model of particle physics and discuss its current status. In Ch. 2 we discuss
neutrino masses and flavour oscillations and move on the subject of dark matter and the
astrophysical observations supporting it in Ch. 3. Ch. 4 is devoted to the subject of
known and expected neutrino fluxes from the Sun and how they are being investigated
with neutrino telescopes. In Ch. 5 we present some of the results of Paper I and discuss
the implications before concluding with a summary and outlook in Ch. 6 and 7.

The author’s contributions

Me and Jessica Elevant wrote the new additions to the WimpSim code that enabled reading
in fluxes from datafiles and generating events from these fluxes. Joakim Edsjö made the
modifications to WimpSim that were needed to enable the new parts to work with the
original code. I wrote large parts of the manuscript.
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Part I

Introduction



Chapter 1

Current status of particle physics

Particle physics is the study of the interactions and behaviour of elementary, pointlike,
particles—the most fundamental constituents of matter—and the composite particles
formed from them. It is a field that has been developed over the course of the 20th century
by the desire to study physics on smaller and smaller distance scales, something that has
been aided by the building of larger and larger particle accelerators that have reached
higher and higher energies. Today the Large Hadron Collider at CERN in Geneva,
Switzerland, collides protons at the highest center-of-mass energy ever produced in a
laboratory.

However, particle physics today also involves many other types of experiments besides
accelerator searches. The discovery of dark matter and the deep connections between
cosmology and particle physics have facilitated new areas of research that require particle
physicists to turn their attention also towards the role that the elementary particles play
in the evolution of the Universe.

In mathematical terms, elementary particles are described as excitations of quantised
fields. The Standard Model, born in the 1960s and refined over the decades following,
today describes almost all observations of the behaviour of elementary particles to great
precision. With the discovery of the Higgs boson in 2012 [2, 3] the last piece of the SM
puzzle was laid but there are several reasons (see Sec. 1.2) why this is not the final puzzle
of Nature but only the start of the quest for a more complete description of fundamental
particle physics.

1.1 The Standard Model

The Standard Model (SM) is the quantum field theory that to our best knowledge today
describes the interactions of the most fundamental constituents of Nature we have discov-
ered so far. It is based on the incredibly successful concept of gauge invariance, where
all of the physical observables are invariant under so-called gauge transformations—
mathematical transformations belonging to specific groups of symmetry, one for each
type of interaction. The SM includes the description of all the known fundamental forces
of Nature except gravity: the strong interaction, describing the interaction of particles
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carrying colour charge, and the weak and electromagnetic interactions, describing inter-
actions between particles carrying weak and electric charges respectively. The latter two
are in the SM unified into a single description called the electroweak interaction.

In the SM, the elementary particles and their interactions are described by the action,
which is the space-time integral of the Lagrangian density L, a function of the quantum
fields that represent the particles and the derivatives of the fields. The Lagrangian is
interpreted as the kinetic minus the potential energy of the system. The SM Lagrangian
consists of all the terms allowed by the assumed symmetries, which are the gauge sym-
metries associated with the different fundamental forces. Thus there is one part of the
full gauge symmetry belonging to the strong interaction, and one part belonging to the
electroweak part. The full SM gauge symmetry GSM is written as

GSM = SU(3)c︸ ︷︷ ︸
strong

×SU(2)L × U(1)Y︸ ︷︷ ︸
electroweak

. (1.1)

All observable quantities built from terms in the SM Lagrangian have to respect this
gauge symmetry for the terms to be allowed. That is, a symmetry operation must leave
all terms invariant1. To each gauge symmetry and therefore to each type of interaction is
associated a conserved quantum number. For the strong interaction this is called colour
charge, for the electroweak interaction we have weak isospin and weak hypercharge.

In terms of the particle content, the SM consists of a number of fermions interacting
through the exchange of bosons. All fermions are described by spinor fields, spin 1/2 fields
that accurately represent the Fermi-Dirac nature of these particles. The interactions
proceed through the exchange of gauge bosons, vector fields that describe the spin 1
force particles such as for example photons in the case of electrodynamics. The gauge
bosons are for the electroweak interaction the W- and Z-bosons, responsible for the weak
interaction part, and the photon Aµ, responsible for the electromagnetic part. The strong
interaction gauge bosons Gµ are called gluons. Apart from the gauge bosons there is the
scalar spin 0 Higgs boson. The Higgs boson is the only elementary scalar particle known,
something that creates some difficulty as we shall see below in Sec. 1.2.1. The bosonic
particle content of the SM is summarised in Tab. 1.1.

Symbol Name Spin Mass [GeV]
Aµ photon 1 0
W±µ , Zµ W- and Z-boson 1 80.3, 91.2

Gµ gluon 1 0
h Higgs boson 0 125

Table 1.1 – The bosonic particle content of the Standard Model. All mass values are the
central values reported in [4] rounded to three significant figures.

1Mathematically this corresponds to making sure that operations of the elements of the symmetry
groups leaves all quantities invariant.
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Symbol Name Mass [GeV]

quarks





1st gen.
{ u up quark 0.000 22

d down quark 0.000 47

2nd gen.
{ c charm quark 1.27

s strange quark 0.096

3rd gen.
{ t top quark 173

b bottom quark 4.18

leptons





1st gen.
{ νe electron neutrino . 2.3× 10−10

e− electron 0.000 511

2nd gen.
{ νµ muon neutrino . 2.3× 10−10

µ− muon 0.106

3rd gen.
{ ντ tau neutrino . 2.3× 10−10

τ− tau 1.78

Table 1.2 – The fermionic particle content of the Standard Model. The leptons belonging to
a generation are said to have the same flavour. All particles are fermions and have spin 1/2.
All mass values2are the averages reported in Ref. [4], rounded to three significant figures
when possible, otherwise two. Note that the neutrino masses are not currently known,
here we quote the limit on their total sum from the Planck measurements of the Cosmic
Microwave Background (see Secs. 2.4 and 3.1.1) [5]. In the SM they are assumed to be zero.

Fermions are further subdivided into quarks and leptons, the former interacting both
through the strong and electroweak interaction and the latter only interacting through
the electroweak force. Leptons consist of the charged leptons e−, µ− and τ− and the cor-
responding neutrinos νe, νµ and ντ . Quarks are divided into up- and down-type quarks
where the up-type are u, c and t and the down-type are d, s, and b. The fermions in the
SM come in three generations, each consisting of one charged lepton, the corresponding
neutrino, one up- and one down-type quark. The generations have almost the same inter-
action properties but quite different masses. Leptons belonging to the same generation
are said to have the same flavour. The fermionic content of the SM is summarised in
Tab. 1.2.

The Higgs field has a vacuum expectation value v that is different from zero, which
means that in the lowest energy state of the theory—the vacuum state—the Higgs field
has a nonzero value, unlike all other particles in the theory. Since the Higgs field behaves
non-trivially under weak gauge transformations this is equivalent to saying that the
SM vacuum state does not respect the electroweak part of GSM and since furthermore
particles are excitations around the vacuum state this means that the description of the
particle content of the SM (unless the energies are very large) is not symmetric under
the electroweak gauge symmetry. The gauge symmetry is hidden at these lower energies,

2The quark masses deserve a special comment: since quarks are not observed as free particles their
masses are ambiguous to define. Here we quote the so-called MS bar mass for all quarks except for the
top, where the so-called “Monte Carlo” or “directly measured” mass is given, see the related reviews in
[4].
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something that is often referred to as spontaneous symmetry breaking. The subpart of
GSM that remains in the hidden symmetry phase is given by

GSM
broken phase,v 6=0−−−−−−−−−−−→ SU(3)c × U(1)em (1.2)

where U(1)em is what is left of the electroweak gauge symmetry. This is the symmetry
connected with electrodynamics and the conservation of electric charge. The specifics of
how the electroweak symmetry is broken relates the electric charge to the weak isospin
and hypercharge mentioned above.

1.2 Shortcomings of the Standard Model

Despite its tremendous success in describing practically all known phenomena involving
the elementary particles and their interactions there are several reasons why the SM
cannot be the final theory describing Nature. These issues are today instrumental in
providing hints for a new theory beyond the SM and pushing the theoretical as well as
experimental frontier. We often parametrise our ignorance of what lies beyond the SM
in the language of effective field theory. In this framework, the SM is seen as an effective
description valid up to some cutoff energy scale ΛSM, and above this scale some new and
more complete description is needed.

1.2.1 Theoretical issues

There are a number of things that cannot be explained satisfactorily in the SM on a
theoretical level. Often these involve the concept of naturalness which can be explained
as the desire that parameter values, such as a mass value, should not be sensitive to
energy scales that are far removed from the scale where the phenomenon is observed.
The most prominent example of this in the SM is perhaps the hierarchy problem. This
can be described as our inability to understand why the Higgs boson mass is of order
the electroweak scale (∼ 100 GeV) instead of some much larger mass scale of order ΛSM.
This comes from the fact that the quantum corrections to the mass of a scalar particle
are very sensitive to what happens at the high energy cutoff of the theory. It is natural
to have a Higgs mass that is around ΛSM and to obtain a Higgs mass that is of order the
electroweak scale a conspiracy of extraordinary proportions is needed between the two
energy scales. For this reason the hierarchy problem is often called a fine-tuning problem.

Several theoretical models exist that solve the hierarchy problem and explain why
the Higgs mass is small. One large class of models are the supersymmetric models, where
the most well-studied is the Minimal Supersymmetric Standard Model (MSSM) which
(as the name implies) is the most minimal supersymmetric extension of the SM that
is possible. In supersymmetric models, each particle has a (or in some cases several)
superpartner with a spin differing by 1/2. Thus, in the MSSM all fermions in the SM
have supersymmetric partners that are bosons and vice versa for the SM bosons. By
making this extension of the SM we can solve the hierarchy problem since the correc-
tions to the Higgs mass that are problematic, i.e. proportional to ΛSM, are canceled
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by new contributions to the mass correction coming from the supersymmetric partners
(the contributions to the corrections coming from supersymmetric partners come with
the opposite sign). In Nature supersymmetry must be broken, or the superparticles
would already have been observed since they would have the same masses as their SM
counterparts. This somewhat complicates the supersymmetric solution to the hierarchy
problem.

Another issue that is connected to fine-tuning has to do with the non-observation of
CP-violation in the strong interaction. CP is a combined charge conjugation and parity
transformation and it is well established that this is violated by the weak interaction. One
can write down a CP-violating term in the strong interaction part of the SM that does not
violate any fundamental symmetry. This term involves interactions between the gluon
fields and is proportional to a coupling constant that is usually denoted θ. Experimentally
it is known [4] that θ is very small, θ . 10−10 [4]3 and all measurements are compatible
with a value of zero. As there is no known symmetry principle that prohibits the θ-
term from being included in the SM Lagrangian it is difficult to understand why the
θ parameter is so finely tuned to be identically or close to zero. One solution of this
problem is the Peccei–Quinn mechanism [7, 8] in which θ naturally relaxes to a value
θ ≈ 0 in a mechanism that like the Higgs mechanism includes spontaneous symmetry
breaking. A consequence of this solution is the introduction of a new, very light scalar
particle called the axion[9].

1.2.2 Experimental issues

Perhaps more serious are the experimental observations of phenomena that cannot be
explained by the SM. The two most prominent examples of this are arguably the observa-
tion that neutrinos have nonzero masses and oscillate between flavours, and the presence
of large amounts of dark matter in the Universe.

The fact that neutrinos oscillate between flavours as they propagate is by now a well
established phenomenon. This is also directly connected to the description of how neu-
trinos obtain mass, as the oscillations require at least two of the three neutrinos to be
massive. In the SM, neutrinos are assumed massless, so accounting for neutrino oscilla-
tions and masses necessitates going beyond the SM. Neutrino masses and oscillations is
the topic of Ch. 2, to which we refer for further exploration of this.

Dark matter is a type of matter that constitutes about a quarter of the total mass-
energy in the Universe, as measured by the PLANCK collaboration [5]. It is dark in the
sense that it does not, or if so very feebly, absorb or emit light, and can thus not be seen
directly in telescopes. One can infer its presence through its gravitational effect on the
visible matter and by today many different types of experiments confirm the existence
of this new type of matter. Dark matter cannot for several reasons consist of any of the
known particles in the SM, which makes it necessary to go beyond the SM and introduce

3Here we have used the bound for the electric dipole moment of the neutron de,n and the formula
de,n ∼ θ× 1015ecm, where e is the elementary charge, from Ref. [6] for the connection between de,n and
θ. The physical θ appearing in that formula furthermore gets a contribution from the quark masses, not
discussed here.
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some extension that provides one or several dark matter particles. Examples of dark
matter candidates are for example supersymmetric particles called neutralinos and the
above mentioned axions. This topic is further expanded on in Ch. 3.

There are other things that the SM cannot explain. One example is the fact that our
universe is built from only matter and no antimatter, i.e. there is an asymmetry between
matter and antimatter. From a more fundamental point of view the SM is also lacking
completely a quantum description of gravitational interactions. At high energies gravity
will become relevant and a more complete description is needed. It is clear that the
quest for a complete description of the most fundamental constituents of our Universe
will continue for many years ahead.



Chapter 2

Neutrino masses and oscillations

The neutrino was hypothesised by Wolfgang Pauli in 1930 with the purpose of explaining
the spectrum of beta decay and ultimately to save the law of conservation of energy. Pauli
was worried that such a particle would not be detectable due to it’s small mass and weak
interactions. This proved to be erroneous and the neutrino was discovered in 1956 by
Cowan and Reines [10]. Today neutrinos are a crucial part of modern particle physics and
astrophysics, both in terms of being a necessary part of the Standard Model of particle
physics but also in the way they points towards new discoveries. The non-zero masses
required to explain the observed phenomenon of neutrino flavour oscillations can not be
explained within the Standard Model and neutrinos are thus responsible for one of few
flaws of the otherwise so extraordinary successful theory.

In this chapter we discuss the reasons why the neutrino is massless in the SM
(Sec. 2.1), how masses an be introduced (Sec. 2.2) and the description and consequences
of flavour oscillations (Sec. 2.3).

2.1 Chirality and fermion masses in the Standard Model

In the SM, the neutrino masses are zero by assumption. Today it is known that their
masses are, although tiny, nonzero. To understand why neutrinos are massless in the
SM we need to introduce the concept of chirality and handedness. For spin 1/2, the
Lorentz transformations divides into two distinct representations and the spinor fields in
the SM can be decomposed into two parts that have different chirality, each transforming
non-trivially only under one of these two representations. The two different chiral fields
are called left-handed (LH) and right-handed (RH) fields respectively and transform
differently under Lorentz transformations. For anti-particles the role of LH and RH
fields is reversed.

As the subscript L (for “left”) indicates, the SU(2)L part of the electroweak interac-
tions only concerns LH particles (or RH anti-particles). This is the same as saying that a
RH particle does not have any of the weak charge necessary to interact with the charged
currents that come from the exchange of charged W±µ bosons, connected to the SU(2)L
part of the electroweak gauge interactions. It may still interact weakly through Zµ ex-
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change (neutral current) if the weak hypercharge is non-zero and electromagnetically
through photon exchange if the electric charge is non-zero.

For all fields in the SM except the neutrinos, both the LH and the RH part of
the spinor field interacts. The RH part of quarks and charged leptons have both neutral
current and electromagnetic interactions since both the weak hypercharge and the electric
charge of the particles are non-zero. The LH part of a neutrino field will interact through
the weak interaction, but not electromagnetically since the neutrino has zero electric
charge. The hypercharge of a RH neutrino however is zero and such a field would therefore
not interact at all through the gauge interactions—it would be completely neutral in the
SM. For this reason only a LH neutrino field is included.

In the SM, we combine the LH leptons of the same flavour in a doublet (since this
combination transforms as a doublet under SU(2)L), where the two elements in the
doublet are chiral LH fields with two complex degrees of freedom each. The RH fields
transform trivially under SU(2)L. The lepton content of each generation of the SM is
then written as

EL =

(
νL
eL

)
, eR (2.1)

where the field νR is not included, as mentioned above. The charged current and neutral
current interactions of neutrinos are then fully determined by the kinetic term,

ELγµD
µEL (2.2)

where Dµ is the gauge covariant derivative containing the SM gauge fields.
A mass term for a fermion field connects the RH and LH part of the field and would

for the electron be written as

Lmass,e = −me(eLeR + eReL) (2.3)
= −meeLeR + h.c., (2.4)

where h.c. is the Hermitian conjugate of the previous term. Such a term is not allowed
by the gauge symmetry however, since eL and eR behave differently under electroweak
gauge transformations—the transformation of the eL field cannot be compensated for
by the eR field since the latter does not change at all under such a transformation.
This represents a serious problem, since we know that the fermions in the SM, such
as the electron, have non-zero masses and that the gauge symmetric formulation of the
electroweak interactions is in very good agreement with decades of experimental results.
The solution is the BEH mechanism [11, 12]. In this the fermions are coupled to the
Higgs field with Yukawa couplings, which effectively become mass terms since the Higgs
field has a non-zero vacuum expectation value.

The Yukawa couplings between the fermions and the Higgs field should involve the
LH and the RH fields in order to result in mass terms after spontaneous symmetry
breaking. Therefore the Higgs field must be an SU(2)L doublet (i.e. transform non-
trivially) in order to be able to cancel the transformation of the LH field. Proceeding



10 Chapter 2. Neutrino masses and oscillations

with the example of the electron, the Higgs Yukawa coupling is written as

LYukawa = −yeEiLHieR + h.c. (2.5)

When we look at the particle content of the SM we expand around the vacuum state, and
we can then replace the Higgs field by its vacuum expectation value, plus the excitations
of the Higgs field around this value—these excitations represent the particle called the
Higgs boson. When the Higgs field is expanded around its vacuum expectation value v,
where v ≈ 250 GeV, we do the replacement

H −→ 1√
2

(
0

v + h(x)

)
, (2.6)

where h(x) is the Higgs boson field. Inserted into Eq.(2.5) this results in

LYukawa = − ye√
2
veLeR −

ye√
2
heLeR + h.c. (2.7)

and we can identify the first term as a mass term for the electron, with mass given by

me =
yev√

2
(2.8)

and the second term as an interaction term with the Higgs boson with strength propor-
tional to the mass, since ye ∝ me.

The same mechanism can give masses to the quarks and is straightforward to ex-
tend to the case of three generations. The difference is that the Yukawa couplings are
then collected in a 3 × 3 matrix. For the quarks this introduces the concept of quark
mixing. In the basis of the quark mass eigenstates, this matrix is diagonal—multiplied
by the vacuum expectation value of the Higgs field it gives the physical masses of the
quarks on the diagonal. In the basis of the interaction eigenstates, which are the states
produced at interaction vertices, it however turns out that this matrix is not diagonal.
Therefore a mass eigenstate is a linear combination of different interaction eigenstates.
The coefficients in the linear combinations are determined by the entries in the Cabibbo–
Kobayashi–Maskawa matrix matrix, which is the unitary matrix that connects the mass
and interaction eigenstates for in the quark sector. In the lepton sector the analogue of
this leads to neutrino flavour mixing and oscillations.

2.2 Neutrino masses

The Higgs mechanism cannot give masses to neutrinos in the SM. Since there are no RH
neutrinos included, it is not possible to write down a Higgs Yukawa term. A natural ex-
tension of the field content of the SM is to include a RH neutrino field NR (by convention
this is written NR rather than νR), called a sterile neutrino. Then we can write down
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a term similar to the one in Eq. (2.5) (with NR rather than eR) and obtain a neutrino
mass term given by

LD = −yνv√
2
νLNR −

yν√
2
h(x)νLNR + h.c. (2.9)

where we can identify the neutrino mass from the first term as

mD =
yνv√

2
(2.10)

where yν is the Yukawa coupling of the neutrino to the Higgs field. The type of mass
term giving rise to this mass is called a Dirac mass term.

However, NR is a sterile particle in the sense that it is not only electrically neutral
but completely neutral under the SM gauge symmetry, hence it will not interact through
any of the gauge interactions. This fact also allows for writing down a different type of
mass term called a Majorana mass term, given by

LM = −mM (NR)cNR + h.c.. (2.11)

where (NR)c is the charge conjugated field, obtained by acting with the charge conju-
gation that turns particles to anti-particles and vice versa. The Majorana mass term
does not violate any of the SM gauge symmetries, but does violate lepton number con-
servation. Since this is something that arises in the SM by accident rather than being
postulated this type of mass term is typically not excluded on these terms. Lepton num-
ber violation also occurs in the SM already in a specific type of non-trivial electroweak
configurations called sphalerons. For these reasons an explanation is necessary to explain
why mN would be identically zero in the SM if it is extended to include NR.

Through what is called the see-saw mechanism the presence of the Majorana mass
term together with the Dirac mass term can also explain the fact that the neutrino masses
are a lot smaller than the masses of the other fermions. Since v ∼ 250GeV we find that
the Yukawa coupling in Eq. (2.10) required to give neutrino masses order 0.1 eV is

yν =

√
2mD

v
∼ 10−12, (2.12)

a very small number compared to the corresponding Yukawa couplings of the other
fermions in the SM, which range from ∼ 10−6 for the electron to ∼ 1 for the top quark.
In the see-saw mechanism this is taken as the sign of a new fundamental mass scale in
Nature connected to the neutrinos, and this mass scale is identified as the value of mD in
Eq. (2.11). The result is that we obtain two sets of neutrinos: three light ones, identified
as the known neutrinos, and three heavy ones1 with masses of order mD, which is often
taken to be a mass of order 1014 − 1016 GeV to be able to embed the mechanism in a
higher energy version of the SM that involve such mass scales and to obtain light neutrino

1We have here specifically considered the case of adding three NR`, in principle one can add more
than these since the sterile neutrinos are SM neutral.
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masses of the correct magnitude. The three light neutrinos are predominantly LH, with a
RH component suppressed by mν/mD, which explains why we can describe the neutrinos
as solely LH in the SM. The three heavy neutrinos are instead predominantly RH, which
means that they are almost not interacting at all with the rest of the SM. Depending
on the specifics one can obtain one or more heavy neutrinos with masses all the way
down to the keV scale, which is desirable for example in the case of identifying the sterile
neutrinos as the dark matter of the Universe (see Ch. 3).

2.3 Neutrino mixing and oscillations

A consequence of adding mass terms for the neutrinos is that interaction and mass
eigenstates need not coincide. And in fact, just as in the quark sector, where quark
mixing is described by the Cabibbo–Kobayashi–Maskawa matrix, neutrinos mix and a
neutrino in a given flavour is a linear combination of the three fields of definite mass.
This leads to the phenomenon of neutrino flavour oscillations, as described below. The
fact that neutrinos oscillate between flavours means that lepton number per generation,
L`, ` = e, µ, τ , is broken with only the total lepton number Le +Lµ +Lτ still conserved.

We parametrise the change of basis between the mass and interaction basis with a uni-
tary matrix U usually called the Pontecorvo–Maki–Nakagawa–Sakata matrix according
to,

νL` = U`iνLi (2.13)

where U`i are the matrix elements parametrising the neutrino mixing between the LH
fields of definite mass and flavour respectively. The fields νi are fields of definite mass,
expressed in this basis the mass matrix for the neutrinos is diagonal. However, in the mass
basis the charged current interaction is no longer diagonal, since in such an interaction
a neutrino of definite flavour rather than mass is created or destroyed. We have for the
charged current interaction

LνCC = − g√
2

∑

`=e,µ,τ

`Lγ
µW+

µ νL` + h.c.

= − g√
2

3∑

i=1

∑

`=e,µ,τ

U`i`Lγ
µW+

µ νLi + h.c. (2.14)

where νLi are the neutrino fields with definite masses mi. From this we can see that the
charged current interaction with e.g. an electron is given by

LνeCC = − g√
2
eLγ

µW+
µ (Ue1νL1 + Ue2νL2 + Ue3νL3) + h.c. (2.15)

and so on for the other flavours. The transformation between the mass and interactions
bases can be viewed as a rotation between flavour and mass that can be parametrised by
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three Euler angles and a number of phases according to

U =




1 0 0
0 c23 s23

0 −s23 c23







c13 0 s13e
−iδ

0 1 0
−s13e

iδ 0 c13






c12 s12 0
−s12 c12 0

0 0 1




× diag (1, eiα21/2, eiα31/2)

=




c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13


 (2.16)

× diag (1, eiα21/2, eiα31/2)

where we have introduced the shorthand notation sij = sin θij , cij = cos θij for the three
angles θ12, θ23 and θ13 (0 ≤ θij ≤ π/2) and δ is the CP-violating Dirac phase. The
phases α21 and α31 are called Majorana phases and can be non-zero only if the neutrino
are Majorana particles. The diagonal matrix with the CP-violating Majorana phases
α21 and α31 is usually factored out as above. CP is conserved when U is real, hence the
phases δ, α21 and α31 contain all contributions to CP-violation. To conclude, the mixing
in the neutrino sector is determined by three mixing angles and one or three phases2.

If a neutrino of flavour ` is produced at a source we can now ask what the probability
is to observe it as the same flavour ` at a detector at a distance L from the production
point. Because neutrinos oscillate between flavours during propagation this probability
will in general be smaller than one and conversely the probability to observe a distinct
flavour `′ at the detector is different from zero.

A state at production |ν`〉 can be written as a superposition of the mass eigenstates
as3

|ν`〉 =
∑

i

U∗`i|νi(pi)〉 (2.17)

where pi is the four-momentum of νi. Assume that the state is produced at space-time
points xP = (0,0) and arrives to the detector at time T and position L. The state then
propagates via the time-evolution operator Di(pi, L, T ) given by

Di(pi, T, L) = e−ipi·(xD−xP ) = e−i(EiT−|pi|L) (2.18)

where pi = (Ei,p) is the four-momentum of state |νi〉. The amplitude for observing a
state |ν`′〉 at the detector is then given by

A(ν` → ν`′) =
∑

i

U`′iDiU
†
i` (2.19)

2If one adds more sterile neutrinos than three there are more Majorana phases appearing, n − 1
Majorana phases have to be included when adding n sterile neutrinos. There will also be more mixing
angles. See Ref. [13].

3Note that the conjugate U∗ is used since by convention the field operator, associated with U , creates
an antiparticle state whereas the anti-field operator, associated with U∗, creates a particle state.
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and the probability is the amplitude squared, which becomes [13]

P (ν` → ν`′) = |A(ν` → ν`′)|2

= δ``′ −
∑

i<j

4 Re
[
U∗`iU

∗
`′jU`′iU`j

]
sin2 φij

︸ ︷︷ ︸
CP−conserving

−
∑

i<j

2 Im
[
U∗`iU

∗
`′jU`′iU`j

]
sin 2φij

︸ ︷︷ ︸
CP−violating

(2.20)

where

φij =
∆m2

ijL

4E
=

(m2
i −m2

j )L

4E
(2.21)

and we see that the probabilities depend on the differences of the masses mi squared.
The probabilities are for a neutrino produced with an energy E oscillating functions in
space amplitudes given by functions of the angles θij and wavelengths that depend on the
differences between the squared masses and E. We can also see that the dependence on
the Majorana phases αi, i = 1, 2 will cancel out in the expressions for the probabilities,
i.e. oscillation experiments can not tell us anything about these. The first part of
the expression for the probability conserves CP whereas the last part violates CP. The
probability P (ν̄` → ν̄`′) is obtained by replacing U → U∗ and CP violation means that
in general

P (ν̄` → ν̄`′) 6= P (ν` → ν`′) (2.22)

and if U is real there is no CP violation.
For a given ∆m2

ij , the oscillating probability will depend on the ratio E/L, and
depending on the size of this ratio oscillations may or may not be important. We can
define vacuum oscillation lengths

λvij = 2π
2E

∆m2
ij

≈ 2.48 km

(
E

1 GeV

)(
1 eV2

∆m2
ij

)
(2.23)

and when L/λvij ∼ 1 oscillations will be of great importance. In the limit when L� λvij ,
oscillations do not have enough distance to develop and the neutrinos will be largely
unoscillated compared to production. In the opposite limit when L� λvij , oscillations are
so short in comparison with the distance L that coherence between neutrinos is lost and
the average of the sinusoidal functions in Eq. (2.20) should be taken. The probabilities
in that case become constant for a given energy E. In an oscillation experiment one
should therefore adjust the distance between production and detection L and the energy
E according to the ∆m2

ij one is interested in probing.
When neutrinos pass through matter electron neutrinos are affected differently than

muon and tau neutrinos since they will interact differently with the electrons, neutrons
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Normal ordering Inverted ordering

θ12 [◦] 33.56+0.77
−0.75 33.56+0.77

−0.75

θ23 [◦] 41.6+1.5
−1.2 50.01.1

1.4

θ13 [◦] 8.46+0.15
−0.15 8.49+0.15

−0.15

δ [◦] 261+51
−59 277+40

−46

∆m2
21/(10−5 eV2) 7.50+0.19

−0.17 7.50+0.19
−0.17

∆m2
3`/(10−3 eV2) 2.524+0.039

−0.040 −2.514+0.038
−0.041

Table 2.1 – Best-fit values to the neutrino mixing parameters from Ref. [15, 16] with 3σ
ranges indicated. In the convention used here, ∆m2

3` = ∆2
31 > 0 in the case of normal

ordering and ∆m2
3` = ∆2

32 < 0 in the case of inverted ordering.

and protons in the material. The result is that oscillations in matter are different com-
pared to oscillations in vacuum. An extra potential V has to be included in the propa-
gation governed by Di(pi, T, L) between production and detection. The oscillations are
then described by effective oscillation parameters that are different compared to the vac-
uum case. For certain matter densities, there can be so-called resonance phenonema with
greatly enhanced and/or suppressed oscillations, so that oscillations in matter in some
cases can differ significantly from vacuum oscillations.

The parameters in the neutrino sector are the three independent angles θij , the Dirac
phase δ, the Majorana phases α1 and α2 and the three massesm1,m2 andm3. With three
masses, there are three mass squared differences ∆m2

21, ∆m2
31 and ∆m2

32 corresponding
to the three different φij in Eq. (2.20), and therefore two independent mass squared
differences. There are furthermore two distinct mass orderings m1 < m2 < m3 and
m3 < m1 < m2 called normal ordering and inverted ordering respectively.

There are many experiments that have measured the mixing parameters, often tai-
lored for one or a few specific parameter. In Refs. [14, 15, 16] a global fit of the parameters
measured in oscillations is presented. We show the best-fit values in Tab. 2.1. We can
see that the values are rather similar in the two mass hierarchies with some differences
in the value preferred for θ23 and δ, although the range in the fit for δ is quite large since
it is not very well measured.

The current status of our knowledge of the mixing parameters is indicated by the
sizes of the 3σ intervals for the respective parameters in Tab. 2.1 (these intervals will
be smaller in the case of many converging measurements of a specific parameter). We
can see that δ is rather unknown at the moment. There is also no clear preference for
normal or inverted hierarchy. Apart from these parameters there can also be additional
non-zero mixing angles if there are sterile neutrinos in Nature, as for example in the
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see-saw mechanism to generate neutrino masses. These mixing angles would represent
the degree of mixing between the LH active neutrinos and the RH sterile neutrinos.

From Tab. 2.1 we can also see that two mass differences are quite similar and much
larger than the third, assuming normal ordering we have e.g.

∆m2
21 ≈ 7.5× 10−5 eV2 � ∆m2

31 ≈ 2.5× 10−3 eV2

⇒ ∆m2
32 = ∆m2

31 −∆m2
21 ≈ ∆m2

31 (2.24)

This means that two of the three oscillation lengths are very similar—inserting the best-
fit values for the ∆m2

ij into Eq. (2.23) we find that the three vacuum oscillation lengths
in the case of normal ordering are

λv21 ≈ 3.3× 104 km

(
E

1 GeV

)

λv31 ≈ 9.8× 102 km

(
E

1 GeV

)

λv32 ≈ 1.0× 103 km

(
E

1 GeV

)
. (2.25)

We see that the similar values of ∆m2
31 and ∆m2

32 result in λv31 ≈ λv32.
An example of neutrino oscillations can be seen in Paper I, where we have studied

the neutrinos that are produced in cosmic ray interactions in the Sun. In Ch. 5 we will
discuss the results of that paper in more detail.

2.4 Other measurements

Oscillation experiments can not probe the absolute masses of the neutrino mass states,
but only the differences. One way to directly measure the electron neutrino mass is to
look at the decay products in tritium beta decays. The decay is given by

3H → 3He+ + e− + νe (2.26)

and by very carefully measuring the energies of the decay products one can measure
the neutrino mass. The currently strictest bound on mνe was obtained in the Troitzk
experiment [17] and is

mνe < 2.05 eV (95% CL). (2.27)

with a similar resultmνe < 2.3 eV obtained by the Mainz experiment [18]. The upcoming
KATRIN experiment [19] aims to reach a limit of mνe < 0.20 eV.

Another way that the neutrino masses can be probed is through cosmological mea-
surements. The fluctuations in the Cosmic Microwave Background (CMB) (see Sec.3.1.1)
and the evolution of the Universe are sensitive to how much mass there is in the Universe
in the form of neutrinos and a sum of masses that is too high will be in disagreement with
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current measurements. The bound one obtains is sensitive to the choice of cosmological
model but assuming the so-called ΛCDM model, the Planck collaboration has published
a limit that combines CMB measurements with supernovae data and measurements of
so-called Baryon Acoustic Oscillations that is [5]

∑

j

mj < 0.23 eV (95% CL). (2.28)

To conclude this section we finish by noting that there is direct experimental evidence
that the SM without neutrino masses is incomplete. Whether it is enough or not with
the simplest extension where three right-handed neutrinos and Dirac mass terms with
couplings to the Higgs field are added is currently unknown. If this is the case, an
explanation for the conservation of total lepton number has to be provided, as there is
nothing except this conservation that prohibits the addition of a lepton-number violating
Majorana mass term for the right-handed neutrinos, and there is currently no deeper
understanding of why lepton number should be a fundamental symmetry of Nature.
Furthermore the smallness of the neutrino masses compared to the other fermions in the
SM can be a hint that the generation of neutrino masses is connected to the existence of
a new fundamental mass scale in Nature. It is in any case clear that neutrinos will guide
us towards new discoveries in the coming years.



Chapter 3

The dark matter in our Universe

Astronomers have throughout history studied the astronomical objects around us by
pointing their telescopes at the sky and looking at the light emitted from these objects.
In this way most of the information we have about the Universe comes from the emitted
photons that can be collected in telescopes. During the 20th century, the realisation
that a large fraction of the mass in the Universe does not emit or absorb light has grown
from early observations by Fritz Zwicky [20] and Knut Lundmark1 [21] in 1933 and
1930 respectively into a cornerstone of the cosmological standard model of the Universe.
Although the first observations are nearly a century old today, it was not until the 1970s
that the problem of dark matter was taken more seriously. The problem of missing
mass, i.e. the fact that more matter than that observed was needed to explain the
dynamics of stars and galaxies, had until then mostly been left out of focus by the
scientific community, or thought to be solved by not seen ordinary matter. With new
measurements by Rubin et al. of the orbital velocities of stars in galaxies that could not
be explained by the visible mass alone [22], a novel interest in cosmological arguments
that required more matter to be present than that visible in order to have a flat universe
[23], and the understanding that no known form of matter could make up the dark
matter, the general claim of large amounts of a new form of unseen mass being present
in the Universe started to gain a foothold in the scientific community.

Today a multitude of observations at different cosmological scales all support the
existence of dark matter, a new form of non-luminous matter that must be non-baryonic
(i.e. not consisting of atoms) and cannot be explained by any known type of particle.
Together with the observation that the expansion of the Universe is accelerating, which
can be explained by dark energy, an energy density associated with the vacuum, the
resulting perspective is one where we are currently not able to explain a vast majority
of the contents of the Universe—a paradigm shift in fundamental science and an entirely
new view of the Universe (see Fig. 3.1). A historical account of the development of the
dark matter problem can be found in [24] and in particular the important progress during
the 1970s in [23].

1Lundmarks early discovery of the need for dark matter have largely gone unnoticed, possibly because
Lundmark seemed to focus more on other topics of research.
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Figure 3.1 – The shares of the total energy density that the different matter-energy com-
ponents in the Universe make up, as measured by the Planck collaboration [5]. The values
are obtained in an analysis of the fluctuations in the spectrum of the Cosmic Microwave
Background radiation. Image credit: ESA/Planck

3.1 Observations of dark matter

Today, there are observations supporting the existence of dark matter on scales ranging
from the smallest galaxies to the very largest scales in the Universe. Some prominent
examples are:

• Observations of fluctuations in the Cosmic Microwave Background [25, 5].

• The growth of structure in the early Universe [26, 27, 28, 29, 30].

• Dynamical observations of the motion of stars and galaxies [20, 22, 31, 32, 33, 34].

• Gravitational lensing measurements [35, 36, 37, 38, 39].

• Big Bang nucleosynthesis [40].

We now go through these in more detail.

3.1.1 Fluctuations in the Cosmic Microwave Background

The Cosmic Microwave Background (CMB) is a form of relic radiation emitted in the
early Universe, when the temperature had become low enough that electrons could bind
to protons and form neutral hydrogen without being immediately ionised and photons
could therefore could stream freely (referred to as the time of recombination). The
CMB is an almost perfect blackbody2 but there are fluctuations on small scales, coming

2In fact, probably the most perfect blackbody we have observed in the universe.
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from pressure waves in the early Universe plasma that were “frozen in” in the CMB.
The fluctuations in the CMB are thought to be originating from the fluctuations of a
quantum field responsible for inflation and are of great importance since they are the
initial gravity wells around which matter in the Universe later grew and formed the
structures we see today. The fluctuations tell us about the matter and energy density
in the early universe and have by today been very well characterised by a succession of
telescopes, with PLANCK being the most prominent one in recent years. The sizes of
the fluctuations give a very precise measurement of the amount of dark matter in the
Universe. The fraction of the Universe consisting of dark matter is according to PLANCK
measurements [5]3

ΩDMh
2 = 0.1189± 0.0022 (3.1)

where ΩDM is the fraction of the matter-energy in the Universe that is dark matter under
the assumption of a flat Universe, and h is the Hubble constant divided by 100, we have
h2 ≈ 0.5. The Universe has shown no measured deviations from flatness, this means that
about 25% of the total matter-energy density in the Universe is made up of dark matter.
This is today the most precise measurement we have of the amount of dark matter in
the Universe.

3.1.2 The growth of structure and the cosmic evolution

In the early universe plasma, the pressure of the photons kept the baryonic matter from
becoming too dense but for dark matter this was not the case, due to the lack of or low
degree of interactions with photons. After the time of recombination when the CMB was
emitted this prohibition of density growth for baryonic matter was no longer in place and
it started to fall into the already present overdense regions dominated by dark matter.
Eventually this would result in the formation of stars and subsequently galaxies. Without
the presence of these dark matter dominated regions in the early universe, the structures
would start growing at a much later stage, in disagreement with observations of the large-
scale structure of the Universe [41]. The dark matter in the Universe also affected the
continued evolution of galaxies and clusters. Extensive simulations of the cosmological
evolution of the large scale structure of the Universe must include dark matter in order to
be in agreement with observations such as presented in Refs. [42, 43].4 Simulations range
from early groundbreaking results [27, 28, 29] to modern state-of-the-art simulations like
the Millennium simulation [30, 41].

3.1.3 Dynamical observations of stars and galaxies

Observations show that the orbital velocities of stars around their respective galactic cen-
ters are not decreasing with distance from the center in the way one would expect if only
the visible matter was responsible for the gravitational attraction. The same principle

3There are a few different analyses of the Planck data with slight differences in the best-fit values of
the cosmological parameters, here we quote the value from column 3 in Tab. 1 in Ref. [5].

4In fact most simulations have mostly been performed with only dark matter, and only in recent
years simulations including baryonic matter has been included.
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applies to galaxies in galaxy clusters. Instead the velocities remain more or less constant
with the distance from the galactic center. These types of dynamical observations were
first reported already in the first half of the 20th century, notably by Fritz Zwicky regard-
ing galactic velocity dispersions in the Coma galaxy cluster, measured to be larger than
expected from the amount of visible matter [20]. In the 1970s the dark matter problem
began to be taken more seriously with the arrival of more observational data supporting
the existence of dark matter. Studies of stellar orbital velocities by Rubin and Ford [22]
showed that the orbital velocities of stars in spiral galaxies were too high to be explained
by the visible matter. Later these observations were extended the the outermost parts
of galaxies, beyond the edge of visible matter, notably in studies by Einasto et al. and
Ostriker and Peebles [32, 31] as well as others [44, 33]. Ostriker and Peebles had also
shown that galactic disks seemed unstable without being surrounded by a massive halo
of (dark) matter [45]. A recent compilation of velocity data in the Milky Way can be
found in [34].

Observations of the dynamics of stars close to us in the Milky Way also seem to
indicate the existence of dark matter on small scales, although the observations are not
as clear as for the rotational velocities. Early efforts by Kapteyn [46] and Oort [47]
pioneered this field that today is driven by observations from the GAIA telescope [48].
A review of the topic can be found in [49].

3.1.4 Gravitational lensing measurements.

The light from a distant object is bent when it passes a massive object, resulting in
a distorted image or duplicate images of the object. The effect is called gravitational
lensing and can be used to measure the mass and mass distribution of the lens (the
massive object in between us and the source that is in charge of the bending of the light)
since the amount of lensing depends on the amount of mass in the lens and the way it is
distributed. Since the lensing is sensitive to the total and not just the visible mass, this
can be used to infer the dark matter distribution in the lensing objects by comparing
to the distribution of visible mass. In this way observations have shown that clusters
of galaxies are embedded in a more or less spherical halo of dark matter with a mass
density that falls of with the distance from the center of the cluster [35]. Two prominent
examples that show the presence of dark matter are the Bullet cluster [37, 38, 39] and the
cluster MACS J0025.4-1222 [36], both the result of collsions between galaxy clusters. The
observations show an offset between the distributions of light-emitting baryonic matter
and gravitating matter in these clusters, indicating the presence of dark matter since the
baryonic matter will experience friction in the collision while the dark matter will pass
through unaffected.

3.1.5 Big Bang nucleosynthesis

When the early Universe had cooled sufficiently, neutrons and protons were able to form
the first light nuclei in a process called Big Bang nucleosynthesis (BBN). Neutrons are
unstable unless they are bound into nuclei, with a lifetime of about fifteen minutes.
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Furthermore the BBN process in the early Universe was slowed down by the dilution of
the proton and neutron densities due to the expansion of the Universe. For these reasons
BBN could only occur during a very specific time interval. The proton and neutron
densities are determined by the amount of baryonic matter in the Universe whereas the
expansion of the Universe is determined by the total matter and radiation density, and
the relationship between the expansion and the baryon density determines how much of
each light element is formed in the BBN process. Comparisons with observations of the
abundances of light elements in the Universe result in about 4% of the matter-energy
consisting of baryonic matter and that therefore the rest of the matter in the Universe
must consist of dark matter [40].

3.1.6 Alternatives to dark matter

Since all we know about dark matter today stems from its gravitational interactions
it is natural to ask the question: could we get away without postulating a new form
of non-baryonic matter by instead modifying the laws of gravity at galactic and larger
scales? The idea behind the framework of Modified Newtonian Dynamics (MOND) [50]
is to answer this question in the affirmative and postulate that there is no dark matter
but that instead the gravitational interactions are different at large distance scales. This
typically works well to explain rotational velocities for stars in galaxies [51], but often
has problems when the scale is changed to that of e.g. galaxy clusters or the CMB.
Models that work well on galactic scales can not explain the spectrum of the CMB,
which includes vastly different physical mechanisms at very different cosmological scales.
Often some form of dark matter is then required, conflicting with the original motivation
of MOND.

3.2 Dark matter candidates from particle physics

A dark matter particle needs to interact feebly or not at all with photons, otherwise it
would not solve the problems it was introduced to solve. It should also be colour neutral
to prevent it from interacting strongly. Weak interactions are allowed. In the SM, these
criteria result in the neutrino as the only possible dark matter candidate. However, it is
by now clear that the three known neutrinos are too light to be able to explain structure
formation. A light particle will have a large velocity dispersion and will act to wash out
structures, resulting in a different prediction for the large scale structure in the Universe
than what we observe. From this argument we conclude that a dark matter particle
should be cold, i.e. non-relativistic at the time of structure formation and that neutrinos
are so light that they would constitute hot dark matter that has too high velocities to
form structures the way we observe them. Neutrinos therefore can not be responsible
for the majority of the dark matter in the Universe, although they do constitute a small
part.

Since there is no known particle that fulfil all the desired properties of a dark matter
particle, such a candidate must come from theories beyond the SM. Unfortunately, al-
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most nothing is known about the mass of such a particle which complicates predictions
and motivations for models of dark matter particles typically come from the desire to
solve other problems with the SM along with the dark matter problem. One of the more
favoured dark matter candidates from particle physics today is a weakly interacting mas-
sive particle (WIMP), that, as implied by the name, is a particle that interacts with the
SM through the weak interaction.

A particularly appealing aspect of the WIMP hypothesis is that WIMP:s would be
naturally produced in the early universe in a thermal mechanism typically called “thermal
freeze-out”. In the early Universe, the WIMPs are in thermal equilibrium with the
other particles in the hot plasma, constantly annihilating and being formed by the other
particles. As the Universe expands and cools down over time, it will be less and less likely
that the WIMPs encounter each other to annihilate and the temperature will no longer be
sufficient for the other particles to form WIMPs. At some point in time, the timescale for
WIMP annihilation becomes so long that the number of WIMPs is essentially constant
with the density being more and more diluted as the expansion continues. The WIMP
population is then frozen-out and the number of WIMPs in the Universe stays essentially
constant.

In this way of explaining the present-day abundance of cold dark matter, a value for
the mass and cross section of order the electroweak scale is obtained (see e.g. Refs. [52, 53]
and references therein), independent of the specifics of the interactions. Thus a cold dark
matter particle interacting in some way with the SM that is produced thermally with the
freeze-out mechanism should have interactions and mass of roughly electroweak size to
give the right value for the abundance. Other production mechanisms are also possible,
resulting in very different requirements for the mass and interaction strength of the dark
matter particle [53].

WIMPs occur naturally in models beyond the SM, such as supersymmetry, where each
particle in the SM is given a supersymmetric partner with similar interactions but a spin
that differs by one half. In the minimal version of the supersymmetric SM the lightest
neutralino—a mixture of the supersymmetric partners to the neutral electroweak gauge
bosons and the neutral Higgs bosons5—is a natural candidate for the dark matter particle
and can be produced in the right abundance with the thermal freeze-out mechanism [54].

Other well established candidates for the dark matter particle include axions [55], a
very light scalar particle that is introduced to solve the strong CP problem (see Sec. 1.2.1),
and sterile neutrinos (see e.g. Ref. [56]), that emerge in the seesaw mechanism for giving
neutrinos masses (see Sec. 2.2). The dark matter abundance in today’s Universe is in
both these cases produced by completely different mechanisms than thermal freeze-out,
ensuring among other things that the dark matter is sufficiently cold and does not disturb
structure formation, despite the fact that axions in particular are very light. Although
both of these two are plausible, we will in the following focus on a WIMP as the assumed
dark matter candidate.

5More than one neutral Higgs boson is needed in the MSSM.
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3.2.1 Search strategies for WIMPs

There are a number of ways to search for WIMPs in the Universe, including both Earth-
and spacebased experiments. They can be divided in three categories:

• Indirect searches. If dark matter is a WIMP, these would annihilate and form an
excess in the flux of cosmic rays relative to that coming from standard astrophysical
phenomena in regions where the WIMP density is high. In indirect searches one
looks for features in the spectra of all types of cosmic rays, including gamma rays,
neutrinos, charged particles such as electrons, and antimatter particles such as
antiprotons. In many cases the backgrounds and foregrounds coming from standard
astrophysical phenomena are not completely known and tough to model properly.
Another way of indirect detection is to look for the annihilation products of WIMPs
that have over a long time collected in the interior of the Sun and Earth. For more
on this, see below in Ch. 4.

• Direct searches. In direct detection experiments, one looks for the recoil of nuclei
in the detector resulting from the scattering of a dark matter particle on the nucleus.
Typically these experiments consist of very sensitive detectors placed underground
to help shield from the ever present background of cosmic rays hitting the Earth.
The basic principle behind these experiments come from the fact that since the
Earth moves with the solar system relative to the dark matter halo, equivalent to
a “wind” of dark matter particles constantly showering the Earth, every now and
then a dark matter particle should scatter on one of the nuclei in the detector.

• Production. If dark matter can annihilate into SM particles, the converse should
also be true. One can then try to produce dark matter particles by colliding SM
particles (e.g. protons in the case of the LHC) in a particle collider and look for
the signature of dark matter particles. A dark matter particle would interact very
feebly with the material in the detectors and hence carry away some energy from
the collision that is not recorded in the detectors, so-called “missing energy”. One
can then search for an excess in the missing energy compared to that estimated
from known processes (for example, neutrinos will also result in missing energy
since they hardly interact at all with the detectors). More model-specific analyses
are also made, including e.g. searches for supersymmetric dark matter particles.

3.2.2 Concluding remarks

It is by now clear that a single experiment will most probably not be able to claim the
discovery of dark matter particles conclusively, cross-checks with other types of experi-
ments will be needed before the existence can be confirmed. For example, we can never
be sure that a particle found at the LHC is stable on cosmological timescales6 since the
particle only travels a short distance in the detector. Also, there are many sources of

6The dark matter particle must have a lifetime larger than the age of the Universe in order for it to
still be abundant in the Universe today.
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cosmic rays in the Universe and indirect detection experiments are because of this often
plagued by the presence of large fore- and backgrounds7 that make it hard to conclusively
rule out all explanations other than dark matter annihilations.

The dark matter problem remains today as one of the largest unsolved problems in
physics. Experiments are by now starting to probe the WIMP hypothesis in more detail.
If nothing is found over the next ten years it is likely that the scientific community
will direct its interest towards other particle candidates for dark matter. There remains
much to be understood in this interesting interplay between the fundamental physics of
elementary particles and the cosmological and astrophysical aspects of our Universe.

7This is not always the case however, an example is the searches for gamma rays from dark matter
annihilations in dwarf spheroidal galaxies where the astrophysical background is very low.
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Neutrinos from the Sun

The Sun is the source of most of the astrophysical neutrinos that hit the Earth. The
majority of these neutrinos are lower energy neutrinos emitted in nuclear fusion process
in the solar core. These solar neutrinos have been instrumental in showing that neutrinos
oscillate between flavours (Sec. 2.3). At higher energies, the contributions to the neutrino
flux is instead expected to come from neutrinos created in cosmic ray interactions in the
solar atmosphere and potentially from annihilations of dark matter particles in the core
of the Sun. The former is described shortly in Sec. 4.2.2 below but is also the subject of
Paper I [1]. The mechanism behind the latter is discussed in Sec. 4.2.1. Given that no
detection has been made so far, neutrino telescopes such as the IceCube experiment at
the South Pole has set limits on the between dark matter particles and nuclei. This is
discussed in 4.3.

4.1 Historical interlude: the solar neutrino puzzle

Copious amounts of neutrinos are constantly emitted from the Sun. These are predom-
inantly produced in nuclear fusion processes in the solar core. The flux resulting from
these reactions can be calculated by taking into account all the various nuclear processes
that produce neutrinos and the details of these processes. Following Ref. [57], a rough
estimate can be obtained by assuming that all of the solar energy output comes from
the common fusion reaction p + p → 2He + e+ + νe, which results in a flux of about
1011 cm−2s−1 at Earth1, meaning that a huge number of solar neutrinos pass through a
human being every second. These neutrinos typically have energies in the MeV range.

Historically the measurement of this neutrino flux has been instrumental as evidence
that neutrinos oscillate between flavours (see Sec. 2.3). The reason is that one expects
only electron neutrinos to be produced in the nuclear reactions, but the measured flux
of electron neutrinos is significantly lower than that expected from calculations of the
fusion rate in the Sun. This apparent deficit of neutrinos compared to that expected

1Each pp reaction releases about 10MeV of thermal energy. This gives a reaction rate of
L�/10MeV ' 1038 s−1, where L� is the solar luminosity. The result is a neutrino flux at earth of
about φ ' 2.5× 1038/(4πd2) ' 1011 cm−2 s−1, where d = 1AU. See Ref. [57] for details.
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from models of the Sun was called the solar neutrino problem. The solution to the
solar neutrino problem with neutrino oscillations was successfully demonstrated by the
Sudbury Neutrino Observatory experiment [58], which could show that the flux of muon
and tau neutrinos was non-zero. Without oscillations one expects to see only electron
neutrinos in the experiment, but on the way to the Earth oscillations result in non-zero
fluxes of muon and tau neutrinos.

4.2 High energy neutrinos from the Sun

The solar neutrinos formed in the nuclear reactions have energies in the MeV range. At
higher energies there are other processes that can contribute to the flux of neutrinos
from the Sun. In this thesis, particular interest is awarded the high energy neutrinos
that are formed in interactions of cosmic rays with the outer parts of the Sun. Another
possible source of neutrinos is dark matter annihilations: under the hypothesis that the
dark matter in the Universe is constituted partly or completely by WIMPs (see Sec. 3.2),
neutrinos can be emitted in the annihilations of WIMPs that have collected in the interior
of the Sun.

4.2.1 Neutrinos from dark matter annihilations

When the Sun moves through the galaxy it sweeps through the halo of dark matter.
Under the WIMP hypothesis, some of these particles will scatter on the nuclei in the
Sun and become gravitationally bound in closed orbits. Given enough time, the particles
will thermalise with the solar core, resulting in an overdensity of WIMPs there. This
overdensity will lead to an annihilation signal from the Sun. In the annihilations all
types of SM particles are typically produced, either as direct annihilation products or as
secondary particles in showers from the original annihilation products. Most particles
from the annihilations are quickly stopped in the dense solar interior but neutrinos can
escape and propagate further to the Earth, where they can be detected in neutrino
telescopes [59, 60, 61, 62].

The rate of WIMP capture by the Sun will depend on the average dark matter density
along the orbit of the Sun around the galactic center as well as the sum of the scattering
cross sections between the WIMPs and the different elements in the Sun, which can
be factorised into the WIMP-proton scattering cross section σχp multiplied by a sum
over nucleus-dependent factors (for details, see e.g. Ref. [63]). Since the annihilation
rate depends on the WIMP annihilation cross section σχχ the neutrino signal at Earth
will therefore depend on both σχp as well as σχχ, making it a complementary approach
compared to direct searches, which primarily probes σχp and indirect searches, which
probe σχχ.

The differential equation determining the rate of change of the number of WIMPs
trapped in the Sun N(t) is given by

dN(t)

dt
= CC − CAN(t)2 − CEN(t), (4.1)
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where CC is the WIMP capture rate, CA the annihilation rate which depends on the
annihilation cross section σχχ times relative velocity, and CE is the evaporation rate of
WIMPs. The latter describes how likely it is that a WIMP will up-scatter on a solar
nucleus and obtain a velocity higher than the escape velocity. It is greatly suppressed
for WIMPs with masses mχ & 5 GeV [64, 65]. Neglecting evaporation, the collection of
WIMPs in the Sun then becomes a competition between the capture and annihilation
terms with the solution for the rate of WIMP annihilations today given by

Γ(t�) =
1

2
CAN(t�)2 =

1

2
CC tanh2

(√
CCCAt�

)
, (4.2)

where t� ≈ 4.5× 109 years is the life-time of the Solar System (the maximum time
over which the WIMPs have been able to equilibrate with the solar interior). If t� �
1/
√
CCCA the solution tends to the constant value Γ = CC/2, i.e. capture and anni-

hilation are in equilibrium and there is a one-to-one relationship between the rate of
annihilations and the capture rate. If this holds, the annihilation rate (directly related
to the event rate in a neutrino telescope) only depends on the capture rate, which in
turn depends on σχp and the dark matter distribution in the Milky Way. The solar
WIMP searches can thus be meaningfully compared to the direct detection experiments
on Earth, where one attempts to detect the nuclear recoil of WIMP-nucleon scattering
in a detector, although the solar WIMP signal is an integrated effect over time whereas
the direct detection signal only depends on the present WIMP distribution in the galaxy.

The interaction cross section between WIMPs and nuclei of mass number A is of-
ten separated into a spin-independent and a spin-dependent part, σχA,SI and σχA,SD
respectively. Depending on what type of material the WIMPs scatter on in a particular
experiment one is especially sensitive to either one or both of these. In the case of spin-
independent scattering there is an additional A2 enhancement of the cross section since
the WIMP in this case scatters coherently on the nucleus as a whole, σχA,SI ∝ A2σχp,SI
where σχp is the spin-independent WIMP-proton cross section. In reality, for a specific
model, such as the MSSM with the neutralino as a WIMP, the total WIMP-nucleus scat-
tering cross section will be a combination of spin-dependent and spin-independent parts,
determined by the couplings and masses of the particles in the model. The separation
into only spin-dependent or spin-independent scattering is thus a simplification, but a
specific model will be somewhere in between these two extremes.

In a sense we can see the Sun as a giant direct detection experiment where we are not
free to choose the material in the detector but are forced to consider mostly hydrogen with
some abundances of heavier elements. In a direct detection experiment on Earth one can
choose the material and generally chooses an element with a large number of nucleons
to be able to benefit from the A2 enhancement from the coherent spin-independent
scattering. Stronger limits can then be put on the spin-independent WIMP-proton cross
section σχp,SI in an experiment on Earth compared to the indirect searches with the Sun,
whereas the Sun often gives stronger limits for the spin-dependent WIMP-proton cross
section σχp,SD, where there is no A2 enhancement for heavy nuclei.

After having been produced in the WIMP annihilations in the solar core, the neutrinos
will propagate to the Earth. In the Sun the neutrinos will interact through charged
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Figure 4.1 – The flux of neutrinos per WIMP annihilation as function of neutrino energy
divided by WIMP mass mχ, obtained with WimpSim [66, 67]. The left plot shows the
νµ flux directly from the WIMP annihilations, and the right plot shows the νµ flux 1 AU
from production (i.e. approximately at the position of the Earth), when the neutrinos have
oscillated and interacted with the solar material. In both plots the blue curve is the flux
for 100% annihilations into W+W− and the red curve the flux from 100% annihilation into
bb̄. The W+W− spectrum is much more peaked at higher energies near mχ. In the right
plot one can see the neutrino oscillation patterns as wiggles in the curves. The flux is also
decreased at higher energies due to interactions in the Sun.

and neutral current interactions as well as undergo matter oscillations, charged current
leading to loss of the neutrino and neutral currents resulting in energy loss. They will
then vacuum oscillate after exiting the Sun to the Earth [66].

The specifics of the neutrino signal expected at Earth in general depends greatly
on the model one considers and its parameter values. One therefore usually considers
a generic WIMP model, with an annihilation cross section given by the value required
for thermal production with the freeze-out mechanism. In a realistic model, the WIMP
will annihilate into many different final states with different branching ratios, and each
annihilation channel results in a different energy spectrum of the neutrinos. Annihilations
into quark pairs are typically peaked at lower energies, below the WIMP mass, since
the quarks hadronise and energy losses take place before the neutrinos are produced.
Annihilations into W+W− or τ+τ− instead produce neutrinos with energies closer to
the WIMP mass, since W± and τ± decay more promptly into neutrinos. See Fig. 4.1 for
an example of the neutrino flux from WIMP annihilations. As benchmarks one therefore
usually considers annihilations into 100% bb̄ or 100% W+W− or τ+τ− pairs (these both
result in hard spectra with where τ+τ− extends to lower WIMP masses since the τ mass
is smaller). In an actual model the neutrino spectrum from WIMP annihilations will
then be in between these extremes. In Sec. 4.3 we describe shortly the current bounds
on WIMP annihilations obtained with the IceCube experiment, a km3-sized neutrino
telescope at the South Pole.
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4.2.2 Neutrinos from cosmic ray interactions in the solar atmosphere

When cosmic rays impinge on the Sun they collide with the nuclei in the outer parts and
produce cascades of particles. Most of the particles in the cascades are hadrons in the
form of pions and kaons. These propagate further in the direction of the initial cosmic
ray and interact or decay. Interactions lead to energy loss in the case of elastic scattering
or the loss of a particle in the case of inelastic scattering. Decays lead to the loss of the
particle in question as it decays into another particle type. Depending on the energy and
density that the particle is traveling in, interaction or decay will be preferred. This chain
of interaction and decays continues until some stable final state is reached.

In the showers neutrinos will be produced in the decay of hadrons or leptons. The
main decay channels that lead to the production of neutrinos are the decays of pions or
kaons and muons, according to the following decay chain:

CR + nucleus −→ π±/K± +X

↪→ µ± + νµ(νµ) (4.3)
↪→ e± + νµ(νµ) + νe(νe)

The entries in brackets refer to the case of negatively charged pions/kaons and leptons. X
denotes the remnant of the nucleus and the CR particle. We see that this chain produces
three neutrinos and antineutrinos in the flavour ratio

(νe + νe) : (νµ + νµ) : (ντ + ντ ) = 1 : 2 : 0. (4.4)

The flux of neutrinos arising from the decay of charged pions or kaons in this way is
called the conventional flux.

Since pions and kaons are dominant in the cascades, the conventional flux is the most
important contribution to the neutrino flux. However, at higher energies the interaction
length of pions and kaons becomes shorter than the decay length so that there is a large
probability that they interact and are lost before decaying, resulting in a decrease of
the flux. Instead, decays of short-lived resonance particles containing charm quarks (for
exampleD0, D±) start to contribute to the flux. This flux component is called the prompt
flux.

The neutrinos produced in the solar atmosphere will interact with the solar material
on their passage through the Sun towards Earth. They will also undergo matter oscilla-
tions in the Sun and vacuum oscillations between the Sun and the Earth. This results in
a different flavour ratio at Earth than in Eq. (4.4) that is approximately 1 : 1 : 1 [68, 1].

The Sun blocks some cosmic rays from reaching the Earth, resulting a detectable
“shadow” in the cosmic ray flux at Earth [69, 70]. These cosmic rays are precisely the
ones that lead to the production of the solar atmospheric neutrinos (SAν) and naively
the SAν flux could be expected to be the same as the neutrino flux from cosmic ray
interaction in the Earth’s atmosphere when integrated over a solid angle as large as that
of the Sun. There are some key differences between the two however, that result in the
fluxes being different: (i) the solar atmosphere is less dense than the Earth’s which leads
to a larger fraction of meson decays compared to interactions, (ii) neutrino oscillations
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change the ratio between the different flavour fluxes on the way to Earth and (iii) the
solar medium is opaque to high energy neutrinos due to interactions which leads to a
large suppression of the flux for neutrino paths passing through the Sun at energies
Eν & 1 TeV.

In Paper I we have calculated the SAν flux at Earth. The reader is referred there
for more details on the SAν flux. Some results of that analysis are also presented in
Ch. 5 below. Earlier studies of the SAν flux have been performed in Refs. [71, 72, 73,
74, 75, 68, 76, 77, 1]. Out of these, Refs. [71, 72, 73, 74, 76, 1] perform calculations of
the flux2, whereas Refs. [75, 68, 77] use earlier calculations. Neutrino oscillations are
included completely in the calculation in Refs. [1, 76], earlier studies in Refs. [75, 68] add
the effect of oscillations to the input fluxes in the solar atmosphere from Ref. [74] and
propagate these fluxes with oscillations included to the Earth.

The magnetic field of the Sun will most likely affect the SAν flux at lower energies
Eν . 102 GeV. In Paper I we have neglected the magnetic field and focused the anal-
ysis on higher energies, where the charged primary cosmic rays are rigid enough to be
unaffected by the solar magnetic field. The magnetic field is complex in structure and
our knowledge of the field in the outer parts, consisting of the chromosphere and the
corona, to a large part relies on numerical simulations and modelling [78, 79]. The field
varies along the solar surface and is mostly concentrated in flux tubes. The flux tubes
extend out from the surface, spreading out to form a canopy-like structure higher up.
Typical field strengths of the large scale solar magnetic field are of order 1 G, but in
flux tubes the field strength is instead about 10 G. The cosmic rays will be affected
by the interplanetary magnetic field on the way down to the solar atmosphere, and by
the atmospheric magnetic fields when they begin interacting with the solar medium. In
Ref. [72] the diffusion effect of the interplanetary magnetic field is estimated to decrease
the neutrino flux at neutrino energies Eν . 200 GeV.

From observations of the shadowing effect that the Sun has on the cosmic ray flux
that reaches the Earth, we know that the solar magnetic field affects cosmic rays around
the Sun, for example the cosmic ray shadow is displaced compared to the position of the
Sun on the sky [69]. Modelling the effect on the SAν flux presents a challenge however,
as the magnetic field is complex, but studies with other messenger particles may help
in determining the importance of the magnetic field. For example, gamma rays are
produced in the decays of π0 mesons in cascades in the solar atmosphere in a way similar
to the SAνs. A gamma ray flux from the Sun has also been observed [80, 81] and further
characterisation of this signal can potentially aid in determining the effect on the SAν
flux.

4.3 Neutrino telescopes

An typical astronomical telescope observes the light emitted from astrophysical sources.
This light is not restricted to be in the optical range—astronomical observatories cover

2Note that the calculation in Ref. [76] was performed simultaneously but independently from our
analysis in Paper I.
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the whole electromagnetic spectrum. In a neutrino telescope one is instead interested in
detecting neutrinos emitted from astrophysical objects. With the IceCube experiment,
situated in the Antarctic ice at the South Pole, we have for the first time observed these
astrophysical neutrinos and hence entered a new era of neutrino astronomy [82, 83]. The
benefit of neutrino astronomy is at the same time its drawback: the low interaction
cross section of neutrinos with any type of matter encountered along the way from the
emission to the detector (along with being unaffected by magnetic fields) means that the
neutrinos point directly back to the source, however this also means that detecting the
neutrinos in an experiment provides a significant challenge. The result is that neutrino
telescopes consist of very large detectors that make up for the low detection rate with
a large detector volume. Another complicating matter is that the flux of astrophysical
neutrinos is much lower than the constant background of Earth atmospheric neutrinos
(EAν) produced in cosmic ray cascades in the Earth’s atmosphere.

Neutrinos can interact with the nuclei in the detector through deep inelastic charged
current (CC) or neutral current (NC) interactions,

CC: ν` +N → `− +X (4.5)
NC: ν` +N → ν`′ +X (4.6)

where ` = e, µ, τ , N denotes a nucleus in the detector and X is the remnant of the
nucleus after scattering. In a CC interaction, a charged lepton is produced that gives
information on the neutrino flavour since the charged leptons of different flavour have
different signatures in the detector. In a NC interaction, the neutrino leaves the detec-
tor with reduced energy, leaving a hadronic remnant behind. In this case there is no
flavour information. This leads to two types of signatures in the detector: cascades, from
hadronic remnants or leptonic decays, and tracks from charged leptons. Cascade events
typically give better energy information while tracks provide better directional accuracy.

In the searches for high energy neutrinos from the Sun it is important to have good
pointing accuracy to ensure that the neutrinos come from the Sun, therefore tracks are
preferred over cascades. The most useful case is then the CC interaction of a muon
neutrino leading to a muon in the final state, since the muon is the most penetrating
lepton type. A muon can travel several kilometers in the ice before decaying or being
stopped.3 Since it is travelling faster than the speed of light in ice, it will emit Cherenkov
light in a cone around the track, which can be used to determine the direction of the
muon. The deposited light as well as the energy loss in the ice can be used to reconstruct
the energy of the muon. The neutrino-nucleus scattering leads to an energy-dependent
kinematic angle between the original neutrino and the muon. The direction of the muon
will therefore not be the same as the original neutrino, leading to an uncertainty in the
reconstructed neutrino direction that becomes smaller with increasing energy.

The other lepton flavours are less useful for the solar searches. Electrons are lighter
than muons and will therefore be stopped in the detector much quicker, resulting in a
cascade event that makes it more difficult to determine the direction of the electron and

3A 50GeV muon has an average range of about 200m.
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hence of the neutrino. Tau leptons also produce cascades. They quickly decay in the
detector and produce secondary particles with lower energy, some of them muons.4

We have here focused on IceCube, other neutrino experiments include for example
Super-Kamiokande [84], Antares [85] and the upcoming KM3Net [86].

4.3.1 Dark matter searches

If WIMPs collect in the solar interior and annihilate, an excess of neutrinos is expected
in the direction of the Sun. The energy range of interest is that above the solar neutrino
energies, i.e. GeV energies. It is kinematically limited from above by the WIMP mass,
which is typically O(100 GeV), as well as by neutrino interactions in the Sun that prohibit
neutrinos at energies & 1 TeV from escaping the Sun’s core. To ensure that a detected
excess of neutrinos really comes from WIMP annihilation one must be careful to subtract
all other sources of neutrinos. At these energies, only SAν contribute to the neutrino
flux from the Sun. Atmospheric neutrinos and muons created in similar cascades in the
Earth’s atmosphere (here denoted EAν and EAµ respectively) must also be taken care
of.

With directional reconstruction, one can distinguish the solar neutrino fluxes from
the EAν and EAµ fluxes since the angular dependence on the sky will be vastly different.
EAµ are the dominating source of muons that reach the detector and must be effectively
removed. The simplest way to do this is to require that the muons in recorded events
are upgoing, i.e. that they enter the detector from below. Only neutrinos are able
to propagate through the Earth without being absorbed, so upgoing muons must be
neutrino-induced and not atmospheric (they can still come from EAν however). The
EAν flux will reach the detector from all directions, with a magnitude dependent on the
zenith angle (the angle from the vertical direction from the Earth’s surface). The EAν
flux in the direction of the Sun will therefore take values in between the horizontal and
vertical flux, since the Sun will move on the sky. One possibility to subtract the EAν
flux is estimate the flux in regions of the sky where the Sun is not present. Early IceCube
solar dark matter analyses used this together with a selection of only upgoing muons [87]

In later IceCube solar dark matter searches [88, 89, 90, 91], the background is instead
estimated from the actual data by utilising the fact that the Sun is small on the sky
and that the total background from EAν and EAµ is approximately the same over the
whole sky and much larger than any signal. The background is then taken from data
randomised over the whole sky, which removes the systematic errors that can occur when
instead simulating the background.

With no excess seen so far in the IceCube searches, limits can be put on the WIMP-
proton cross section. This comes from the fact that the expected event rate is proportional
to the present-day WIMP annihilation rate in the Sun, which in equilibrium is directly
proportional to the WIMP capture rate in the Sun, which in turn is proportional to the
WIMP-proton scattering cross section. By simulating such WIMP annihilation signals

4At very high energies the tau leptons have a decay length that is sufficiently long that the cascades
from the interaction vertex and decay vertex can be distinguished, called a “double bang” event. No such
event has been observed to date.
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and comparing with data one can then get a handle on how large the cross section can be
without being detected in IceCube. The latest limits come from Ref. [91], which obtains a
limit on the spin-dependent WIMP-proton cross section down to σχp,SD ∼ 2× 10−41 cm2

for WIMP masses of the order of 100 GeV. For the spin-independent cross section, the
IceCube limit is as expected not as constraining as direct detection experiments. The
limit goes down to σχp,SI ∼ 2× 10−44 cm2 for WIMP masses of the order of 100 GeV,
one to two orders of magnitude above the best direct detection limits.

In the case of spin-dependent scattering neutrino telescope limits can compete with
the direct detection experiments. For WIMP masses above about 100 GeV, the IceCube
limits are the most stringent to date (for lower WIMP masses SuperKamiokande [92]
and the PICO experiment [93] have stronger limits). This is because the Sun to a large
part consists of hydrogen, which has spin. In the case of spin-independent cross sections,
the IceCube limits can not compete with the Earthbased direct detection experiments,
since one in the case of the Sun does not benefit from the coherent A2 enhancement one
obtains with heavy nuclei in detectors on Earth. These limits are still a complement to
the direct detection limits however, since the solar annihilation signal is an effect that is
sensitive to the dark matter distribution during the whole lifetime of the Solar System
and not just to the present day dark matter density.

4.3.2 Solar atmospheric neutrinos as a background

Since the SAν are also emitted from the Sun they provide a different type of background
for the solar dark matter searches as compared to the EAνs and EAµs. In principle,
the SAν flux can also be distinguished from a WIMP signal since the dependence on
the angle from the centre of the solar disk and energy spectrum are both different. In
practice however, the angular resolution of IceCube is ∼ 6◦ for 100 GeV neutrinos [91]
which is much larger than the angle ∼ 0.5◦ that the Sun occupies on the sky. Therefore
both the SAν and WIMP annihilations act as neutrino point sources in IceCube. The
differences in the energy spectra, with the SAν flux having a power-law dependence and
the WIMP signal consisting of a bump below the WIMP mass, can then potentially be
used to distinguish the two. This however requires reasonably large statistics, which is
unlikely given expected event rates, and a sufficient energy resolution. We discuss this
further in Ch. 5.
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Results and discussion

In this chapter we present some of the results of the analysis in Paper I [1], where we
have calculated the flux at the Earth of neutrinos created in cosmic ray interactions in
the outer parts of the Sun. The results are discussed in the context of the background
material presented in the earlier chapters.

5.1 Summary of the calculation

To calculate how the neutrino fluxes evolve with depth in the solar atmosphere we have
used the publicly available code MCEq [94, 95]. We have in this way calculated the
neutrino fluxes as function of path length travelled ` for a number of different impact
parameters (see Fig. 5.1 for a description of the geometry). From the MCEq calculations
we produce datafiles that are read into the code WimpSim [67, 1], that we then use for the
propagation from the solar atmosphere to the Earth, including both interactions in the
Sun and oscillations (we use the best-fit oscillation parameters for the cases of normal
and inverted hierarchy in Ref. [16, 14]). We sample events from the fluxes using a form
of acceptance-rejection Monte Carlo sampling and in this way obtain neutrino events
with energy weighted with the flux Φ and flavour and production point weighted with
to dΦ/d` so that we get events distributed according to the fluxes and how they develop
with path length travelled in the atmosphere. These events are then propagated through
the Sun and from the Sun to a detector on Earth where the neutrino or the neutrino-
induced muon flux can be obtained by summing all events with the appropriate event
weight.

5.2 Neutrino fluxes

In Fig. 5.2 we show the progression of the solar atmospheric neutrino (SAν) fluxes from
production in the solar atmosphere to a detector. The fluxes are shown at production
(black solid lines), after propagation through the Sun at the solar surface (red dashed), at
1 AU (green dot-dashed) and in a detector at the South Pole (blue solid). The difference
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Figure 5.1 – A schematic view of the geometry used. Neutrino fluxes are calculated as
functions of energy, flavour, path length travelled in the atmosphere ` and impact parameter
b. Figure from Paper I.

between the latter two is that in the second case the varying distance between the Sun
and the Earth is taken into account, here we show the fluxes averaged over the austral
winter (from vernal to autumn equinox).

We can see in Fig. 5.2 that the ratio is, as expected, about (νe + ν̄e) : (νµ + ν̄µ) :

(ντ + ν̄τ ) = 1 : 2 : 0 at production, i.e. almost no tau neutrinos are created in the
atmospheric cascades. This ratio is then due to oscillations on the way between the Sun
and the Earth changed to approximately 1 : 1 : 1 for most energies at the detector. The
effects of neutrino oscillations can also be seen as wiggles in the curves. In a detector
these effects will smeared out due to imperfect energy resolution and the fact that we
observe muons and not neutrinos. Comparing the black and red curves, we can see that
in the passage through the Sun electron neutrinos barely oscillate while muon neutrinos
oscillate significantly into tau neutrinos. This comes from the fact that one oscillation
length is large compared to the solar radius, with the other being of similar size, we have
from Eq. (2.25)

λv21

R�
≈ 4.7

(
E

100 GeV

)

λv3i
R�
≈ 0.14

(
E

100 GeV

)
, i = 1, 2 (5.1)

so that for the energies we are considering, neutrinos have not travelled sufficiently far for
oscillations due to λv21 to develop during the passage through the Sun, whereas oscillations
due to λv3i (λ

v
31 ≈ λv32) can be seen for neutrino energies between approximately 102 and

104 GeV. Above ∼ 104 GeV no muon neutrinos have oscillated and the tau neutrino
fluxes are still very small. At the lowest energies we are considering one can see the λv3i
average out, since λv3i is so short for these energies that coherence is lost and the average
over the oscillating terms must be taken, resulting in oscillated fluxes that are simply
the production fluxes multiplied by a (constant) factor that is a function of the mixing
angles and phase.
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Figure 5.2 – The neutrino fluxes in a detector situated at the South Pole, νe at the top
followed by νµ and ντ with neutrino fluxes to the left and antineutrino fluxes to the right.
The fluxes at production in the solar atmosphere and the fluxes at the solar surface (after
propagation through the Sun) are also shown for comparison. We can see that at production
the flavour ratio is approximately (νe + ν̄e) : (νµ + ν̄µ) : (ντ + ν̄τ ) = 1 : 2 : 0, whereas
in the detector the ratio is approximately 1 : 1 : 1 due to oscillations. Attenuations affect
primarily high energies, as can be seen by comparing the black and red curves. Apart from
changing the flavour ratio the oscillations can be seen as wiggles in the curves. Figure from
Paper I.
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Figure 5.3 – The flux of muon neutrinos per solid angle as function of the angle from the
Sun, as seen from Earth. Also shown is the Earth atmospheric muon neutrino flux in a band
between the horizontal flux and the vertical flux, calculated with MCEq. Since the Sun moves
across the sky, the earth atmospheric flux will be in between these extremes. Figure from
Paper I.

We have in the discussion above only considered vacuum oscillations. In reality, the
oscillation lengths are effectively different when neutrinos oscillate in the solar matter
since the electron neutrinos interact differently with matter (since matter contains elec-
trons but not muons or tau leptons). However, these matter effects are more important
at lower energies. We have included a full treatment of matter oscillations but the effect
is very small, and the oscillation effects are well approximated by vacuum oscillations
only. Below about 102 GeV there are some small bumps and dips in the fluxes that are
due to matter effects.

On the way between the Sun and the Earth the neutrinos vacuum oscillate over
approximately the distance 1 AU = 215R�. Now both oscillation lengths are short com-
pared to the distance travelled for energies up to some hundreds of GeV, and oscillation
effects are averaged out for these energies. The oscillations due to λv3i have now moved
up to ∼ 104 GeV and upwards (the length travelled is now much larger, changing the
E/L ratio) so that muon neutrinos have oscillated into tau neutrinos in the whole energy
range. Oscillations due to λv21 can now be seen in the energy range between approximately
102 to 104 GeV.

Interactions in the Sun can be seen as an attenuation of the flux between the black
and red curves. Some neutrinos are lost due to charged current interactions, leading
to a lower flux, and some neutrinos are shifted to lower energies from neutral current
interactions, shifting some flux downwards in energy. This is most clearly visible in the
electron neutrino fluxes, since these almost do not oscillate while propagating through
the Sun so that it is only the interaction effect that makes the fluxes different between
production and after propagation through the Sun.

The effects of interactions can also be seen in Fig. 5.3, where the muon neutrino flux
in the detector is plotted as a function of θ, the angle from the axis between the Earth
and the centre of the Sun, for the neutrino energies 100, 1000 and 10 000 GeV. Also
shown is the flux from Earth atmospheric neutrinos as calculated with MCEq. Since the
Earth atmospheric flux changes with zenith angle and therefore is different depending
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Figure 5.4 – The differential event rate in the IceCube detector, using the effective area
of the IceCube three-year analysis IC3 [91], for the cases of normal and inverted neutrino
mass hierarchy. We can see that most of the SAν events will come from energies around
200 GeV. Figure from Paper I.

on where the Sun is on the sky we show a band between horizontal and vertical flux.
We can see in the figure that the SAν flux is generally higher at higher angles from the
Sun-Earth axis. This is a combination of two effects: (i) the density of the atmosphere
encountered by the cosmic rays does not increase as steeply as for lower angles, resulting
in a larger fraction of meson decays compared to interaction and hence more neutrinos
and (ii) the lower amount of material traversed result in a lower degree of flux loss from
interactions.

The number of neutrino events that can be observed in a neutrino telescope as IceCube
depends, apart from the neutrino flux in the detector, on the effective area A. The
differential event rate is then given by

dR

dEν
=

(
dΦν

dEν
+
dΦν̄

dEν

)
Aν+ν̄ (5.2)

where Aν+ν̄ denotes the effective area for detection of either neutrinos or anti-neutrinos.
We take the effective area from the latest three-year IceCube analysis [91] (denoted IC3 )
and the earlier one in Ref. [89] (denoted IC-79 ). In Fig. 5.4 we show the differential event
rate with the IC3 effective area, comparing the cases of normal and inverted neutrino
mass hierarchy. In our analysis we have focused on neutrino energies above ∼ 50 GeV,
mainly since the solar magnetic field effects are uncertain for lower energies. In this
plot also lower energy neutrinos down to 1 GeV are included. However, we can see that
dR/dEν peaks at higher energies around 200 GeV so that these lower energy neutrinos
are not contributing so much to the event rate. The reason is that the effective area
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decreases quickly as the energy becomes lower and this decrease is faster than the flux
increase.

Integrating dR/dEν over energy we can obtain an estimate of the total number of
events seen per year. These numbers are quoted in Tab. 5.1. We see that the expected
number of events is rather low with at most a few per year of detector lifetime.

Finally, in Fig. 5.5 we show an illustration of what the Sun would look like in terms
of neutrino-induced muons in the detector, integrating the flux above 100 GeV. One can
see that there is a small dip in the centre, distinguishing the SAν flux from a point source
(in the case of perfect angular resolution). This comes from the fact that the neutrinos
mainly come from the solar limb, at high impact parameters. This effect is in this figure
less pronounced than for the neutrinos since the kinematic angle between the neutrino
and the muon smears out the angular dependence.

Figure 5.5 – The Sun as it would look in terms of neutrino-induced muons in the detector,
including all muons above 100 GeV. In the centre the flux is slightly lower, since most of
the neutrino flux comes from large impact parameters near the solar limb. This effect is
smeared out by the kinematic angle between the neutrino and the muon but still visible.
Figure from Paper I.

Events per year
Oscillation scenario IC-79 IC3
Normal ordering 1.17 2.26
Inverted ordering 1.40 2.70

Table 5.1 – Expected number of events in IceCube per year of detector lifetime, using the
effective areas of IC-79 (left) and IC3 (right).
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5.3 Solar atmospheric neutrinos as a dark matter background

The SAν flux will act as an almost irreducible background for the solar dark matter
searches as discussed in Sec. 4.3.1. An example of this is illustrated in Fig. 5.6, where
the angular dependence of the muons from the SAν flux is shown along with some
different cases of neutrino-induced muon fluxes from WIMP annihilations. These fluxes
are integrated above an energy threshold of 50 GeV (and hence do not use the IceCube
effective areas mentioned above). The neutrino flux is sharply cut off at θ ∼ 0.26◦, but
since the muons are deflected compared to the neutrinos the muon flux extends to larger
angles. The fluxes are here normalised so that they integrate to one. We can see that in
some cases the WIMP-induced flux can be very similar to the SAν flux.

A further comparison between SAν and WIMP neutrinos can be made by comparing
when the SAν and WIMP annihilations give the same number of events in the detector.
This will result in a sensitivity floor for the cross section that can be probed in solar dark
matter searches, below which one inevitably has to deal with the proper removal of the
SAν background. As explained in Sec. 4.3.1, neutrino telescopes can probe the WIMP-
nucleon scattering cross section by looking for neutrinos from WIMP annihilations, since
the capture rate and hence present-day annihilation rate depends on this cross section.
In Fig. 5.7 we show our estimate of this sensitivity floor, where we have compared at
what spin-dependent cross section we obtain an equal number of events in the detector
from WIMP annihilations and SAνs.

Figure 5.6 – The angular dependence of the SAν-induced muon flux as well as for some
different cases of WIMP annihilation, included for comparison. The fluxes are here nor-
malised so that they integrate to one. We see that in some cases the muon flux from WIMP
annihilation neutrinos can be rather similar to the SAν-induced muon flux. The WIMP
annihilations are into 100% bb̄ in the left plot and into 100% W+W− in the right plot and
all muons with energy above a threshold of 50 GeV have been included. Figure from Paper
I.
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Figure 5.7 – Our estimate of the sensitivity floor for the spin-dependent WIMP-proton
cross section, as function of the WIMP mass. For a given mass this is the cross section
where the number of SAν-induced events and events from WIMP annihilations are equal.
We show three different WIMP scenarios: annihilations into 100% bb̄ (left), W+W− (mid-
dle) and τ+τ− (right). The solid lines are our estimates obtained by including all events
above a threshold energy of 50 GeV and the two dashed lines are the estimates obtained by
integrating the event rate with the IC3 effective area above 50 and 1 GeV respectively. The
red curves are a comparison to the results in Ref. [77]. Figure from Paper I.

We have calculated the capture and annihilation rates in the Sun with DarkSUSY
[96] in the case of dominantly spin-dependent scattering and define the sensitivity floor
as the value of the spin-dependent WIMP-proton scattering cross section σχp,SD where
the number of events is the same for the SAν and WIMP annihilations, i.e. we adjust
the number of events from WIMP annihilations by changing σχp,SD in order to match
the (constant) number of expected events from SAν as function of the WIMP mass.
Fig. 5.7 shows the sensitivity floor as function of WIMP mass for three different WIMP
annihilation scenarios, from left to right we assume annihilation into 100% bb̄, W+W−

and τ+τ− respectively. In all three plots the solid line shows the floor obtained when
simply integrating the neutrino-induced muon fluxes above a threshold of 50 GeV. The
long-dashed and short-dashed blue lines show the floor estimated by integrating the dif-
ferential neutrino event rate with the IC3 effective area above 50 and 1 GeV respectively.
The red curves are a comparison to the similar analysis made in Ref. [77].

The curve will reach low values when we have to set σχp,SD low in order not to get too
many WIMP annihilation events compared to SAν events. For low WIMP masses we get
few events from WIMP annihilation due to a small effective area and the sensitivity floor
instead rises to high values. The same is true for high WIMP masses, above mχ ' 1 TeV
neutrinos are absorbed in the Sun. Comparing to the current IceCube limits in Ref. [91],
we not that for practically all masses the sensitivity floor is at least an order of magnitude
below the limit for the spin-dependent cross section. When probing cross sections near
the SAν sensitivity floor it is important to include the SAν flux in a proper analysis
when searching for the WIMP annihilation neutrinos.

The sensitivity floor obtained here is a simplification, since it is simply a comparison of
the total number of expected events, i.e. assuming that events can not be distinguished at
all. A proper analysis should for example consider the energy and angular dependence of
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the fluxes to see how well the WIMP neutrino flux and the SAν flux can be distinguished.
A more refined statistical analysis should also be done to see what limits one can actually
obtain for WIMP dark matter when including the irreducible SAν background. This will
likely lower the importance of the sensitivity floor.

5.4 Detecting the solar atmospheric neutrinos

Detecting the SAν flux presents a challenge due to the large EAν background. In Ref. [77]
it is argued that one should focus on higher energies above ∼ 1 TeV. Above this energy
WIMP annihilation neutrinos are absorbed in the Sun, so there is no other known source
of neutrinos coming from the Sun (the SAν neutrinos are less affected by this since
they primarily come from higher impact parameters). Furthermore the muonic angle
compared to the neutrinos is small (it decreases as θ ∝ 1/

√
Eν) so that SAν muons are

more concentrated in the direction of the Sun. The solid angle of the SAν-induced muons
that needs to be integrated over thus becomes smaller, decreasing the amount of EAν flux
to compete with. There are also differences between the energy spectra of the SAν and
EAν fluxes, since the Sun’s atmosphere is thinner and the steepening of the flux due to the
preference of meson interaction over decay in the cascades begins at higher energies. The
effects of oscillations are also different since the neutrinos travel different path lengths
from creation to detection, resulting in different flux normalisations (although usually
only muon neutrinos are used in solar searches because of the requirement of muon
tracks for the angular resolution). In summary, a detection of neutrinos with energies
above ∼ 1 TeV scale is likely to come from neutrinos created in the solar atmosphere.

In the range around 200 GeV, where dR/dEν peaks, one expects the largest amount
of SAν events. There the EAν background is unfortunately more severe, and there is
potentially also a WIMP neutrino signal to consider. The different angular dependence
can possibly be used to distinguish SAν and EAν events, however the angular resolution
together with the kinematic angle greatly smears the SAν signal. The SAν and WIMP
neutrino fluxes can unfortunately be rather similar in terms of angular dependence (see
Fig. 5.6). Considering energy resolution, the muon tracks are for these energies mostly
not fully contained which decreases the resolution down to approximately a factor of two
when using tracks only [97]. This may make it hard to distinguish the various neutrino
fluxes from each other by using the differing energy spectra, i.e. that SAν and EAν
neutrinos follow power-laws (with slightly different slope) whereas the energy spectrum
of the WIMP neutrinos consists of a bump below the WIMP mass.
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Summary and conclusions

In this thesis we have discussed how the Sun can be used as a laboratory for particle
physics, specifically for neutrino physics and dark matter searches. In the Standard
Model (SM) neutrinos are assumed massless and in order to include neutrino masses we
must extend the SM, for example through the see-saw mechanism which also introduces
new sterile right-handed neutrinos. The simplest explanation for the observed property
that neutrinos oscillate between flavours is to assume that the neutrinos have a mass.
Thus an explanation of neutrino oscillations necessitates going beyond the SM.

The mixing parameters in the neutrino sector include three angles, one CP violat-
ing Dirac phase and two independent mass squared differences, as well as possibly two
additional Majorana phases. Most of these are by now measured rather well, with the
exception of the phases.

By today, a multitude of observations at almost all cosmological scales indicate the
abundance of some form of invisible matter that does not at all, or very feebly, emit and
absorb photons. We call this dark matter, and the standard explanation is that it is
composed of some new form of matter that is not described in the SM. The realisation
that dark matter is present in large quantities in the Universe has grown over almost 100
years, with most of the development taking place from the 1970s and onwards.

It has become clear that there is no known type of particle that can explain the
properties of dark matter. Therefore it is necessary to go beyond the SM in any par-
ticle physics explanation of dark matter. A prominent dark matter candidate that has
emerged in the development over the last decades is a weakly interacting massive particle
(WIMP)—a hypothesised new particle that has mass and coupling of the order of the
electroweak scale. One example of a model that provides a WIMP dark matter candidate
is supersymmetry. Dark matter can also be composed of other types of particles than
WIMPs, for example sterile neutrinos or axions.

If dark matter is composed of WIMPs, some of these will collect in the Sun’s core
as the Sun sweeps through the dark matter halo in our galaxy on its way around the
galactic centre. These WIMPs can build up a sufficient density to start annihilating into
SM particles. Most annihilation products can not escape the dense material in the solar
core. Neutrinos however are able to penetrate to Sun and propagate further to the Earth
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where they can be detected in large telescopes that are tailored to look for, among other
things, these kinds of neutrinos. Since the rate of WIMP capture in the Sun depends on
the WIMP-proton scattering cross section, the neutrino telescopes can set limits on this
cross section in the absence of a detection.

The IceCube experiment in the ice at the South Pole is an example of such a telescope.
So far, no excess of these high energy neutrinos has been seen in the direction of the Sun,
resulting in limits for the WIMP-proton scattering cross section. In order to be sure
that detected neutrinos are in fact coming from WIMP annihilations one must take care
to account for all the known background neutrinos that come from other processes. In
the case of the Sun, the only such background that is expected for the high energies
considered and cannot be easily removed is composed of neutrinos created in high energy
cosmic ray interactions with the outer parts of the Sun. Characterising this flux is thus
a necessity for making precise measurements of neutrinos from WIMP annihilations in
the case of detection, but are also interesting in their own right. They can for example
aid in modelling how the complex solar magnetic field affects high energy cosmic rays.

In Paper I we have calculated the solar atmospheric neutrino flux at Earth, from
production in the solar atmosphere to interactions and oscillations in the Sun and on
the way to Earth. We predict rather low event rates, with a handful of events per year
of detector lifetime. The measurement of this flux will be challenging but is potentially
in reach of the IceCube experiment. We have also considered the fact that the solar at-
mospheric neutrino flux will in practice act as an irreducible background to the neutrino
flux from WIMP annihilations. This can be translated into a curve that represents a sen-
sitivity floor in the mχ−σχp,SD plane, where σχp,SD is the spin-dependent WIMP-proton
scattering cross section and mχ the WIMP mass. For values of σχp,SD on this curve for
a given WIMP mass, we expect an equal number of events in a neutrino detector from
solar atmospheric and WIMP annihilations. This curve then represents an approxima-
tion of where the solar atmospheric neutrinos must be included in the analysis: when
probing cross sections far above the curve the solar atmospheric neutrino flux is not very
important whereas it should be included when probing cross sections near or below the
curve.

The identity of dark matter remains a mystery and it is still unclear what the funda-
mental explanation for neutrino masses and hence oscillations is. Hopefully the Sun can
contribute in shedding light on these issues in the upcoming years.
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Outlook

With more data collected by the IceCube experiment, it is possible that a detection of
the SAν flux can be made. To investigate further how the SAν flux affects the WIMP
annihilation searches one should make a more careful statistical analysis and detector
simulation, taking into account the different energy and angular dependences of the
various neutrino fluxes that enter the analysis. This can help in optimising the cuts that
are needed to detect the SAν flux as well as how to treat it as a background for dark
matter searches.

Regarding the SAν flux itself, there are uncertainties coming from the solar magnetic
field in the low energy range below 100 GeV, but possible extending to even higher ener-
gies. An observation of the SAν neutrinos would help in understanding how the magnetic
field affects the cosmic ray primaries. One could also potentially use the observations of
the solar gamma ray flux in order to better normalise the magnetic effects on the cosmic
rays.

Regarding neutrino physics in general, it is by now well established that neutrinos
have mass and the mixing parameters have by now almost all been measured, with mostly
the Dirac phase left to pin down. The mechanism giving the neutrinos mass is still unclear
however and can hopefully be further investigated in the coming years.

WIMP dark matter is currently being investigated by a multitude of experiments.
Searches have so far come up empty but it is still too early to dismiss the WIMP hy-
pothesis. Indirect searches have just started to probe the thermal relic cross section (and
even below that curve tension can be avoided with non-trivial velocity dependence of
the annihilation cross section). Direct searches mainly probe the spin-independent cross
sections, and in the case of dominantly spin-dependent WIMP-nucleon scattering limits
can be avoided. Accelerator searches are often rather model-dependent making it hard
to make more general statements. It is clear that the WIMP paradigm is not over yet,
but with continued non-detection eventually the community will focus instead on the
detection prospects of other candidates like axions or sterile neutrinos.
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1 Introduction

Just as in the Earth’s atmosphere, cosmic rays (CRs) hitting the solar atmosphere create a
cascade that eventually generates neutrinos. The aim of this study is to estimate the size
of this flux including interactions and oscillations.

If we look towards the Sun, the Sun will block some CRs and we expect to get a lower
Earth atmospheric neutrino signal from the direction of the Sun. On the other hand these
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blocked CRs will produce neutrinos in the Sun instead. Naively we would expect these to
be of similar magnitude, but the typical density where neutrinos are produced is lower in
the solar atmosphere and neutrinos also experience interactions and oscillations on the way
to Earth. The stronger magnetic fields in the Sun will also affect both the CRs on their
way to the Sun and the cascade development in the Sun. Hence, we expect the neutrino
fluxes from the Sun to be different compared to the fluxes from the Earth’s atmosphere.
This motivates studying these fluxes in more detail.

These neutrinos from the solar atmosphere can teach us (if observed) about both the
primary cosmic rays, the solar density in the outskirts of the Sun, the solar magnetic fields
and possibly about neutrino oscillations. They will also be a background for other searches
for high energy neutrinos from the Sun, most notably for searches for dark matter via dark
matter annihilations in the Sun that can give rise to neutrinos [1, 2]. We will compare our
results with the signal from WIMP (Weakly Interacting Massive Particle) annihilations.

These solar atmospheric neutrinos, SAν, have been studied in the past in e.g. refs. [3–
9]. In the first four of these studies, neutrino oscillations were not included, in the fifth
one they were included partially, and in the last two they used the production fluxes in
the atmosphere calculated by Ingelman & Thunman in ref. [7] (hereafter denoted IT96)
and estimated the effect of oscillations. Our focus here is to improve on these earlier
studies by calculating the complete process from cosmic ray interactions in the Sun through
interactions and oscillations to a flux of neutrinos and neutrino-induced leptons at a neutrino
telescope. Our improvements mainly come from using newer cosmic ray models, hadronic
interaction models in the solar atmosphere, an improved solar density model and a better
simulation of the neutrino interaction and oscillation effects in the Sun and oscillations on
the way to a detector at Earth. Adding the effects of magnetic fields presents a considerable
challenge however and we will not include those effects in this study. Instead we restrict
ourselves to neutrino energies above 50 GeV where the effects from the solar magnetic fields
are expected to be small.

Our approach is event-based using Monte Carlo techniques. For the CR interactions in
the solar atmosphere we use the publicly available tool MCEq [10] which we have modified to
work for the Sun instead of the Earth’s atmosphere. For the interactions and oscillations in
the Sun, oscillations between the Sun and the Earth and interactions in the Earth close to
the detector we use an updated version of the publicly available simulation package WimpSim
[11, 12]. Our additions to that code to include the SAνs are also made publicly available
[13].

2 Cosmic ray interactions and neutrino production in the Sun

2.1 Production mechanism and cascade

When CRs impinge on the Sun they collide with nuclei in the Sun, resulting in the develop-
ment of hadronic cascades. These cascades contain a plethora of hadrons and leptons that
decay and interact further, resulting in a flux of neutrinos. The neutrinos are mainly pro-
duced from leptonic decays of pions and kaons. This is described by a chain of decays that
begins with the initial hadronic collision producing π+ (π−) or K+ (K−) that subsequently

– 2 –



`

Incoming CR
Secondary particle
Neutrino

�e Sun �e Earth
b
·R

R

Figure 1. A schematic geometry showing how the particles travel through the Sun. Incoming CRs
interact with the Sun creating secondary particles which decay into/interact creating neutrinos.
The length parameter ` is defined to be 0 at the point closest to the centre of the Sun and follows
the trajectory of the incoming CR at an impact parameter b and continues all the way to the Earth.

decay into a µ+ (µ−) and νµ (ν̄µ). The µ+ (µ−) further decay into e+νeν̄µ (e−ν̄eνµ). The
resulting flux of neutrinos is called the conventional flux and has an approximate flavour
ratio of (νe + ν̄e) : (νµ + ν̄µ) : (ντ + ν̄τ ) = 1 : 2 : 0.

Apart from the conventional neutrino flux there is a contribution to the neutrino flux
called the prompt flux. This is induced by decays of charmed mesons such as D0 and D±.
Due to the higher masses and shorter lifetimes of these mesons, the prompt flux is mainly
important at higher energies, where the conventional flux falls off faster with energy due to
energy losses of the long-lived pions and kaons. We will here assume that the effects of the
solar magnetic fields is negligible and that the cascade is developing in the direction of the
primary CR particle. This is a good approximation at higher energies, but will be worse
for lower energies, see Section 2.4 below for more details.

The development of the cascade is described by a set of coupled differential equations
that describe how the flux of each particle type depends on the atmospheric slant depth
X. The slant depth is for a specific trajectory from `0 to ` given by the integral of the
atmospheric density ρ along the path:

X(`) =

∫ `

`0

ρ(`′) d`′ (2.1)

where ` is a variable tracing the trajectory of the particle and ρ(`) is the density at the
point `. In terms of X the cascade equation for the flux of a particle type i at energy E is
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written

dΦi(E)

dX
=− Φi(E)

λi,int(E)
(2.2a)

− Φi(E)

λi,dec(X,E)
(2.2b)

+
∑

j

∫

E′>E

Φj(E
′)

λj,int(E′)

dnj(E′)→i(E)

dE
dE′ (2.2c)

+
∑

j

∫

E′>E

Φj(E
′)

λj,dec(X,E′)

dnj(E′)→i(E)

dE
dE′. (2.2d)

The first two terms are sink terms, while the last two terms are source terms. They
represent an decrease and increase respectively in the flux of particle i.

The first term, (2.2a), describes interactions where particles of type i are lost and is
governed by the interaction length

λi,int(E) =
ρ

nσinel
i−atm(E)

≈ 〈matm〉
σinel
i−atm(E)

(2.3)

which, in the approximation that ρ(X)/n(X) ≈ 〈matm〉, i.e. that the atmospheric compo-
sition is independent of depth (n is the atmospheric number density), is the atmospheric
mass average divided by the (weakly energy dependent) inelastic cross section for interac-
tions of particle i with the atmospheric particles. It is in this approximation independent
of the slant depth X. The average atmospheric mass is given by 〈matm〉 = mp〈A〉 where
mp is the proton mass and 〈A〉 = 1.27 the average mass number for the nuclei in the solar
atmosphere, assuming a composition of 28 % helium and 72 % hydrogen. We use the in-
elastic cross section for particle i on protons, σinel

i p , for the interaction lengths. This means
that we approximate the cross section σinel

i−atm ' σinel
i p , but adjust the mass average to the

actual conditions in the Sun. We estimate that this approximation is good to within about
10%. The second term, (2.2b), describes particle loss due to decays and contains the decay
length

λi,dec(X,E) = cτiρ(X)
E

mi
(2.4)

where τi is the life-time of particle i and E/mi = γ represents time dilation. The decay
length depends explicitly on the energy and implicitly on the slant depth through the
density ρ(X).

The two last terms in the cascade equation, (2.2c) and (2.2d), represent an increase
of the flux of particle i due to interactions and decays containing the particle in the final
state. They contain integrals over the fluxes of other particles j and the corresponding
interaction/decay lengths multiplied by the yields dnj(E′)→i(E)/dE — the number of i
particles at energy E coming from the interaction/decay of particle j with energy E′.

The coupled system of cascade equations can be solved in a number of ways, ranging
from purely numerical to semi-analytical methods that introduce the spectrum-weighted
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Z-moments. In this case the equations can be solved separately in the limits of high and
low energies, where the interaction term and the decay term dominate, respectively, and
the solution is then an interpolation between these two solutions. There is then a critical
energy above which the flux falls off faster by one power of the energy.

2.2 The MCEq code and modifications

In this paper we use the code MCEq [10, 14] to obtain the neutrino fluxes. In this code the
cascade equations are formulated in matrix form, with the fluxes for all particle types in a
column vector and the different interaction/decay lengths and regeneration terms as matrix
elements, and solved by utilising methods from linear algebra.

Originally, the MCEq code was meant to treat CR cascades in the Earth’s atmosphere,
but we have modified it to make it possible to obtain results for cascades in the solar
atmosphere. We have (i) included muon energy loss as described in section 2.6, (ii) changed
to a solar geometry, (iii) used solar density profiles as described in section 2.3, and (iv) used
cross sections and particle yields appropriate for a solar atmospheric environment.

In MCEq the CR flux is converted into fluxes of neutrons and protons with energies
divided equally among the nucleons. These are then followed along with all other included
particle types in the cascade equations. Tabulated cross sections and yields must be pro-
vided to MCEq. Several event generators are available to provide these, we use the cross
sections and yields for hadronic and baryonic projectiles on protons obtained with the
event generator SIBYLL [15, 16] version 2.3 [17, 18].

The prompt flux is often modelled separately from the conventional flux. In this paper
we use the default option in MCEq, i.e. the charm production model of SIBYLL 2.3 [18]. This
is a phenomenological model, in contrast to the modern calculations of the prompt flux in
the atmosphere [19–22] that use state-of-the-art perturbative QCD. The SIBYLL prompt
flux is larger than the perturbative fluxes, and may be close to the IceCube upper limit
on the prompt flux [22, 23]. However, as the prompt flux in Earth’s atmosphere is only
relevant for neutrino energies above 106 GeV, we do not expect it to be important for solar
neutrinos in the energy range we are interested in.

2.3 The Sun

For the radial density profile, describing the distribution of mass in the Sun as a function of
the distance from the centre, we use the Standard Solar Models (SSMs) for the interior of
the Sun. The SSMs mainly concern the inner parts of the Sun and close to the surface we
need to provide additional models. We use two benchmark models. For the first benchmark,
Ser+GS98 we use the Serenelli [24] model combined with Grevesse & Sauval [25]. For the
second model, Ser+Stein, we use ref. [24] for the interior and the density resulting from a
numerical simulation by Stein et al. [26]1 closer to the surface (above ∼20 000 km). The
latter is a magnetohydrodynamical simulation of convection and magnetic fields near the
solar surface. We use the average density in the vertical direction. Outside the solar surface,
we use, for both benchmark models, the same density profile as in the IT96 study which

1As obtained from Bob Stein’s webpage: http://steinr.pa.msu.edu/~bob/data.html.
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Figure 2. Shown here are the radial density profiles we have considered. The solid blue curve is
a Standard Solar Model by Serenelli et al. [24] while the dashed red line comes from a Serenelli
et al. model out to ∼20 000 km below the solar surface, where we change to the density from a
magnetohydrodynamic simulation by Stein et al. [26]. For both curves we use the exponential
fit to data in ref. [27] used by Ingelman et al. [7] outside the solar surface. The density makes a
discontinuous jump where the model changes which is unphysical, we have made the choice to use
the densities at face value rather than making a possibly erroneous matching of the curves at points
of model change.

is an exponential fit to data in ref. [27]. The two resulting density profiles we use in our
calculations are plotted in figure 2, but in practice, the choice of density model does not
significantly affect the results. We have also checked that the Serenelli model is very similar
to Model S by Christensen-Dalsgaard et al. [28]. The density curve jumps discontinuously
at the points where the model changes. This is unphysical, however we have made the
choice to keep the values as is rather than making a guess for how to match the curves.
The jump does not affect our results in a significant way.

The magnetic field of the Sun is the source of the interplanetary magnetic field that
extends throughout the Solar System. In the outer parts of the Sun, in the corona and
chromosphere, the magnetic field has a complicated structure and our knowledge to a large
part relies on numerical modelling and approximations [29–31] using observations of the
magnetic field in the photosphere as boundary conditions. The magnetic flux is unevenly
distributed on the solar surface and is concentrated in flux tubes that extend outwards
from the surface, and there is a toroidal magnetic field around the equator. The magnetic
field in the flux tubes at the surface can be in excess of 103 G. This will affect the cascade
development that we will discuss in the next subsection.

In order to estimate energy losses of charged particles in the cascade we need to know
the magnetic field inside the Sun in the regions where the neutrinos are generated. The
complicated structure of the solar magnetic field is thought to have its origin at the base
of the convective zone, at roughly 0.7R�, and it is believed that the magnetic fields there
are at least 104 G or up to 105 G in flux tubes [32]. Because the SAν are produced closer
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to the surface, we do not need to know the magnetic fields deep into the Sun.

2.4 Cosmic rays, the solar magnetic field and cascade developments

CRs that reach the solar atmosphere will be affected by the solar magnetic field. The effect
will be largest for the lower energy particles — at higher energies the particles are rigid
enough that the magnetic effects can be neglected. The effect on the CRs up until their first
interaction in the Sun has been studied in Ref. [5], where the neutrino energy Em below
which magnetic effects are important is estimated to be Em ∼ 200 GeV. CRs leading to
neutrinos of energies below Em are in their analysis assumed to partially prevented from
reaching the Sun, hence the effect in Ref. [5] is to lower the neutrino flux below Em.

The magnetic field will also affect the motion of charged particles in the cascades,
causing their direction to change. Hence, the cascade development will in general not only
be in the direction of the primary particle. One effect of this would be that the cascade does
not develop as far down into the atmosphere as without a magnetic field, another effect is
the potential that the particles in the cascades are mirrored.

A gamma-ray flux from the Sun has been observed by the Fermi-LAT [33, 34]. The
flux is about ten times larger than that previously expected [5] and furthermore has a time-
dependence anti-correlated with the solar activity [34]. The gamma ray observations can
potentially aid in determining the effect of the magnetic fields on the low energy neutrino
flux since part of the gamma ray flux is produced by the π0 decay in the same hadronic
cascades that give the neutrino flux. In fact, as shown in ref. [5], the gamma ray flux will
be enhanced by the mirroring of incoming CRs in the magnetic fields. These effects on the
cascade development should in principle also affect the neutrino flux in a similar fashion.
The fact that the gamma ray observations are higher than expected indicate that there can
be an enhancement in the neutrino flux.

In the current analysis we neglect the effects of magnetic fields. Given the above
discussion, this should be valid for neutrinos of higher energies. We follow ref. [5] and
judge that the magnetic effects is relevant for neutrino energies below Em ∼ 200 GeV with
increasing importance the lower the energy is. As the effects of the magnetic fields are
expected to be larger the lower the neutrino energy is we will in this study show results a
bit below 200 GeV and will cut our fluxes at 50 GeV. In future work we will attempt to
estimate the effects from the magnetic field.

2.5 Energy loss mechanisms

The particles created in the cascade may lose energy in several ways. The main mechanism
is hadronic interactions, as indicated above. In the generation of neutrino fluxes in Earth’s
atmosphere, this is the only relevant mechanism, and as such, it is the only mechanism
implemented in MCEq by default. In neutrino production in astrophysical sources, however,
hadronic interactions are not the main energy loss mechanism, but instead radiative cooling,
i.e. synchrotron radiation and inverse Compton scattering, are more important due to the
very large magnetic fields and photon densities. The Sun has a significant magnetic field
and number density of photons, so in principle it may be possible for particles to lose
energy through these radiative processes. However, as we shall see, these two mechanisms

– 7 –



for energy loss can be safely neglected in the Sun and the energy loss implemented in
MCEq is sufficient. Below we give a simple estimate of the relative importance of the three
energy loss mechanisms, and since the radiative processes are not important we do not
include them in our calculations. It would, however, be straightforward to include them if
necessary, provided that a sufficiently good knowledge of the magnetic field was available.
Including radiative cooling would only be relevant for ultra-high energies, however, where
the fluxes are very low.

As we shall see below, most of the neutrino production occurs between r = 0.99R� and
r = 1R�. For definiteness, we choose the density and temperature below at r = 0.995R�
for illustration, and we choose a magnetic field strength of 105 G, but the conclusions do
not depend on this choice.

The attenuation length for synchrotron losses for protons of energy Ep in a magnetic
field B is

λp,synchro =
6πm4

pc
4

σTm2
eEpB

2
, (2.5)

where σT is the Thomson cross section for electrons. This should be rescaled by (mM/mp)
4

for a meson of mass mM . Note that the attenuation length is in units of cm.
With a density at r = 0.995R� of 5 × 10−5 g/cm3, the hadronic interaction length

for protons, λp,int, is on the order of 105 cm with a logarithmic dependence on energy.
The synchrotron length λp,synchro falls with energy and magnetic field strength, but for all
energies of interest it is orders of magnitude larger than λp,int. For pions, the hadronic
length is roughly the same as for protons, while the synchrotron length is rescaled by a
factor 5 × 10−4. This is not enough to make them comparable, except for the extreme
choice of B = 105 G, where they become equal for very large energies Eπ ∼ 1011 GeV. Note
that if a perhaps more realistic value of B ∼ 103 G is used, they instead become equal at
1015 GeV. We therefore conclude that synchrotron losses are completely negligible in the
energy range we consider.

For inverse Compton scattering on a photon energy density Uγ the attenuation length
is

λp,IC =
3m4

pc
4

4σTm2
eEpUγ

, (2.6)

where Uγ ∝ T 4 is the photon energy density as obtained from the Stefan-Boltzmann law
for temperature T . The solar models discussed above give the temperature as a function of
the radial distance from the centre, with a temperature at r = 0.995R� around 2.5 × 104

K. This gives the estimate that λp,IC is 105 times larger than λp,synchro. Inverse Compton
scattering can therefore also be neglected.

It should be noted that the above estimates use a conservative value of B = 105 G,
and if the true value is smaller, synchrotron cooling becomes even more irrelevant.

In the next section we discuss the energy loss of muons in particular, which is one of
our additions to MCEq. Muons are also affected by the radiative processes discussed in this
section, but since the muon mass is quite close to the pion mass, they will have roughly the
same attenuation lengths such that we may again neglect radiative energy loss.
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2.6 Muon energy loss and decay

Muons lose energy, which in MCEq is modelled in a continuous fashion according to

dE

dX
= −(α+ βE) (2.7)

where E is the muon energy, X the slant depth and α and β parameters that depend on
the material that the muons propagate through. As muons decay and produce neutrinos it
is important to include the energy losses.

As in ref. [5] we model the outer parts of the Sun as consisting of 72 % hydrogen and
28 % helium which gives us the values 7.0× 10−3 GeV cm2 g−1 and 1.8× 10−6 cm2 g−1 for
α and β respectively. We have produced tables of energy losses as a function of energy and
use these in MCEq.

As the muons lose energy, their decay length decreases, and for most impact parameters
they all decay within the Sun and produce neutrinos. However, for very high impact
parameters, there is not enough solar material to propagate through, so some muons will
decay after the Sun. MCEq only calculates the decays inside the Sun and to include the
neutrinos from the decay of these remaining muons we have added an extension where we
let the muons decay manually and add the resulting neutrinos to the neutrinos produced
in MCEq.

2.7 Cosmic ray models

The all-particle CR spectrum is well modelled by a power-law with a single slope of around
−2.7 up to energies of about 106 GeV, at which point the spectrum becomes steeper (the so
called knee). At energies around 109 GeV the spectrum changes again at the ankle, signalling
a probable transition to an extragalactic source of CRs since the energy is then too high
for the CRs to be contained by the galactic magnetic field. There are various options for
the parametrization of the CR spectrum in MCEq. The models differ in their assumptions
on what types of CR populations make up the spectrum. Typically one assumes galactic
and extragalactic components in the spectrum, with the extragalactic populations being
relevant mainly from the knee and upwards.

In our analysis, we use two different models: the Hillas-Gaisser 3-generation model
(denoted H3a) model [35] and the Gaisser-Stanev-Tilav 4-generation model (here denoted
GST 4-gen) model [36]. In the H3a model, three different populations of CRs are assumed,
one extragalactic component that starts to contribute to the spectrum at the ankle and
two galactic components below the ankle. The GST 4-gen model assumes four populations,
two of galactic origin and two extragalactic, the fourth one consisting of purely protons
included to make the CR composition less heavy at the highest energies.

2.8 Neutrino fluxes at production

In the outer parts of the Sun, cascade particles (mainly pions, kaons and muons) will decay
into neutrinos. In figure 3, we show the flux differentiated with respect to length travelled
to show where neutrinos are produced. We show this for an impact parameter b = 0 and
three different energies. Note, that most of the neutrinos are produced directly beneath the
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Figure 3. Differential neutrino flux with respect to length travelled for an impact parameter b = 0

and three different energies (100 GeV, 1 000 GeV and 10 000 GeV). Note that the neutrinos are
dominantly produced just beneath the surface of the Sun.

surface of the Sun. The position of the production peak depends on impact parameter, but
most of the neutrinos are produced between 0.99R� and 1.0R�.

At a depth sufficiently large that all cascade particles that produce neutrinos will have
decayed, no more neutrinos are produced by the CR interactions with the solar matter. We
call these fluxes our production fluxes. We also include neutrinos arising from muon decay
outside the Sun (as described in section 2.6) in these production fluxes. In section 4.1 we
will come back to these fluxes after having discussed how we perform the event generation
in the next section.

3 Neutrino interactions and oscillations in the Sun and interactions at
the detector on Earth

From the MCEq calculations we have the neutrino production fluxes as a function of im-
pact parameters and length travelled in the solar atmosphere. These neutrinos will then
propagate through the Sun undergoing interactions and oscillations. For the interactions
we include deep inelastic scattering via both neutral current (NC) and charged current
(CC) interactions. NC will degrade the energy of the neutrino and we include these lower
energy neutrinos in our calculation. In CC interactions we will produce a charged lepton.
For electrons and muons these will not give rise to new neutrinos (muons are considered
stopped before they decay), but for τ leptons, these will decay and produce new lower
energy neutrinos, which we include in our calculation.

In this section we will go through how we in our event-based Monte Carlo framework use
the MCEq production fluxes as input and draw events from these distributions and take care
of neutrino interactions and oscillations. For this we use the publicly available WimpSim code
[11, 12]. The WimpSim code is created to take care of neutrino interactions and oscillations
for neutrinos arising from WIMP dark matter annihilations in the Sun and the Earth. In
this study, we have modified WimpSim to include also the SAνs.
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3.1 Event generation in WimpSim

For a fixed value of the impact parameter b, MCEq provides the fluxes of neutrinos produced
in the cascades as function of flavour, energy and path length ` (or depth X) travelled. For
definitions of path length ` and impact parameter b, see figure 1. We differentiate these to
obtain the differential fluxes with respect to path length dΦνα/d` and read the differential
fluxes into WimpSim for 14 values of the impact parameter ranging from 0 to 1.002 (we have
picked the values of b to make sure we sample the distribution well, especially close to the
limb, b ' 1). The fluxes are then interpolated linearly in b, ` and logE. We have chosen
our set of impact parameters to ensure small interpolation errors.

We generate events uniformly distributed in the impact parameter b and assign each
event a weight to properly include the b dependence on the solid angle. We then sam-
ple neutrino events with a value of energy from the integrated flux Φ using acceptance-
rejection sampling. Each event is also given an `-value by using acceptance-rejection sam-
pling on the differential flux distribution dΦνα/d`. In practice we draw events from the
distributions summed over flavour and particle/antiparticle type and assign flavour and
particle/antiparticle type from their relative probabilities.

Both energy and ` span over many orders of magnitude, with a rather steep decline.
In order to obtain reasonably good statistics at all orders of magnitude, we used rejection
sampling under a curve that is as close to the sampling distribution as possible. It takes
about a minute to generate 1 million events.

In this way we obtain neutrino events with energies, impact parameter and flavour
ratios distributed in accordance with the MCEq fluxes, and points of creation distributed
according to the differential flux so that most neutrinos come from points mostly around
an energy dependent distance of the order of a few thousands of kilometres below the solar
surface. Each event is assigned a weight that ensures that the sum of all events will give
the flux in units of 1/(cm2 s).

3.2 Neutrino interactions

When the generated neutrinos propagate through the Sun on their way to the Earth they
will interact and undergo flavour oscillations. As we focus on high energy neutrinos, we
consider interactions through deep inelastic scattering on the nuclei in the solar interior,
where the neutrino exchanges energy with a parton inside a nucleon through weak vector
boson exchange. The interactions include NC and CC interactions, proceeding through the
exchange of a Z and W boson respectively. In NC interactions, the neutrino is kept, but
with a lower energy. In CC interactions we produce a charged lepton, which for electrons
and muons will not give rise to new neutrinos (muons are considered stopped before they
decay in the region where interactions are significant). If a τ lepton is produced it will decay
and produce new lower energy neutrinos. The neutrino-nucleon interactions are simulated
with nusigma [38] using the CTEQ6-DIS parton distribution functions [39] and τ lepton
decay we simulate with Pythia 6.4.26 [40].

The interactions are simulated from the point in the Sun where the neutrino is created,
and onward using the same density profile as for CR interactions. We use the composition in
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Figure 4. An illustration of the attenuation of νe and νµ (left) and ν̄e and ν̄µ (right) through CC and
NC interactions in the Sun. The figure shows the fraction of neutrinos that survive passage through
the Sun for different energies and impact parameters. In this plot we have for simplicity assumed
that both NC and CC interactions will absorb the neutrinos, whereas in the real calculation we
include the lower energy neutrinos from NC interactions and from τ decay. This figure is dedicated
to the memory of PAW [37].

the Serenelli SSM [24] to include interactions on the correct amount of protons and neutrons
throughout the Sun (i.e. we do not assume an isoscalar target). We link to DarkSUSY where
these density profiles and the composition in the Sun are easily obtained [41]. In case a
charged current interaction that creates a τ lepton takes place, we simulate the tau decay
and inject the produced neutrinos at this location and continue simulating interactions and
decay through the Sun.

In figure 4 we illustrate how important the interactions are by calculating the attenua-
tion factors in a simple setup. We have here assumed that both NC and CC interactions will
absorb the neutrinos, whereas in the real calculation we include the lower energy neutrinos
from NC interactions and from τ decay. This figure shows the attenuation for electron
and muon neutrinos and antineutrinos.2 We can see from these figures that for low impact
parameters (b = 0) we lose essentially all neutrinos above 103 GeV, whereas close to the
solar surface (b = 1) the neutrinos are not very much affected by interactions below around
105 GeV. These figures can be compared to the earlier calculation IT96 [7]. Qualitatively
our results are quite similar, but we do get a higher suppression, especially for low impact
parameters. Most likely this is due to that we use an updated solar density model and
neutrino-nucleon cross sections compared to the IT96 study. We will come back to the
effect the interactions have on our SAνs in section 4.1.

2For tau neutrinos, the results would be similar, but the CC cross section is slightly lower for tau
neutrinos due to the τ lepton mass.
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3.3 Neutrino oscillations

Neutrino oscillations are included in WimpSim using a full three-flavour numerical evolution
code. It steps through the Sun taking both vacuum oscillations, oscillations from matter
effects and interactions into account (as described in the previous subsection). For the
matter effects, we use the Serenelli SSM [24] for the electron density in the Sun. We
will perform our calculations for three different sets of oscillation parameters: one without
oscillations and one each for the best fit normal and inverted mass ordering scenarios. The
best fit values we take from refs. [42, 43]. These sets of values are listed in table 1.

Table 1. Table of the three sets of oscillation parameters we use. For normal ordering and inverted
ordering the best fit values are from refs. [42, 43].

θ12(◦) θ23(◦) θ13(◦) δCP (◦) ∆m2
21 (eV2) ∆m2

31 (eV2)
No osc. 0 0 0 0 0* 0*

Normal ordering 33.56 41.6 8.46 261 7.50 · 10−5 +2.524 · 10−3

Inverted ordering 33.56 50.0 8.49 277 7.50 · 10−5 −2.439 · 10−3

∗In the code, we set the mass squared differences to non-zero values to avoid numerical problems.

The probabilities for neutrino oscillations are oscillating functions with amplitudes
determined by the neutrino mixing angles θij and oscillation lengths that depend on the
neutrino energy and the squared mass differences ∆m2

ij . Thus we get three oscillation
lengths: λ21, λ31 and λ32. Since |∆m2

31| ≈ |∆m2
32|, λ31 ≈ λ32 and we effectively have two

different oscillation lengths. In the vacuum approximation, where matter oscillation effects
are ignored, these are approximately given by

λ21 ≈ 3.3× 106 km

(
E

100 GeV

)(
7.5× 10−5 eV2

∆m2
21

)
(3.1a)

λ3i ≈ 9.9× 104 km

(
E

100 GeV

)(
2.5× 10−3 eV2

|∆m2
3i|

)
, i = 1, 2, (3.1b)

i.e. λ21 ' R� for energies above 100 GeV while all oscillation lengths are small compared
to the Sun-Earth distance for energies around 100 GeV. We can divide the effects of os-
cillations for each oscillation length in three regions: i) low energies, where oscillations
become decoherent and the oscillating part can be averaged over ii) intermediate energies,
where oscillation effects can be seen in the neutrino fluxes and iii) high energies, where the
oscillation lengths are long compared to the Sun-Earth distance so that neutrinos do not
have time to oscillate.

Although we include the full treatment of matter effects on the neutrino oscillations,
these effects are not significant for the energies we are considering, as also shown earlier
in ref. [9]. The oscillation effects on the neutrino fluxes at Earth come dominantly from
vacuum oscillations.
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3.4 WimpSim running

Our new solar atmospheric neutrino code solar_crnu is added to the existing WimpSim
software and made publicly available [12]. For details about the code, we refer the reader
to Appendix A and the code webpage. We will also provide the result files used in this
paper on the WimpSim web page [12].

In WimpSim we can simulate the events at a particular detector on Earth and we will
assume that the detector is IceCube [44] located at latitude −90◦, with the detector medium
being ice. We will further assume that the data taking window is between the vernal and
autumn equinoxes (i.e. during the austral winter where the Sun is below the horizon and
hence the atmospheric muon background is lower). We will in this study focus on the
summary fluxes which will contain the fluxes we are interested in, time-averaged over the
six months of the austral winter. For the time-averaging, the eccentricity of the Earth’s
orbit is included which will cause some of the oscillation patterns to be washed out. Our
assumption on the detector medium being ice will only affect our neutrino-induced muon
fluxes and using a different detector location or medium surrounding the detector will
typically change the fluxes by less than 5%.

4 Results: neutrino fluxes and production neutrino fluxes and neutrino-
induced muon fluxes at production and at the Earth

We are now ready to show some resulting fluxes, where we will focus on fluxes at the
detector on Earth. We have calculated the neutrino fluxes for two cosmic ray models,
H4a and GST 4-gen, two density profiles, Ser+Stein and Ser+GS98 and three neutrino
oscillation scenarios, no oscillations, normal ordering and inverted ordering, i.e. in total
12 different combinations. For each combination we have generated 2.5× 108 neutrinos.
As a default, we will show results for the cosmic ray model H3a and the density profile
Ser+Stein, but will also investigate some of the dependencies we have on different input
parameters.

4.1 Neutrino fluxes at production and after passage through the Sun

Our production fluxes for νe and νµ are shown in figure 5 for our different choices of CR
models and density profiles. The fluxes are as seen from Earth, integrated over the solid
angle of the sun. We see that the production fluxes can differ by up to 30% at higher
energies depending on which CR model we use. At lower energies (below around 100 GeV),
the differences are very small though. Our two different density models give very similar
results with the differences typically being less than 5%. As our two density models only
differ significantly at the solar surface, we expect to see the biggest differences from the
two models in the production fluxes, the interactions and oscillations will be very similar
for our two models.

In figure 6 we show the production fluxes and fluxes after passage through the Sun
of muon neutrinos and antineutrinos for three different neutrino energies. For the sake of
illustrating interaction effects we do not include oscillations in this figure. If we compare
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Figure 5. In the upper row we show the production fluxes of νe (left) and ν̄e (right) respectively.
In the lower row, we show the same but for muon neutrinos and anti-neutrinos. We show the
production fluxes for our default cosmic ray model H3a and density profile Ser+Stein, but also
compare the fluxes from a different cosmic ray model GST 4-gen and density profile Ser+GS98. In
the lower part of the figures we show the ratio between the fluxes for different cosmic ray models
and density profiles.

the neutrino fluxes at production (solid lines) to the ones after passage through the Sun
(dashed lines), we see that we get a dip at low impact parameters. This is the effect of the
attenuation that happens due to interactions when the neutrinos pass through the Sun, as
we saw already in figure 4. As the density of the Sun is significantly higher in the centre,
the effect is very strongly pronounced for low impact parameters. We can also see that the
effect of attenuation is higher for higher energies as expected.

We can also see how the production fluxes depend on the impact parameter. We
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Figure 6. The muon neutrino fluxes at production and at the surface of the Sun (after propagation
through the Sun) for neutrino energies 100 GeV (left), 1000 GeV (middle) and 10 000 GeV (right).
In this figure, neutrino oscillations are not included to show the effect of attenuation only. Note
that we here plot the fluxes and not E3

ν times the fluxes.

see that for higher energies these are quite peaked at large impact parameters, which is
expected as the density where the cascade happens is lower for these Sun grazing CRs,
and hence the fluxes are higher. We also get a small contribution from muons decaying
outside of the Sun at high impact parameters and high energies.3 The total flux from the
Sun is obtained by integrating over the impact parameters including the fact that the solid
angle is larger for large impact parameters. Hence, the high impact parameter part of these
figures will be most important for the total flux from the Sun. So to summarise, we have
three effects which all make the high impact parameters most important for our SAν flux:
i) interactions suppress low impact parameters, ii) CR interactions produce more neutrinos
where the density is low, i.e. at high impact parameters and iii) the solid angle of the Sun
is larger for large impact parameters.

At low b-values our fluxes to a large part agree with the previous calculation in IT96.
At b = 1 the fluxes in IT96 are significantly higher than at low b. We also see this effect,
but not to the same extent.

4.2 Neutrino fluxes at a detector at Earth

In figure 7 we show the neutrino fluxes at production, after propagation through the Sun, at
1 AU from the Sun and finally propagated to the detector at Earth. The difference between
the results at 1 AU and at the detector is that the detector fluxes are averaged over the
austral winter (from vernal to autumn equinox). This averaging will due to the eccentricity
of the Earth’s orbit wash out some of the oscillation effects at lower energies.

After propagating through the Sun we can see from the red curves in figure 7 that
some neutrinos have been lost due to interactions, especially at higher energies. We also
see that on these length scales oscillations essentially only affect muon and tau neutrinos.
The oscillation length λ21 due to ∆m2

21 is in accordance with eq. (3.1a) large compared
to R� and hence ineffective at these energy and length scales. Therefore oscillations from

3These are included in this figure even if they strictly speaking are produced between the Sun and the
Earth.
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Figure 7. The progression of neutrino fluxes from production, after passage through the Sun, at
1 AU from the Sun and finally at the detector (averaged over the austral winter). The plots show
the νe, νµ and ντ fluxes (integrated over the Sun) from top to down respectively. To the left we
show neutrino fluxes and to the right anti-neutrino fluxes.

muon neutrino into electron neutrinos are insignificant. Muon neutrinos oscillations into
tau neutrinos, coming from the oscillation lengths λ31, λ32, are significant at energies below
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Figure 8. The effect of different oscillation scenarios on the different neutrino flavour fluxes (at
the detector, averaged over the austral winter). We show the sum of the electron neutrino fluxes
(left), muon neutrino fluxes (middle) and tau neutrino fluxes (right). In the lower part of the plot
the ratio between the inverted and normal ordering scenarios is shown. Note that for tau neutrinos,
the fluxes without oscillations are below the lowest boundary of the plot and are hence not shown.
For electron and muon neutrinos we also show the fluxes from IT96 [7]

∼ 103 GeV. Below about ∼ 102 GeV the neutrinos are incoherent since from eq. (3.1b) we
have λ31, λ32 � R� and oscillations average out. At very high energies, also λ31 and λ32

are long compared to R� and oscillations do not develop, leading to a tau neutrino flux
that is very small and does not differ from the very small production flux.

In the fluxes after passage through the Sun we can see some effects of matter oscillations.
There is a slight enhancement in the flux of ν̄e at around 100 GeV that is due to matter
effects, but overall the oscillation effects on the fluxes are well approximated by vacuum
oscillations.

At the Earth the distance travelled is long compared to all oscillation lengths for ener-
gies below a few hundred GeV and the oscillations average out, resulting in a ratio of about
equal fluxes for all three flavours. At high energies we can now see the effect of oscillations
due to λ21 in the electron neutrino flux and the effect of all oscillation lengths for the muon
and tau neutrinos. For the latter two, λ21 oscillations now appear in the region around
∼ 103 GeV and the λ31 ≈ λ32 oscillations at higher energies around ∼ 104 GeV with muon
oscillation into tau neutrinos now efficient up to the highest energies. Thus the tau neutrino
flux at the Earth is almost entirely due to oscillations.

In figure 8 we show the effect of different oscillation parameters. The ‘No oscillations’
model is of course not physical, but just shown for comparison. The normal and inverted
ordering refers to the best fit neutrino oscillation parameters for these two cases. The main
effect of inverted ordering compared to normal ordering is to increase the muon neutrino
fluxes below 104 GeV and correspondingly decrease the electron neutrino fluxes. The tau
neutrino fluxes are not affected by the mass ordering. We attribute the difference from
mass ordering to the different values of the best fit parameters. For electron and muon
neutrinos we also compare with the IT96 [7] results. We note that without oscillations our
results agree fairly well with IT96 at low energies, whereas at higher energies our results
are lower. It is hard to know exactly what causes this difference, as it can come from many
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Figure 9. The muon neutrino flux from the Sun compared to the Earth atmospheric neutrino
background (both are given per solid angle). The Earth atmospheric fluxes are given both for
horizontal and vertical fluxes (with a shaded red region in between). For an actual detector, the
Earth atmospheric fluxes will be between these two extremes (and slightly reduced in the direction
of the Sun due to the Sun blocking some cosmic rays). The Sun and Earth fluxes are both calculated
with MCEq with the same set of parameters.

different sources (cosmic ray model, atmospheric interaction model, solar model, etc). We
have though compared with their production fluxes for different impact parameters (their
figure 1). Our production fluxes are in reasonable agreement, except at b = 1 where they
get significantly more neutrinos. We also get more neutrinos for large impact parameters,
but not to the extent IT96 gets them. We also note that IT96 calculates the fluxes at three
impact parameters (b = 0, b = 2/3 and b = 1) and then interpolate between these to get the
total flux from the Sun. As the flux is so much higher at b = 1, the way the interpolation
is done will largely affect the result. We have generated MCEq tables for more values of b
(especially close to 1) to make sure we get small interpolation errors and then draw events
for all b. Our integration over the Sun should therefore be more accurate.

In the previous figures we showed the fluxes integrated over the Sun, but it is also
interesting to look at the angular distributions and compare to the Earth atmospheric
neutrino fluxes. One way to view this is that the cosmic rays hit an atmosphere and
produce cascades and eventually neutrinos. If it were not for interactions, oscillations and
atmospheric differences we would expect to get essentially the same flux of neutrinos (per
solid angle) from the Sun’s and Earth’s atmospheres. In principle, the Sun blocks some
cosmic rays to reach the Earth and we would naively expect to get a reduction of Earth
atmospheric neutrinos in the direction of the Sun, and an equal increase from the cosmic ray
interactions in the Sun. However, including atmospheric differences (the Sun’s atmosphere
is considerably less dense), interactions and oscillations, this no longer holds true and the
solar cosmic ray neutrinos could be both larger or smaller than the Earth atmospheric ones.

In figure 9 we show the differential muon neutrino (νµ + ν̄µ) fluxes (per solid angle)
from the solar cosmic ray neutrinos (i.e. our calculation in this paper) and compare with the
Earth atmospheric neutrinos. Our shown fluxes in this plot are very similar to those shown
in figure 6, with the difference being that here we show the fluxes propagated all the way
to the detector and we include oscillations. An actual detector will of course be at a given
latitude and the Sun will then be in a range of directions on the sky, so depending on the
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Figure 10. The flux of neutrino-induced muons at the detector (averaged over the austral winter).
At the bottom, the ratio between the inverted and normal oscillation scenarios is shown. To the
left we show differential fluxes (note that these fluxes are shown as E2

µdΦµ/dEµ) and to the right
integrated fluxes above an energy threshold.

detector location and time of day and year the actual Earth atmospheric background will
be somewhere between the lower (vertical) and upper (horizontal) limit. We have in this
figure not included the solar cosmic ray blocking effect on the Earth’s atmospheric fluxes as
it is complicated to model given the effect of magnetic fields in the Solar System (naively
one would expect the Earth atmospheric neutrino fluxes to drop to zero below 0.26◦). We
can see that the solar cosmic ray neutrinos are of the same order or larger than the Earth
atmospheric background, but we get a dip in the centre due to the attenuations through
the Sun. If we compare the different energies in Figure 9 we also see the the SAν fluxes
are (relatively speaking) higher than the Earth’s atmospheric neutrino fluxes especially for
higher energies. This can be understood from the density of the solar atmosphere being
much lower than the Earth’s atmosphere. This means that especially at high energies, the
unstable cascade particles have time to decay before they interact, whereas in the Earth
they are much more likely to interact.

4.3 Neutrino-induced muon fluxes at a detector at Earth

Instead of looking at the neutrinos directly we can let these interact and look at the muons
that are produced. The muon flux will of course be lower as most neutrinos (at least at
lower energies) do not interact. With the WimpEvent part of WimpSim we have calculated
the neutrino-induced muon flux at a detector in ice at the South Pole. In figure 10 we
show the resulting muon (µ− − µ+) fluxes at the detector (to the left differential in energy
and to the right integrated over an energy threshold). To get these fluxes we have let the
muons lose energy after the neutrino-nucleon interaction, i.e. we show the muon flux at a
plane perpendicular to the Sun at the detector. We see that the effect we saw earlier, that
inverted neutrino mass ordering gives higher fluxes, still remains. In the right figure with
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Figure 11. The angular distribution of the neutrino-induced muon flux at the detector with a
threshold of 50 GeV on the muon energies. For comparison we show the angular distributions of
a WIMP annihilation signal of different masses for annihilation into bb̄ (left) and W+W− (right).
In this figure, we have integrated over the azimuthal angle so that the fluxes are differential in the
angle with respect to the Sun, θ.

the integrated fluxes, one can also get a rough estimate of the event rates in a neutrino
telescope. A detector with an effective area of 1 km2 and a muon energy threshold of 100
GeV would e.g. see a flux of 2.3 muons (µ−+µ+) per square kilometre per year. In the next
section, we will calculate event rates more accurately using the effective areas for different
energies instead.

In figure 9 we looked at the angular distributions of neutrinos, but as these angles are
not directly observable, we now instead focus on the angular distributions of the muons. In
figure 11 we show the fluxes of neutrino-induced muons at the detector integrated above a
muon energy of 50 GeV. Compared to the neutrino angles (that were at most 0.26◦, half the
angular diameter of the Sun), these angles now include also the neutrino-nucleon scattering
angle and the deflection of the muons due to multiple Coulomb scattering. Hence, these
angles are slightly bigger.

We have mentioned earlier that these solar cosmic ray neutrinos will be an (essentially)
irreducible background for searches for neutrinos from dark matter annihilations in the Sun.
Both the solar cosmic ray neutrinos and the neutrinos from dark matter annihilations come
from the Sun, but as the energy distribution is different, so will the angular distribution
be (mostly from the fact that the neutrino-muon angle at the deep inelastic scattering goes
like 1/

√
Eν). In figure 11 we also show the angular distributions for some dark matter

models, so called WIMPs. These are also calculated with WimpSim where Pythia [40] is
used to calculate the annihilation spectrum of neutrinos from WIMP annihilations. We
show these fluxes as differential in the angle from the Sun, θ, as this is close to what one
would experimentally cut on if trying to separate these two distributions. In principle, we
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Figure 12. The Sun as it could be seen in neutrino-induced muons at a neutrino telescope. Note
the dip in the centre.

could also cut on energy, but the energy estimate of muons at these energies is very poor.
We have not included the experimental error on the angle in this figure, if we would it
would smear the distributions further. Even if the angular distributions are different we
argue that they are quite close which will make discrimination difficult, hence the solar
cosmic ray neutrinos will be a background for dark matter searches from Sun.

Finally, for illustration we show in figure 12 how the Sun wold look like if we could
see the neutrino-induced muons from solar cosmic ray interactions. Even if the neutrino-
nucleon scattering angle smears the neutrino fluxes somewhat, we still see the ring like
signature of this signal with a slight dip in the centre.

4.4 Events in neutrino telescopes

To estimate how many events we could expect in a neutrino telescope, we focus on IceCube
and use the estimated effective areas for searches looking for a neutrino excess from the
Sun. We have used two recent estimates of the neutrino effective area, one from their IC-79
study [45] and one from their recent 3-year study [46], we will call these IC-79 and IC3
below. These two estimates use slightly different event selection criteria and present their
effective areas in different ways (separate for νµ and ν̄µ in the first one and combined in the
second). For IC-79 we use the highest effective area of the three selection criteria SL, WL
and WH for each energy. For IC3 we use the DeepCore selection for low energies and the
IceCube selection for higher energies. The events per year (of lifetime of the detector) are
given in Table 2. The event rates for different cosmic ray and density models differ only by
about 1–1.5% from the values listed in the table.

In our study we have focused on neutrinos with energies larger than 50 GeV. As the
differential spectrum falls steeply with energy one might wonder how sensitive the event
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Table 2. Number of events per year (lifetime) in IceCube. The neutrino flux above 50 GeV has
been used in calculating these event rates for IC-79 and IC3.

Events per year
Oscillation scenario IC-79 IC3
Normal ordering 1.17 2.26
Inverted ordering 1.40 2.70

Figure 13. The differential event rate dR/dEν for normal and inverted neutrino mass ordering
for the effective areas of IC3. In this figure we have included lower energies than our usual 50 GeV
limit even if these are more uncertain.

rates in table 2 are to this lower energy limit. To test this, we can look at the differential
rate, which for IC3 can be written as

dR

dEν
=

(
dΦνµ

dEν
+
dΦν̄µ

dEν

)
Aνµ+ν̄µ (4.1)

In figure 13 we show this as a function of energy. We can see that our event rate is dominated
by neutrinos of energies in the 100–300 GeV range and hence our calculated event rates are
not very sensitive to the lowest energy of 50 GeV. This can be understood from the effective
area, which is very small at low energies and then rises steeply as the energy goes up. In this
interplay between the steeply falling neutrino spectrum and the increasing effective area we
get a peak, which in this case happens to be in the 100–300 GeV region. The feature at
around 40 GeV comes from the switch from the DeepCore to the IceCube selection in IC3
and the kink at 140 GeV is due to a kink in the IceCube effective area, whereas the wiggles
at higher energies are due to oscillations.

– 23 –



Figure 14. The SAν sensitivity floor expressed as a limit on the spin-dependent scattering cross
section σSDp as a function of the WIMP mass. We show the sensitivity floor for bb̄ (left), W+W−

(middle) and τ−τ+ (right). For all three cases we show a simple estimate using a hard cut on
the muon energy as a solid blue line, our estimate using the IceCube IC3 effective neutrino area
integrating neutrino energies above Eν = 50 GeV (dashed) and Eν = 1 GeV (dotted). As our fluxes
are more uncertain below 50 GeV, our primary results are the dashed blue curves. We also compare
with the NBPR study (dashed red) [48], where we use their naive curves. All results here are for
IceCube.

5 Comparisons with recent studies

Just before finishing our work, two other studies focusing on similar aspects appeared
[47, 48]. The first one, by Argüelles et al. [47], performs a very similar study as ours but
in a slightly different framework. We have compared our results with their study, but have
been informed that they are revising their calculation and paper. We therefore refrain from
comparing with their results here.

The other study that appeared very recently is the study by Ng et al. [48], hereafter
NBPR. They do not recalculate the neutrino fluxes from cosmic ray interactions in the Sun
but instead rely on earlier studies and focus on the neutrino floor this gives rise to for dark
matter searches using neutrinos from the Sun. This aspect is also studied in ref. [47]. There
are many ways to present the fact that the SAν flux presents a background for dark matter
searches from the Sun and in NBPR they show results as a limit on the spin-dependent (SD)
scattering cross section σSDp for different WIMP masses. The limits can be presented in
this way by calculating the capture of WIMPs in the Sun and assume equilibrium between
capture and annihilation (see e.g. ref. [49]). There are of course uncertainties coming from
both this assumption and from astrophysical input, most notably the local dark matter
halo density and the velocity distribution. It is however a convenient way to present results
as it makes it easy to compare with direct detection experiments directly sensitive to the
scattering cross section.

We have made an estimate of this sensitivity floor using our results. In these estimates
we calculate the rate in a neutrino telescope, where we use IceCube as an example. We
calculate the capture and annihilation of WIMPs in the Sun with DarkSUSY [41] which in
turn uses results from WimpSim [12] for the WIMP annihilation signals. We also define
the neutrino floor as the scattering cross section σSDp where we get equally many events
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from WIMP annihilations as from the SAν flux. We have calculated this estimate in three
different ways: i) the first is to just look at the neutrino-induced muon fluxes (i.e. the ones
in figure 10) and put a hard cut on the muon energy at 50 GeV, ii) the second is to instead
use the neutrino fluxes directly and use the neutrino effective areas derived for dark matter
searches, as done in section 4.4, where we will here use the IC3 areas and only for Eν > 50

GeV, and iii) the third way is the same as ii) but for Eν > 1 GeV. Note that as we have large
uncertainties below 50 GeV, the second choice is most robust for our calculation. The first
method is similar to the method used in NBPR although they have also included contained
events.

In figure 14 we show our results and for comparison also show the results (for IceCube)
from the NBPR study. We note that our results agree fairly well with NBPR. That the
NBPR τ−τ+ results do not show the turnover of the curve at around 200–300 GeV is most
likely due to that they also include contained events. To get a more accurate estimate of
this neutrino sensitivity floor one should really perform a detector simulation optimizing
cuts (in e.g. energy and angle) to reduce the SAν background as much as possible. One
should also perform a proper statistical analysis on what limits one could really set on
WIMP dark matter given this partly irreducible SAν background.

6 Conclusion and outlook

We have performed a new calculation of the solar atmospheric neutrino flux, SAν. We
also provide an event-based Monte Carlo package that can be used by experimental groups
wishing to simulate this neutrino flux in their detector. Compared to earlier studies, we
include both cosmic ray interactions, neutrino interactions and oscillations in a consistent
framework. Even if our results qualitatively are quite similar to e.g. the earlier IT96 results
[7], our muon neutrino fluxes are lower, since neutrino oscillations reduce these fluxes.
We also get lower fluxes at high energy which most likely comes from two effects, both
that our production model gives less high energy neutrinos, and that our attenuation from
interactions in the Sun is stronger than in the IT96 study.

We have also compared our SAν background to the signal from WIMP annihilation
in the Sun and concluded that the energy and angular distribution of the two signals
will be different, but not different enough to be able to discriminate the two effectively.
Hence, the SAν flux will be an essentially irreducible background for neutrino searches
from WIMP annihilation in the Sun. To properly address how significant this background
is will be tough, requiring a detailed detector simulation to also include detector effects like
reconstruction uncertainties on the muon energy and angle.

We have also compared to Earth’s atmospheric neutrino background and conclude that
the SAν flux is higher in the direction of the Sun, especially at higher energies. The total
event rates are rather low though with only a few events per year even in a large detector,
like IceCube.

We also point out some future directions. We have in this study used the MCEq simu-
lation package which only include all parts of the neutrino production flux above 50 GeV.
Although the rates in current neutrino telescopes are mostly sensitive to SAν at higher
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energies, it would be very interesting to investigate lower energies in a future study, as
thresholds of neutrino telescope are lower than this. However, in that case one would also
need to address the difficult question of the impact of the magnetic fields in the Solar Sys-
tem that will effect the lower energies. One possible way forward in this regard could be to
correlate the neutrino flux with the gamma ray flux measured by the Fermi-LAT and e.g.
IceCube.

As the gamma ray flux would depend on the magnetic fields in similar ways, it should
be possible to reduce the uncertainties this way. It would also be worthwhile to investigate
more systematically different cosmic ray models and hadronic interaction models to get a
better handle on how large the uncertainties on the predicted SAν fluxes are.
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A The WimpSim code

The WimpSim package contains three main codes: WimpAnn, solar_crnu and WimpEvent, see
figure 15 for an illustration of the layout of the code. WimpAnn and WimpEvent are used to
simulate dark matter WIMP annihilations in the Sun (and the Earth) and its production
of neutrinos and their interactions and oscillations. Interactions are calculated with our
neutrino-nucleon Monte Carlo nusigma. solar_crnu is our new add-on that reads the
output from our modified MCEq and generates solar atmospheric neutrinos and lets these
interact and oscillate. In practice, solar_crnu will take the neutrinos from their starting
point and let them interact and oscillate through the Sun. It will then take them to 1 AU
from the Sun (Earth’s average distance from the Sun). At this point, both summary and
event files will be saved. The summary files contain the fluxes of neutrinos at production,
at the solar surface and at 1 AU, whereas the event files contain the actual neutrino events
together with their energy, weight and state vector (amplitude and phases in the neutrino
interaction base).

WimpEvent will take these event files as input and propagate the neutrinos further to
our actual detector where it will let them interact (again using nusigma as our neutrino-
nucleon simulation software) and produce leptons and hadronic showers. We are here mostly
interested in the muons coming from charged interactions, but the code can simulate both
neutral and charged currents to be used for neutrino telescope simulations. In case a muon
is produced, we also let it propagate in the medium surrounding the detector where it
will undergo energy losses and multiple Coulomb scattering. WimpEvent will also produce
both summary and event files. The summary files contain fluxes of neutrinos, charged
leptons at the neutrino-nucleon interaction point, muons after propagation to the detector
and hadronic showers at the interaction point, whereas the event files contain both the
incoming neutrino and the lepton and hadronic shower at the neutrino-nucleon interaction
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WimpSim code layout
In the Sun* At the Earth

WimpAnn
Simulates WIMP 
annihilations and 
propagates neutrinos

Pythia
Simulates annihilation 
events and tau decay

nusigma
Simulates 
neutrino-nucleon 
interactions

DarkSUSY
Provides solar models

Pythia
Simulates tau decay

MCEq
data files

solar_crnu
Generates solar 
atmospheric neutrinos 
and propagates them

nusigma
Simulates 
neutrino-nucleon 
interactions

DarkSUSY
Provides solar models

At 1 AU

Summary files with 
fluxes

Event files

Event files

Summary files 
with fluxes

WimpEvent
Distributes the 
neutrinos in time, 
propagates them to 
the detector and lets 
them interact

Event files

Summary files 
with fluxes

Detector simulation
(not part of WimpSim)

At detector

*) WimpAnn can also 
be run for annihilations 
in the Earth

Figure 15. The layout of the WimpSim code. Solid lines indicate linked codes and arrows indicate
reading/writing of data files.

point. These event files are suitable for further detector simulation. WimpEvent will take
the actual detector location into account and will perform the simulation over a given time
frame and properly time stamp the events and include both particle directions relative to
the Sun and in usual astronomical coordinates. For this we use SLALIB [50].

The main modifications we have made to the code to include the SAνs are to add
reading of MCEq output files and drawing events from those distributions. We have also
modified the code to allow for arbitrary neutrino paths through the Sun (earlier only radial
parts were included). Compared to the earlier publication describing WimpSim [11], there
have also been other improvements to the code that are not directly related to the SAνs.
E.g. the code now uses a much more accurate time stamp of the events giving modified
Julian dates (MJD) for the events with proper directions of all the produced particles.

We have optimised the code for speed without sacrificing accuracy. For example, for
the event generation from MCEq production fluxes, we gain speed by using a good test
function for our acceptance-rejection sampling. The choice of test function does not affect
the accuracy, only the speed. For the propagation and oscillation simulation, we have
optimised the step size to use reasonably sized steps without sacrificing accuracy (where
we require accuracy at the percent level). Typical timings for a simulation run with 1
million neutrino events (on an Intel i7 2.6 GHz CPU ) are that about 1 minute is spent
on drawing events from the MCEq production fluxes, about 9 minutes are spent on neutrino
propagation and oscillations in WimpAnn and finally about 1 minute and 20 seconds are
spent in WimpEvent propagating the neutrinos to a detector and simulating interactions at
the detector. So, in total about 11.3 minutes per 1 million events. In this paper, we have
generated 250 million events for 12 scenarios so we have spent about 25 CPU days to get

– 27 –



our results.
For details we refer the interested reader to refs. [11, 12]. Our updated codes (both

WimpSim and nusigma) are available at [13] and we refer the interested reader to this code
web page for more details.
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