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Summary

Cosmic rays offer an opportunity to search for dark matter, if the latter decays or annihilates into
standard model particles. In the first part of this work, we address an excess that was claimed to be
seen in the cosmic ray antiproton spectrum. Carefully evaluating the uncertainties of the analysis
as well as their correlations, we show that the significance hardly exceeds 1σ. In the absence of an
anomaly, we derive limits on the dark matter annihilation cross section that disfavor thermal WIMPs
below roughly 500 GeV.

To go further, we question the general setup of typical homogeneous diffusion models. We point
out that the measured e+ and e± spectrum at TeV energies are consistent with the astrophysical back-
ground prediction, if energy losses are not relevant. We propose alternative models of cosmic ray
propagation that capture these properties, and discuss the consistency with various astrophysical
measurements. It turns out that secondary e± at TeV energy require short escape time . 0.1 Myr.
We show that this implies that the cosmic rays at these energies have seen an average density of in-
terstellar matter of a few particles per cm3. This number is so far consistent with observations, but
requires further investigation, e.g. through starlight extinction maps or γ-ray surveys.

In the last part we look at four explicit models of dark matter with a small coupling to the visible
sector through the electromagnetic interaction, namely through a dark photon portal or through an
electric or magnetic dipole moment. The small couplings prohibit thermalization with the standard
model sector in the early universe, such that typical constraints for dark matter masses in the keV
range are avoided. Instead, the dark matter may have been produced through annihilations and decay
of standard model particles into the dark sector, so-called ‘freeze-in’ production. The parameters that
reproduce the observed relic abundance can partially be constrained by stellar cooling arguments and
upcoming direct detection experiments.
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CHAPTER 1

Introduction

Throughout the history of humanity, people have been fascinated by the night sky, as well as questions
about the fundamental principles of Nature. We know today, the phenomena on the unimaginably
large scales of the Universe and on the small scales of elementary particle physics are significantly
related. Still, a number of essential questions remain unanswered.

As we will explain later in more detail, one of these open questions arose from a closer look into
the sky that revealed an anomalous gravitational force, possibly due to a yet undiscovered matter
component. If this is the case, this type of matter seems to be dark in the sense that there is no
(strong) interaction with light as it has not been seen with optical instruments. For more than half a
century, a big effort has gone into probing and explaining the nature of dark matter, but no clear signal
has been found.

From the history of the Universe, the relic abundance of various particle species can be derived
and the predictions of the standard cosmological model have been successfully confirmed. If the dark
matter was produced by any comparable mechanism, there must be some kind of interaction between
the dark and the ‘Standard Model’ (of particle physics) sector. Although it is conceivable that the dark
sector is completely decoupled from the baryonic matter component, this scenario is hard to explore.
Thus, we focus on the case with interactions between the dark and the Standard Model particles.

In this work, we investigate two different aspects that arise from these couplings. The first one
is the potential exploration of dark matter through indirect detection, so we study charged cosmic
rays and their astrophysical backgrounds. Second, we consider explicit models of dark matter that is
weakly coupled to the electromagnetic field and discuss the production and constraints.

To begin with, we want to investigate the origin and propagation of cosmic rays. If dark matter
particles in our galaxy annihilate or decay to Standard Model particles, the flux of these cosmic rays
would be enhanced. For a clear signal to background discrimination, the Standard Model astrophys-
ical component has to be well understood. This turns out to be an open problem. Still, a huge number
of papers have been written that claim to explain cosmic ray measurements with dark matter models.
We want to address and question these interpretations from two different sides.

In the first part, Chap. 2, we analyze the effect of various uncertainties and their correlations in
the derivation of the cosmic ray flux. From the literature, data on the production cross sections are
collected and parameterized. We propose a simple analytic model to account for low energy effects
that come from the Sun. Taking all uncertainties together reveals that the excess that was claimed to
be seen in the antiproton spectrum [1] is not significant. As a consequence, we can present limits on
the annihilation cross section of dark matter.

In the second part, Chap. 3, we scrutinize the commonly used class of propagation models in more
detail. We collect and analyze various astrophysical observations that are sensitive to temporal and
spatial propagation scales. It turns out there is evidence for the propagation timescale to be much
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Chapter 1 Introduction

smaller than typically assumed, with radical consequences: The cosmic rays measured in the solar
neighborhood may have been produced recently (on galactic timescales) and may at high energies be
dominated by a local source. We draw a self-consistent picture in which the measured positrons as
well as the antiprotons match the astrophysical background prediction, and are not due to pulsars or
dark matter.

In the last part, Chap. 4, we take a look at explicit models of dark matter interacting with the visible
sector via the electromagnetic interaction. One possibility to realize this is the so-called dark photon
portal, where the dark matter is coupled to a dark photon, which is the gauge boson of an additional
U(1) gauge symmetry. The dark photon is kinetically mixed with the Standard Model photon, giving
rise to interactions between dark matter and charged Standard Model particles. The dark matter may
be a fermion of spin-1/2 or a boson of spin 0. We further consider dark matter with a possible electric
or magnetic dipole moment. These effective dimension five operators could be induced from new
charged particles at a higher mass scale. We discuss the possible production of these particles in the
early universe. If the couplings to the Standard Model are small, constraints from the effective number
of relativistic degrees of freedom are evaded and dark matter can be produced through the freeze-in
mechanism. However, in the low keV-range, the models are constrained by stellar cooling arguments.
We determine these constraints and further discuss the detection prospects through electron recoils in
direct detection experiments.

In Chap. 5 we give an overall conclusion. In the remaining part of this chapter, an overview is given
of the structure of our galaxy and of the evidence, models, and detection techniques for dark matter.

1.1 General Aspects of Astrophysics

In this section, an overview is given of our galaxy and its structure, and of the origin and transport of
cosmic rays.

1.1.1 The Galaxy and the Solar Neighborhood

A galaxy is a collection of gravitationally bound stars, gas, dust and other stellar objects. Our galaxy,
the Milky Way, is a barred spiral galaxy with O(1011) stars. In the center, it has the strong radio
source, Sagittarius A?, which is widely considered to be a supermassive black hole [2]. Roughly
3 kpc around the center is a spherical, very dense region which is called the bulge. The spiral arms of
the galaxy are located in a disc of radius ∼ 20 kpc and the spherical dark halo extends up to at least
∼ 50 kpc. The galactic disc has a thickness of 50 − 150 pc.

The solar system is located on the inner edge of the Orion arm at a distance of ∼ 8.5 kpc from the
galactic center [3], orbiting at a speed of roughly 220 km/s. It is located in the so-called local bubble,
which is an underdense region with a particle number density of less than 0.01/cm3 that extends by
∼ 100 pc [4–6]. The reason for the underdensity is probably an old supernova in this area that blew
away the interstellar medium. Outside of the local bubble, there are some very dense regions like
molecular clouds, in which the average number density can reach hundreds or thousands of particles
cm−3 [7].

2



1.1 General Aspects of Astrophysics

1.1.2 Galactic Cosmic Rays

Cosmic rays are energetic particles that move through outer space. The main component are protons
(∼ 90%), followed by the nuclei of helium and heavier elements. Roughly 1% are electrons1 and an
even smaller fraction consists of antimatter like positrons or antiprotons.

High energy cosmic rays hitting the Earth’s atmosphere cause shower cascades that can be detected
by ground based experiments. However, low energy particles are missed and the identification of the
incoming particle type is difficult, as the cascade properties hardly depend on the incoming particle’s
internal properties but more in it’s momentum. Alternatively, there are balloon or space-borne exper-
iments that detect cosmic rays directly. In the MeV to low TeV-range, the latter detector type is the
most useful one. However, the charged particles with kinetic energies below 1 GeV are deflected by
the solar magnetic field, such that they cannot enter the heliosphere and the flux in the vicinity of the
Earth is suppressed. The modeling of this effect is called solar modulation and will be discussed in
Sec. 2.2.2.

To interpret the measured cosmic ray data, two main aspects have to be understood: the cosmic ray
sources and their propagation in the galaxy.

The Origin of Cosmic Rays

According to their production mechanism, cosmic rays are divided into the two categories of primary
and secondary origin.

Primary cosmic rays are produced in astrophysical sources, mainly supernova remnants (SNR) [8].
After the explosion of a supernova, its shock front expands, accelerating roughly 10% of the inter-
stellar medium it passes over. The acceleration mechanisms are not fully understood. The most
common model is called Fermi-acceleration and results in a spectrum of cosmic rays that scales with
energy, E, like E−2 [9]. There are ongoing investigations to study deviations of this spectral slope, as
well as to test its dependence on the particle species [10]. In general, protons are accelerated more
efficiently compared to electrons, since the protons have a higher interaction cross section with the
particles in the shock front. Furthermore, electrons suffer energy losses before escaping from the
source. Supposedly, there is a large amount of cosmic ray electrons with energies in the few MeV
range, but as our experiments are not sensitive to the latter, we detect many more cosmic ray protons
than electrons [11].

Apart from these established primary cosmic ray sources, more speculative primary sources are
discussed in the literature. The most relevant ones are pulsar wind nebulae (PWN) and dark matter
annihilation or decay products. Pulsars are known to have a strong electromagnetic field in which
electron-positron pairs are produced. However, the flux amplitude and spectral properties of the
resulting cosmic rays are unknown. Typically, the spectrum is set to a power law with an exponential
cutoff and fit to the observed data. However, recent γ-ray measurements by the High-Altitude Water
Cherenkov Observatory (HAWC) revealed that the PWN contribution to the local cosmic ray flux
seems to be negligible [12]. They investigate the spatial distribution of synchrotron emission around
two pulsars and find that cosmic ray transport is not efficient enough for a significant number of
electrons and positrons to reach the solar neighborhood. We will elaborate more on this measurement
in Sec. 3.2.3.

The spectrum of cosmic rays that could be produced from dark matter annihilations or decay is
strongly model dependent. It certainly has a sharp cutoff at the energy that corresponds to the dark

1 We will explain this apparent charge asymmetry in the next section.
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Chapter 1 Introduction

Figure 1.1: The production of secondary cosmic rays. Primary cosmic rays (blue) scatter inelastically off

hydrogen or helium in the interstellar medium (light blue dots) and transform into secondary cosmic rays (red).
The latter may again scatter, producing tertiary cosmic rays (green).

matter mass and further depends on the annihilation or decay products. If heavy quarks or gauge
bosons are produced, their cascade decay results in lighter cosmic rays with a smooth energy distri-
bution. In contrast, if the produced particles are stable (e.g. proton-antiproton pairs), a sharp peak is
expected to be observed around the dark matter mass. If the exotically produced particles are leptons,
their spectral distribution is smoothed by the energy losses they suffer during cosmic ray transport.

The non-observation of any of these features allows us to derive constraints on the dark matter-
Standard Model interaction cross sections. Note, however, that these constraints strongly depend on
the propagation model. The reason is the following: Dark matter is mainly produced in the galactic
center and the halo. The bigger the size of the zone from which cosmic rays can reach the solar
neighborhood, the more signal is expected and the stronger are the resulting limits. Unfortunately,
it is hard to constrain the size of the propagation halo from astrophysical observations, as will be
discussed in the next section.

The origin of secondary cosmic rays is much better understood. When primary particles2 scatter
off hydrogen or helium of the interstellar medium (ISM), new cosmic rays are produced, see Fig. 1.1.
These are called secondary. Their source term can be derived from the primary fluxes Φi and the
scattering cross sections σ. The latter are measured in the laboratory and will be discussed in detail
in Sec. 2.3. The local spectrum of the primary cosmic rays is measured by various experiments.
γ-ray observations indicate that the primary proton spectrum does not vary by more than a factor
of O(1) within the next 2-12 kpc (depending on the direction) up to energies of some hundreds of
GeV [13]. With these ingredients, the secondary source term Qs can be computed by summing over
the contributions from all relevant primary particles i, and the constituents of the ISM, hydrogen and
helium, j =H,He [8]

Qs(T ) = 4π
∑
i, j

ρ j

∫ ∞

T
dTiΦi(Ti)

dσi j→s(Ti,T )
dT

. (1.1)

Here, the ISM density has the components ρH ≈ 0.9mp cm−3 and ρHe ≈ 0.1mHe cm−3, and T and
Ti is the kinetic energy per nucleon of the secondary and primary cosmic ray, respectively. In case

2 In fact, there is a secondary (and tertiary, etc.) component in any cosmic ray species, but we will refer to the cosmic rays
that are progenitors to purely secondary cosmic rays (and most dominantly produced in SNR) as ‘primary’.
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1.1 General Aspects of Astrophysics

of production of a lepton, T is simply the total kinetic energy. Expression (1.1) simplifies when the
production of heavy nuclei (Z & 4) is considered. In the straight-ahead approximation, a nucleus
simply strips off part of its nucleons, such that the differential cross section becomes a δ-distribution
and the integration is trivial. The secondary flux is reduced by further spallation processes. For
nuclei, this effect is relevant and the larger the number of nucleons, the larger the fragmentation cross
sections. For leptons, it is negligible.

The Propagation of Cosmic Rays

Once cosmic rays are produced, they move through space. To model this process is highly non-trivial
due to a large number of unknowns. First of all, the galaxy has a magnetic field in which the charged
particles are deflected, their scattering can most likely be best understood as a random walk. There is
assumed to be a regular and a random component of the galactic magnetic field, but the precise field
values and distributions are unknown. Its average magnitude is estimated to be a few µG.

Secondly, the size of the propagation zone is unknown. It is usually assumed that cosmic rays move
around within a certain region, in which they can reach any place. At some point, they escape from
this area – the propagation zone – into outer space and do not return. Its size determines whether the
observed cosmic rays are of local origin or, in contrast, traveled long distances through the galaxy and
its halo. In particular, constraints on dark matter annihilation or decay strongly depend on the size of
the propagation zone.

Thirdly, the timescales of propagation play a crucial role. Leptons suffer from energy losses due
to interactions with the magnetic field and the photons, depending on their energy. Their cooling
time depends mainly on the magnetic field strength. The other relevant timescale is the ‘escape time’
that determines how long the cosmic rays reside within the propagation zone. This timescale can be
measured by determining isotope ratios of radioactive nuclei and is found to be roughly3 10 Myr at 10
GeV [14]. At higher energies it is unknown. For leptons, the relation between these two timescales
determines if energy losses are relevant or not. As we will see in Chap. 3, this is an important issue
for the interpretation of the cosmic positron data.

Finally, there may be other effects like convection blowing particles away from the galaxy, or
reacceleration altering the cosmic ray spectrum. Due to the lack of measurements quantifying these
effects, they are usually modeled with some parameters that are determined by fits to the cosmic ray
data.

The near isotropy that is measured in cosmic ray data led to the conclusion that cosmic ray transport
is driven by diffusion. Scattering off the magnetic field, the cosmic rays may go on a random walk
and thus isotropize. One well established propagation model is the ‘two zone diffusion model’ that
will be discussed in Chap. 2.

Alternatively, there is a simpler model that is called the ‘leaky box model’. It assumes that the
cosmic rays and their sources reside within some volume from which they escape after a specific time
– the escape time. No assumptions about the details of particle motion in the propagation zone are
made. We will take a more detailed look at this model in Chap. 3.

The free parameters of these models are usually determined from fits to secondary to primary ratios.
The idea is that from the source term of the secondary cosmic rays and their measured flux, one can
infer information about the propagation process. Systematic errors can be reduced by dividing by the
primary component. In practice, not many of these ratios have been measured, but a very suitable

3 A Myr (Megayear) equals 106 years.
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candidate for the secondary species is boron, as no primary contamination is expected. It is mainly
produced from carbon nuclei scattering off the ISM, so the secondary to primary ratio to look at is
B/C. Another candidate is the antiproton to proton ratio, p̄/p, which offers a consistency check but
does not probe as large energies due to the lack of data.

As stated above, often the secondary to primary ratios are used to determine the parameters of
the propagation model. However, the physical quantity that is actually probed is the cosmic ray
grammage [8]

Xesc(R) =
n(R)
Q(R)

, (1.2)

which is the ratio of two important quantities: the cosmic ray net source term Q, i.e. the total pro-
duction rate (corrected for spallation losses) of particles per time, volume and energy; and the cor-
responding cosmic ray distribution in the galaxy n, i.e. the number of particles per time, area and
energy. The latter is connected to the cosmic ray flux, Φ, with β = v/c, by Φ =

β
4πn, which takes

the distribution in the solid angle into account. In general, all these quantities depend on the rigidity
R = p/Z, which is the momentum to charge ratio and a useful quantity for cosmic rays as different
particle types with the same rigidity behave the same in a magnetic field. Furthermore, n,Φ and Q
depend on the spatial coordinate, which we will most of the time not state explicitly. The grammage
is the spallation-weighted average column density of ISM that is seen by a cosmic ray traveling from
its source to Earth. Making use of measured secondary to primary ratios, e.g. B/C, and the boron
production and spallation cross sections, the grammage can be deduced directly from data [15]:

Xesc =
(B/C)∑

P=C,N,O,...(P/C)σP→B
mISM

− (B/C) σB
mISM

. (1.3)

The ISM consists of roughly 90% hydrogen and 10% helium, such that the average mass is mISM =

1.3mp. Again, σP→B and σB are the secondary production and spallation cross sections, respectively,
and the sum runs over all relevant primary cosmic ray species P.

These considerations suggest an approach that is much simpler than any explicit propagation
model, namely to use the rigidity dependent scaling law n = XescQ (cf. Eq. (1.2)). If the gram-
mage is derived from data like in Eq. (1.3), it can be used to predict the cosmic ray flux of any other
particle species once its source term is known. Of course, this approach does not account for addi-
tional effects that may be important, of which one is the energy losses for leptons. Still, it can be used
to get a rough estimate of the expected flux and, in case of leptons, an upper bound, which turns out
to be remarkably close to the measured data. We will address this point in Chap. 3.

1.1.3 γ-rays

Typically the expression ‘cosmic rays’ focuses on charged particles, but, of course, most signals from
outer space are photons. The study of astrophysical light signals is complicated since there are many
sources that are not well understood, e.g. Radio Loop 1 [16], or the various processes going on in the
galactic center [17]. On the other hand, the spatial resolution is much better as the light rays are not
affected by magnetic fields and travel on straight lines (or geodesics, to be precise).

In astrophysics, the electromagnetic spectrum is divided into different parts, see e.g. Ref. [18].
Photons with energies above 100 keV, i.e. wavelengths below roughly 0.01 nm, are called γ-rays.
Due to their large energy, they can only be produced in nuclear reactions or decay, or in high energy

6



1.2 Dark Matter

particle collisions. The latter occur when cosmic rays interact with the ISM, and so γ-ray astronomy
can be very helpful in tracing the cosmic ray and the ISM distribution. More about this will be
discussed in Chap. 3. Below this energy down to wavelengths of 20 nm, one speaks of X-rays. They
are radiated off by gas in galaxy clusters, the solar corona or supernova remnants. The latter also
cause ultraviolet (UV) radiation, which has wavelengths up to 400 nm. Another big contribution to
UV radiation comes from stars. They have a broad, nearly black body spectrum with a maximum
luminosity at a frequency that depends on the temperature. Very massive, and accordingly hot, stars
radiate mostly in the UV range, while the lighter ones have their maximum in the visible range 400-
700 nm. Colder objects like planets or clouds of dust and gas emit infrared radiation with wavelengths
up to a millimeter. Microwave radiation is available from the cosmic microwave background (CMB)
and also produced by pulsars and active galaxies. Photons with very low energy and wavelengths
above 1 meter are in the radio range and originate from old supernova remnants and cold gas.

In the visible range and for large wavelengths in the radio range, the atmosphere is transparent and
the radiation can be detected in ground based experiments. For other energies, the atmosphere is more
absorptive, and so they are better analyzed through experiments that are hosted by satellites.

1.2 Dark Matter

In this section we review the basic knowledge about dark matter4. We start with the main obser-
vations that support the existence of a dark matter component and follow by briefly presenting the
various types of models that are discussed in the literature. Then we describe the classical detection
techniques and explain the arguments about stellar cooling that additionally constrain the parameters
of some dark matter models.

1.2.1 Evidence

The first hints for a dark component of matter were found by astronomers of the late 19th and early
20th century [21]. The study of stellar motions and galactic rotation curves revealed that their kine-
matics are not consistent with Newton’s gravitational law5 and the amount of visible matter. The
latter can be estimated by counting stars and using the relations between their mass, luminosity and
spectral properties. Clouds of gas and dust are also identified from typical spectral properties, e.g. the
21 cm line of the hyperfine structure transition in neutral hydrogen.

In the Newtonian theory of gravity, a stable orbit exists if the kinetic energy of the surrounding
object is smaller than its energy in the gravitational potential. In case of a circular orbit, the rotational
velocity is found to be v =

√
GM/R, depending on Newton’s constant G, the central mass M and the

radial distance to the center of mass R. Ignoring possible modifications due to an inhomogeneous
mass distribution, one can make a simple prediction: (far) outside a galactic center, the rotational
velocity of stars should decrease with radial distance. Investigations of single stars located far away
from the galaxy, and H-I clouds that can also be found at large distances (tens of kpc), revealed that
this is not the case [22–24]. Instead, the rotation velocity is constant over large scales.

Apart from galactic rotation curves, missing mass was also found in galaxy clusters by Fritz
Zwicky [25]. The kinematic motions of the galaxies surrounding each other suggested a dark mass

4 For more detailed reviews, see e.g. [19, 20].
5 Note that the corrections from general relativity are comparatively small in this context and do not resolve the problem.
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in the cluster that exceeds the luminous mass by a factor of a few hundred. Later, gravitational lens-
ing was understood in detail, which allows very precise measurements of the mass of the lensing
object [26, 27]. This technique confirmed the previous observations and gave rise to many more
measurements that showed a discrepancy between visible and total mass in galaxies and galaxy
clusters [28].

One particularly interesting observation was made in the Bullet cluster, which is formed by two
colliding galaxy clusters. Gravitational lensing allowed reconstruction of the overall mass distribu-
tion which deviates significantly from the distribution of the baryonic mass, which radiates visible
light [29].

Additional hints for the existence of dark matter come from cosmological observables like the
cosmic microwave background (CMB) and simulations of structure formation. The power spectrum
of the CMB fluctuations shows several acoustic peaks. The third peak is sensitive to the density of
atoms and the total density of matter at photon decoupling and is not consistent with baryonic matter
only [30]. This means that there is evidence for an attracting force that smoothed the fluctuations,
for example through a dark matter component that bound matter gravitationally without experiencing
disruptions due to electromagnetic interactions.

Later in the history of the Universe, structures formed. If there were only ordinary matter, its
interaction with radiation would have smoothed out density perturbations, and the formation of stars,
galaxies and clusters would have taken much longer. Simulations show that this problem is resolved
if there is a cold dark matter component, that formed clumps first and attracted the baryonic matter to
join in the structures [31].

All these observations, in particular the unexpected shape of rotation curves, led to two possible
conclusions. Either there may be an unknown matter component that does not interact through the
electromagnetic force (or if it does, only very weakly) and is thus called ‘dark matter’. To account for
the observed kinematic anomalies it must form a big halo around galaxies that exceeds the dimensions
of the visible component. There must also be a large component of dark matter in galaxy clusters and
its average density must exceed the baryonic matter by roughly a factor of six.

Alternatively, the gravitational law may have to be modified on large scales. Some of these em-
pirical theories of modified gravity are summarized under the name MOND (Modified Newtonian
Dynamics) [32]. They have successfully explained some of the phenomena observed in galaxies that
are not as easily explained with dark matter. One example is the Tully-Fisher-relation [33, 34], that
reports a strong correlation between the total baryonic mass of a galaxy and its asymptotic rotation
velocity. More recently, this relation has been refined to match at various distances from the galactic
center [35, 36]. If there is dark matter, these relations suggest that it follows the distribution of or-
dinary matter, which is far from trivial. However, the theories of modified gravity fail to explain the
kinematics of galaxy clusters. Furthermore, no cosmological model has been developed that explains
the power spectrum of the CMB or structure formation.

To the contrary, the theory of dark matter is remarkably successful in explaining measurements on
cosmological as well as on (inter)galactic scales – without making big assumptions about its concrete
nature. It is for this reason that many models have been worked out and a huge experimental effort
has been made to search for the mysterious unseen massive particles. In the next section we give a
brief overview about some of the dark matter candidates.
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1.2 Dark Matter

1.2.2 The Model Landscape

Properties

The variety of dark matter candidates is huge, since only few properties are actually known. First of
all, its electric charge must be very small or zero, otherwise it would not be dark. Secondly, it cannot
interact too much through the strong force. With a color charge, the dark matter would couple to
nuclei, but no isotopes with varying mass have been observed. Thus, the only unconstrained Standard
Model interaction the dark matter could couple with is the weak force. In addition, there may be dark
forces that couple the dark matter to the Standard Model sector and/or give rise to a self-interaction.
The latter is constrained from the Bullet cluster, σSI/mDM < 2 cm2/g [37]. Still, constraints on the
couplings are hard to translate into macroscopic properties. There are only few constraints on the
clump size of dark matter, and it may also be smoothly distributed. If dark matter is made of fermions
of just one type, the Pauli principle constrains it to be heavier than ∼ 1 keV to account for all of the
dark matter in dwarf galaxies [38, 39].

From the anisotropies in the CMB one can conclude that dark matter must be ‘cold’, i.e. non-
relativistic at photon decoupling. Otherwise the structures would have been washed out by the high
energy particles. Large scale structures would have formed first and then collapsed into smaller
structures, but observations support the opposite [40, 41].

Furthermore, there are constraints on the effective number of relativistic degrees of freedom in the
early universe [42, 43]. Relativistic particle species in the thermal bath affect the expansion of the
Universe like radiation. If apart from the neutrinos there are other relativistic particles present, the
Universe’s expansion is accelerated. As a consequence, the predictions of Big Bang Nucleosynthesis
(BBN) are modified, but the Standard Model predictions are in good agreement with measurements.
Thus, the number of extra relativistic degrees of freedom is constrained to be much smaller than
1 [44], and depends not only on the number of relativistic particle species but also on their couplings
that determine the time of thermal freeze-out. Particles of masses above a few MeV, with the pre-
cise number depending on the species, avoid this constraint as they are sufficiently cold and do not
anymore contribute to the relativistic degrees of freedom during BBN.

Candidates

In principle, dark matter does not necessarily have to be a new kind of elementary particle. One
possibility is that it consists of dark objects made of baryonic matter, like neutron stars or black
holes, which are summarized under the name MACHOs (MAssive Compact Halo Objects). These
big objects have been searched for through weak gravitational lensing, but no abnormal number of
dark compact objects has been found. Hence, MACHOs ranging from 10−8 to 102 solar masses have
been ruled out to contribute to the dark matter at a significant level. Further constraints come from
BBN and the CMB, that exclude such a large amount of baryonic matter in the early universe. To
date, the microlensing surveys offer the most stringent bounds on the size of dark matter clumps.

An alternative is provided by primordial black holes, which are black holes that formed due to dens-
ity fluctuations in the very early universe. As they are cold and do not interact with the thermal bath,
they behave like non-relativistic, non-baryonic matter. The possible mass range covers roughly 40 or-
ders of magnitude, whereof most of the parameter space is excluded by the MACHO searches [45]. In
addition, primordial black holes with a mass lighter than 1011 kg would not have survived until today
but evaporated emitting Hawking radiation, although this effect is yet to be experimentally confirmed.
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For a long time there seemed to be an allowed window for primordial black holes with masses below
the MACHO limit, but it is now in tension with recent microlensing searches [46].

In contrast to the baryonic dark matter theories, models where the dark matter may be made of one
(or more) unknown elementary particle(s) also exist. With the few conditions described above, the
model landscape is enormous and miscellaneous ideas have been pursued. Here, we briefly review
the most prominent examples.

One of the more simple ideas is that dark matter are particles that interact through the weak force,
just like neutrinos. Neutrinos themselves are not a viable candidate since they are not ‘cold’ and
are fermions of sub-eV mass, so it turns out that their contribution to the dark matter is only about
1% [47]. However, what is often predicted in approaches to explain the neutrino masses are heavy
neutrinos. They are singlets under the Standard Model gauge group and are thus called sterile neutri-
nos and could be the dark matter [48].

But there could also be other Weakly Interacting Massive Particles, the so-called WIMPs, that
are coupled to the Standard Model, either through the weak force or through a weak force. These
possible interactions open various detection channels that shall be discussed in the next section. The
motivation for this class of particles is further supported by what is called the ‘WIMP miracle’: if
the dark matter was thermally produced in the early universe, the cross section giving the right relic
abundance is just of the order of the weak force, provided its mass is in the GeV to TeV range. A
long standing WIMP dark matter candidate is the neutralino, that arises in supersymmetric extensions
of the standard model [49]. In these models the neutralino is typically the lightest supersymmetric
particle and protected from decay into Standard Model particles through a symmetry, R-parity.

Another idea that receives a lot of attention are axions or axion like particles (ALPs) [50]. The clas-
sical axions arise in one possible solution to the strong CP problem and are light (m ∼ 10−5−10−3 eV),
scalar particles [51–53]. Due to very weak couplings, in the early universe they do not thermalize with
the Standard Model sector but have to be produced non-thermally, e.g. via the misalignment mech-
anism [54]. The weak couplings to photons allow for different kinds of experimental searches, but so
far no signal has been found.

One may consider scalar particles with even smaller masses, down to 10−21 eV, where the wave-
length of the particles is of the same size as dwarf galaxies [55, 56]. This so-called ultralight dark
matter, forms a Bose-Einstein condensate and has thus somewhat peculiar properties. In particular,
it helps to resolve the core-cusp problem, which is a discrepancy between the simulations and the
observations of the shape of galactic cores [57].

The last class of dark matter models we want to discuss here are the ones with a dark photon [58,
59] or Higgs portal [60]. In the first case, there may be an additional U(1) gauge group whose gauge
boson is called the dark photon and is in some way coupled to the Standard Model photon, e.g.
through kinetic mixing. In the second case, the dark matter has a direct coupling to the Higgs field.
In both cases, the couplings to the Standard Model open diverse production and detection channels.

Various other more or less exotic ideas about the nature of dark matter have been proposed, for
detailed reviews, see e.g. [20, 61].

1.2.3 Detection Techniques

If there is any kind of (sufficiently large) coupling between the dark matter and the Standard Model,
typically three detection techniques are possible.

First, dark matter may be produced at a collider and escape from the detector as an invisible state.
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Consequently, it can only be detected if an additional particle, e.g. initial or final state radiation, is
produced in the same process. From the missing momentum one can then deduce that dark matter
was part of the interaction6. So far, at the Large Hadron Collider (LHC) or earlier colliders, no signal
over the Standard Model background has been observed.

Secondly, there may be annihilations or decay of dark matter particles into the Standard Model
particles in the galaxy. Depending on the model, such processes result in γ-rays and/or cosmic rays,
that could be observed over the astrophysical backgrounds. However, a precise understanding of
these rays is difficult. For γ-rays, there is an ongoing debate about the astrophysical background
sources around the galactic center [62, 63]. For charged cosmic rays, there is no spatial resolution
due to scattering off the turbulent magnetic field. We will investigate the astrophysical cosmic rays in
Chap. 2 and 3. In the first of these, we restrict ourselves to a well-established diffusion model, discuss
its systematic uncertainties and derive limits on the dark matter annihilation cross section. We also
address a claimed excess in the antiproton spectrum [1]. In Chap. 3, we question the general setup of
this diffusion model, discuss various aspects of the propagation of charged cosmic rays and propose
two alternative models.

Thirdly, the dark matter could scatter off Standard Model particles (nuclei or electrons) in a direct
detection experiment in a laboratory on Earth, for example. The recoil energy transferred to a nucleus
or an electron may be measured by a very sensitive detector, well shielded from background signals.
Dark matter particles are expected to move with the local rotation velocity which is about v = 10−3c.
Thus, the expected recoil energies are very small. Direct detection experiments have ruled out a large
part of the parameter space that was favored for WIMP dark matter. We will discuss the potential
reach of future direct detection techniques for light dark matter with a small coupling to light in
Chap. 4.

Apart from these classical search strategies, a big experimental effort has been made to search for
more specific dark matter candidates, e.g. axions [64] or dark photons [65]. Another search area
includes the study of astrophysical objects, for example the timescales of stellar cooling [66]. It has
been worked out that energy loss mechanisms that occur in addition to the ones from the standard
stellar models can be constrained. Thus, models in which dark matter can be produced in the stellar
plasma and carry away energy from the star, receive strong limits on the couplings to the Standard
Model. We review these arguments in Chap. 4 and derive the resulting limits for the dark matter
models under consideration.

6 Of course, missing momentum is also observed in processes involving neutrinos. This contribution is estimated through
Monte-Carlo simulations and accounted for in the analyses.
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CHAPTER 2

A Precision Search for WIMPs with Charged
Cosmic Rays

This chapter is based on Ref. [67], published together with Martin Winkler.

2.1 Introduction

The last decade has seen dramatic progress in the measurement of charged cosmic ray fluxes. As
the experiments entered new territory in energy and precision, a number of surprises came along.
Most strikingly, the positron flux failed to show the strong decrease with energy which would have
established it as a secondary, i.e. one that is produced by scattering of protons or nuclear cosmic
rays on the interstellar matter. When the rise of the positron fraction was unambiguously proven by
PAMELA [68], it seemed that dark matter discovery was within reach. The wave of excitement pre-
vailed until gamma ray [69, 70] and CMB data [71–73] put increasingly strong pressure on this inter-
pretation which required annihilation rates far beyond those of Weakly Interacting Massive Particles
(WIMPs). Skepticism was later also raised on whether dark matter annihilations can account for the
positron spectrum at the precision level (see e.g. [74]). In this light, an astrophysical origin of the
positron excess appears to be preferred.

The story of cosmic ray antiprotons shares a parallel with positrons: at the first data release by
AMS-02, the antiproton spectrum came out significantly harder than expected from secondary pro-
duction [75]. But since then, the secondary background passed through a major revision. Cosmic
ray propagation has been recalibrated to the AMS-02 boron to carbon (B/C) data [76] (see also [77,
78]). In addition, the experimentally established increase of the antiproton production cross section
with energy has been incorporated [79, 80]. The updated background features significantly more high
energy antiprotons. It is consistent with the hard high energy spectrum observed by AMS-02 [80, 81].

Supposing that dark matter signals dominate neither of the two antimatter fluxes at any energy it
may seem that this is the time for despair. But quite the contrary: AMS-02 has reduced experimental
errors in the fluxes to the few percent level over a wide energy range [82–84]. By this, it has gained
sensitivity to subdominant signals which can be identified in a spectral analysis. Even if the high
energy positron spectrum is dominated by an astrophysical source, the low energy part is still very
useful in constraining dark matter models as well as cosmic ray propagation. In the antiproton channel
AMS-02 can even realistically probe canonical thermal WIMPs – the target of indirect dark matter
searches for decades. Indeed, an antiproton excess consistent with a thermal WIMP of mass mDM ∼

80 GeV has already been reported in the AMS-02 data [1, 85]. But the robustness of this signal needs
to be investigated further.
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In this work, we will attempt to systematically quantify and incorporate the dominant uncertain-
ties in the antiproton flux. These are related to hadronic production cross sections as well as to
the propagation of charged cosmic rays through the galaxy and the heliosphere. Our approach em-
ploys the combination of antiproton, positron and B/C data of AMS-02. Cosmic rays are propagated
within the two-zone diffusion model [86–88]. Positrons are consistently treated within the same
framework through the pinching method [74]. The propagation parameters which control diffusion,
convection and reacceleration are obtained by simultaneously fitting the B/C ratio [83] and the an-
tiproton spectrum [84] of AMS-02. The size of the diffusion halo, posing a notorious difficulty for
indirect dark matter detection, is efficiently constrained from the low-energy positron spectrum. Our
treatment of solar modulation includes charge-sign dependent effects which are determined from the
time-dependence of the antiproton flux as extracted from the PAMELA [89] and AMS-02 [84] data.
The antiproton cross sections relevant for secondary production in cosmic ray scattering are taken
from the recent comprehensive analysis [80]. Nuclear fragmentation cross sections which enter the
boron source term are modeled from a wide collection of accelerator data. For both, antiprotons and
boron, we map the cross section uncertainties into the predicted fluxes and include them into the fit
in the form of covariance matrices.

We observe an overall good agreement of the antiproton and B/C data with the background pre-
diction. By performing a spectral analysis we derive strong constraints on hadronic dark matter
annihilation. While we confirm the slight excess [1, 85] at mDM ∼ 80 GeV in the bb̄-channel, we
show that it becomes insignificant once all relevant uncertainties and the look-elsewhere effect are
considered. We finally comment on possibilities to reduce uncertainties in the cosmic ray fluxes in
order to further increase the sensitivity of AMS-02 to dark matter annihilations.

2.2 Cosmic Ray Propagation

As discussed in Sec. 1.1.2, protons and most of the nuclei in cosmic rays are referred to as primaries.
They correspond to galactic matter which has been energized by supernova shock acceleration also
known as (first order) Fermi acceleration. When a primary species propagates through the galaxy it
can scatter on the interstellar gas and create a so-called secondary cosmic ray. This production mode
is very important for certain nuclei like lithium, beryllium and boron. In addition, a large fraction of
the antimatter in cosmic rays is believed to be of secondary origin. Independent of their production,
cosmic rays follow complicated trajectories which are controlled by the magnetic fields in the galactic
halo. We shall now briefly summarize our conventions for cosmic ray propagation before turning to
the solar modulation of charged particles in the heliosphere.

2.2.1 Diffusion Model

On their passage through the galaxy cosmic rays scatter on magnetic field inhomogeneities. This
induces a random walk which is equivalently described as spatial diffusion. Convective winds, if
they exist, blow charged particles away from the galactic disc. In addition, interaction of cosmic
rays with matter, light and magnetic fields leads to energy losses and annihilation, while magnetic
shock waves may induce reacceleration. All relevant processes are encoded in the diffusion equation.
While cosmic ray propagation codes like GALPROP [90–92] and DRAGON [93, 94] aim at a fully
numerical solution, the spatial part of the diffusion equation can also be solved analytically under
slightly simplifying assumptions. In the two-zone diffusion model [86–88], which we employ here,
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diffusion is taken to occur homogeneously and isotropically in a cylinder of radius R and half-height
L around the galactic disc. The disc of thickness 2h = 0.2 kpc is taken to contain a constant number
density of hydrogen and helium (nH = 0.9 cm−3, nHe = 0.1 cm−3). Assuming steady state, the space-
energy density Ni of a stable species i is related to its differential production rate (source term) qi

as

− K∆Ni + sgn(z)Vc ∂zNi + ∂E(bhaloNi) + 2hδ(z)
[
∂E(bdiscNi − KEE ∂ENi) + Γann Ni

]
= 2hδ(z)qdisc

i + qhalo
i , (2.1)

where E denotes the total energy of i. The extension of the galactic disc in axial (z-) direction has
been neglected and processes confined to the disc were multiplied by 2hδ(z) in order to keep proper
normalization. We have split the source term into a disc component qdisc

i and a halo component
qhalo

i . The first term on the left-hand side accounts for spatial diffusion. Magnetohydrodynamics
considerations suggest [95]

K = K0 β

(
R

GV

)δ
, (2.2)

where K0 is a normalization constant, δ the power law index, β and R the velocity and rigidity of the
cosmic ray particle. We will later also consider a modification of the diffusion term which is motivated
from observed primary cosmic ray spectra (see Sec. 2.5.1). The second term in (2.1) accounts for
convection. The convective wind velocity Vc controls its strength. Reacceleration by magnetic shock
waves is modeled as a diffusion in momentum space which is encoded in the term [88]

KEE =
4
3

V2
a

K
p2

δ(4 − δ)(4 − δ2)
. (2.3)

The Alfvèn speed Va occurs quadratically as reacceleration corresponds to second order Fermi accel-
eration.1 The term

bdisc = bcoul + bion + bbrems + badiab + breac (2.4)

includes energy losses in the galactic disc by Coulomb interactions, ionization and brems-strahlung,
adiabatic energy losses caused by the flip of the convective wind vector at the disc as well as energy
gains by reacceleration drift. We take bcoul, bion, bbrems from [91] and badiab, breac from [88]. Leptonic
cosmic rays in addition lose energy in the halo due to inverse Compton scattering and synchrotron
emission,

bhalo = bic + bsynch = −(E2/τE) GeV−2 . (2.5)

As we shall only consider low energy lepton fluxes in this work, we can employ the Thomson limit
and use a constant τE = 1016 s (see e.g. [96]). Annihilation in the galactic disc on the other hand
is mainly relevant for hadronic cosmic rays. The annihilation cross sections for nuclei are taken
from [97, 98] and for antiprotons from [99, 100].2 In the case of antiprotons we also have to consider
inelastic (non-annihilating) scattering with the interstellar matter. This effect is taken into account
through a tertiary source term as described in [87].

We now turn to the solution of the diffusion equation for secondary cosmic rays. We will approx-

1 For practical purposes, the height of the reacceleration zone is taken to coincide with the disc height h. A difference
between the two can be absorbed into a redefinition of Va which is anyway a free parameter [86].

2 The antiproton annihilation cross section was interpolated between the two parameterizations as in [101].
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imate secondary source terms qsec
i as spatially constant in the galactic disc. This amounts to assuming

radially constant fluxes of the primary cosmic ray progenitors as well as constant density of the in-
terstellar medium. While this situation is not expected to hold in reality, deviations can usually be
absorbed into the propagation parameters. Local secondary fluxes are expected to be nearly unaf-
fected as long as all species are treated within one universal framework. We will, furthermore, work
in the limit R → ∞ which yields identical results to a radially finite diffusion halo as long as L � R
(see e.g. [102]).3 For secondary nuclei including antiprotons, energy losses in the halo are negligible
and the spatial part of the diffusion equation can be solved analytically. The space energy density at
z = 0 is determined by the differential equation in energy [86, 87](

2hΓann + Vc + Vc coth
[VcL

2K

])
Ni + 2h∂E(bdisc Ni − KEE ∂ENi) = 2h(qsec

i + qter
i ) , (2.6)

where the tertiary source term qter
i is only relevant for antiprotons. This equation has to be solved

numerically. The interstellar flux is related to the space-energy density via ΦIS
i (E) = βNi/(4π). It is

more common to specify fluxes in terms of the rigidity ΦIS
i (R) = ΦIS

i (E)dE/dR or the kinetic energy
per nucleon T .

In the case of positrons, the solution requires an additional step as energy losses occur in the disc
and in the halo. We follow the “pinching method” [74] and first solve the diffusion equation for
secondary positrons in the high energy limit, where we include only diffusion and halo energy losses.

At z = 0 this leads to the integral equation NHE
e+ =

∞∫
E

dE′ qsec
e+ (E′) η(λD)/|bhalo(E)|, where η in terms

of the diffusion length λD can be taken from [96]. In the next step we want to include convection,
reacceleration and energy losses in the disc. In order to follow the procedure for hadrons, the halo
energy losses must be “pinched” into the disc. We substitute bhalo → 2hδ(z) bpinched and solve the
high-energy diffusion equation once again. Requiring that the solution remains unchanged by this
replacement, we can fix

bpinched =
1

NHE
e+

∞∫
E

dE0

K(E0) NHE
e+ (E0)

hL
− qsec

e+ (E0)

 . (2.7)

with NHE
e+ from above. The term bpinched is the “translation” of the halo loss term bhalo into a disc

loss term. After replacing bhalo with 2hδ(z) bpinched in the full diffusion equation (2.1), the solution for
positrons proceeds completely analogous as for antiprotons and boron.

If a primary antiproton (or positron) source term is induced by dark matter annihilation, it carries a
spatial dependence which is determined by the dark matter profile (see Sec. 2.4). The solution of the
diffusion equation then requires a Bessel expansion in the radial coordinate. The procedure has been
described in detail in [103, 104] and shall not be repeated here.4

3 Even if L � R was not fulfilled, the difference in predicted secondary fluxes can again be compensated by a change of
propagation parameters.

4 There arises a small technical difficulty as the Bessel expansion does not converge if we set R → ∞. However, we
verified that primary fluxes rapidly converge if we increase R beyond L. Therefore, the practical solution is to set R to a
large but finite value for which we choose R = 5 L.
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2.2.2 Solar Modulation

The solar system is surrounded by the heliosphere, a region of space which is permeated by the
solar wind. The latter shapes the solar magnetic field whose main component is a dipole which
inverts its polarity every 11 years. The two magnetic domains with inward and outward pointing field
are separated by the heliospheric current sheet. Due to the solar wind outflow caused by the Sun’s
rotation, the magnetic field lines are distended near the equator. Since the Sun’s rotational axis is
misaligned with the direction of the dipole, the solar magnetic field gets twisted and a wavy pattern
of the current sheet emerges.

On their passage through the heliosphere, cosmic rays are affected by the solar magnetic field. The
dominant effects are diffusion, drifts, convection, and adiabatic energy losses. In the widely used force
field approximation [105], solar modulation is described by a single parameter, the Fisk potential φ
which only depends on time. Cosmic ray fluxes at the top of the Earth’s atmosphere (TOA) are related
to interstellar fluxes as

ΦTOA(T ) =
2mT + T 2

2m (T + Z
Aφ) + (T + Z

Aφ)2
ΦIS(T + Z

Aφ) . (2.8)

This simple analytic solution is found if a constant radial solar wind and isotropic diffusion in the
heliosphere are assumed. Unfortunately, the force field approximation cannot account for charge-
sign dependent effects which have been established in cosmic ray spectra. It was argued in [106,
107] that the dominant charge-breaking effect in solar modulation is connected to the heliospheric
current sheet. During a negative polarity phase, negatively charged particles access the heliosphere
on rather direct trajectories along the poles. Positively charged particles enter by inward drift along
the current sheet. In particular, in the case of a very wavy current sheet, they spend significantly more
time in the heliosphere and lose more energy. The solar magnetic field has last flipped its polarity
from negative to positive between November 2012 and March 2014 [108]. After the flip, the situation
reverses and negatively charged particles are more affected by solar modulation. This is evident e.g.
in the time-dependent e+/e− ratio measured by PAMELA between 2006 and 2015 [109]. The polarity
flip is followed by a strong rise of e+/e− at low energy.

In [110] a simple modification of the force field approximation was proposed where (2.8) is still
valid but particles are treated depending on their charge. The Fisk potential for positive (+) and
negative (−) charges reads

φ±(t,R) = φ0(t) + φ±1 (t) F
(
R
R0

)
. (2.9)

The second term on the right-hand side incorporates the increased energy loss along the current sheet
faced by particles whose charge sign does not match the polarity. In a positive (negative) polarity
phase φ+

1 = 0 (φ−1 = 0). We will take φ0, φ±1 to be the parameters averaged over the time scale of the
experiment. At rigidity R � R0 the particle’s Larmor radius is larger than the scale of magnetic field
irregularities and its motion is controlled by the average field. Here R stands for the rigidity before
entering the heliosphere (interstellar rigidity). Down to R ∼ 2 GV we can approximate F from [110]
by

F =
R0

R
(2.10)

up to a normalization constant which can be absorbed into φ±1 . We set R0 = 1 GV in the following
without loss of generality. In [110] φ0, φ

±
1 were related to the strength of the solar magnetic field and

the waviness of the heliospheric current sheet (tilt angle). However, the AMS-02 data were partly
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Figure 2.1: Low energy proton flux measured by Voyager and AMS-02. Also shown are AMS-02 data demodu-
lated by a Fisk potential of 0.72 GV (upper orange error bars) and 0.6 GV (lower orange error bars). The green
band is the envelope of interstellar proton fluxes determined in [111–113].

taken during a phase of polarity reversal. While the functional form (2.9) may still approximately
hold in this period5 the connection to solar observables becomes less transparent due to the rapidly
changing magnetic field configuration. Therefore, we follow a different strategy and extract φ0, φ

±
1

from cosmic ray data.
Data from the Voyager spacecraft [114] play an important role in pinning down the solar modula-

tion of cosmic rays. Voyager 1 crossed the heliopause in 2012 and provided the first measurement
of the interstellar proton flux. This has triggered several recent determinations of the Fisk poten-
tial for AMS-02 under the assumption of the force field approximation [111–113].6 These rely on
different parameterizations of the interstellar flux which were fit to the AMS-02 [115] and Voyager
data simultaneously. The obtained values are in the range φ+

AMS-02 = 0.60 − 0.72 GV. In Fig. 2.1 the
envelope of the interstellar fluxes [111–113] is shown with the Voyager and AMS-02 data. To guide
the eye we also depict the AMS-02 data demodulated with Fisk potentials of φ+

AMS-02 = 0.60, 0.72 GV
which captures the range of uncertainties related to the choice of parameterization. Larger or smaller
Fisk potentials appear to require unphysical inflections in the shape of the interstellar flux in order to
connect the two data sets.

The AMS-02 proton data were taken in the time interval 2011/05-2013/11, i.e. before and during
the solar polarity flip. Nevertheless, there is indication that deviations from the force field approx-
imation are small for positive charges. The dedicated solar modulation code HelMOD [116] yields
virtually identical results for protons as the force field approximation with φ+

AMS-02 = 0.6 GV. In [113]
it was argued that a slight evolution of the Fisk potential from φ+

AMS-02 = 0.49 GV at T = 5 GeV to
φ+

AMS-02 = 0.59 GV at T = 0.1 GeV would somewhat improve the fit to Voyager and AMS-02. Even in

5 The parameter φ±1 induces a slightly stronger energy loss of negatively compared to positively charged particles or vice
versa. This is a plausible ansatz for a charge-breaking effect beyond the physical motivation given above.

6 In [111] the Fisk potential φ+
AMS-02 = 0.64 GV for AMS-02 is not explicitly given, but can easily be obtained from the

provided interstellar flux.
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this case, the value obtained within the force field approximation is still valid as an upper limit over
the full energy range. We will therefore set φ+

AMS-02 = φ0,AMS-02 = 0.60 − 0.72 GV, φ+
1,AMS-02

= 0 in the
following. While the upper limit on φ+

AMS-02 appears sufficiently robust, the lower limit will not play a
role in the subsequent analysis. Compared to protons and positrons the B/C data were taken over a
longer time period over which modulation may have changed. We can safely neglect this as B/C is
anyway rather insensitive to the choice of the Fisk potential.7

Finally, we have to account for negative charges, i.e. antiprotons. The corresponding AMS-02 data
were taken between 2011/05 and 2015/05, i.e. before, during and after the solar polarity reversal.
The strong increase of e+/e−, which set in in 2014 [109], hints at a significant charge-dependence in
the modulation which may be traced back to a non-vanishing φ−1 . In order to pin down this effect,
we compare the AMS-02 antiproton data [84] with those of PAMELA [89]. Specifically, we consider
the ratio of antiproton fluxes p̄AMS-02/p̄PAMELA observed at the two experiments as shown in Fig. 2.9.8

Within reason this ratio is insensitive to the assumed interstellar antiproton flux and, rather, depends
on the difference in solar modulation between the two experiments ∆φ− = 0.2 GV + φ−1,AMS-02

F ( R
R0

).
Here we took into account that PAMELA was operating in a negative polarity period (2006-2009) and
determined the difference in φ0 from the proton data [115, 117].9 For F we use (2.10) as interstellar
rigidities fulfill R & 2 GV. The remaining free parameter can be obtained by fitting to p̄AMS-02/p̄PAMELA.
As can be seen in Fig. 2.9 the decrease of the AMS-02 antiproton flux compared to PAMELA towards
low rigidity indeed favors a non-vanishing φ−1,AMS-02

' 0.7 GV (see Sec. 2.5.2). In order to briefly sum-
marize our treatment of solar modulation, we employ the Fisk potential for positively and negatively
charged particles

φ+
AMS-02 = φ0,AMS-02 , φ−AMS-02 = φ0,AMS-02 + φ−1,AMS-02

R0

R
. (2.11)

and allow φ0,AMS-02 to float in the interval φ0,AMS-02 = 0.6−0.72GV. φ−1,AMS-02
is treated as a free parameter

which will efficiently be constrained by including p̄AMS-02/p̄PAMELA into our fits.

2.3 Secondary Production of Charged Cosmic Rays

Secondary cosmic rays descend from scattering of primary cosmic rays in the interstellar gas. A
strategy to determine secondary fluxes often pursued in the literature is to start with a parameteriza-
tion of primary sources and then to calculate the fluxes of all primary and secondary species simultan-
eously from the network of scattering and spallation reactions in the galactic disc. While this global
approach certainly has its merits, it requires a huge number of inputs, e.g. about 2000-3000 nuclear
fragmentation cross sections [118]. In our case, where we are mainly interested in a limited number

7 An increase of φ+
AMS-02 would result in a stronger modulation and hence a decrease of the boron flux. At the same time,

a larger Fisk potential enhances the interstellar fluxes of the boron progenitors (e.g. carbon) compared to the TOA fluxes
measured at AMS-02. The corresponding increase of the boron source term would efficiently cancel the modulation-
caused decrease of the boron flux.

8 For the direct comparison we had to rebin the AMS-02 data in order to match the PAMELA bins. This was achieved
by fitting a smooth function Φsmooth

p̄ through the AMS-02 data. For rigidity bins {R1,R2} which had to be split at R′, we

distributed the detected events below and above R′ according to the ratio
R′∫
R1

dRΦsmooth
p̄ /

R2∫
R′

dRΦsmooth
p̄ . The rebinning only

affects a limited number of bins and is not expected to introduce significant systematic errors.
9 We used PAMELA proton data above T = 2 GeV for which φ+

1,PAMELA is negligible.
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Chapter 2 A Precision Search for WIMPs with Charged Cosmic Rays

of secondary species (boron, antiprotons and positrons), it is wise to choose a more economical path.
Rather than dealing with the full network, we will determine the fluxes of the direct progenitors of
boron, antiprotons and positrons from the available experimental data. This reduces the number of
relevant production cross sections to a more manageable number of 24 (48 if we include production
on helium) and the relevant primary fluxes to 8. These will be parameterized in the following.

2.3.1 Boron Production Cross Section

The element boron (B) plays a significant role in cosmic ray physics. Its importance relates to the
fact that boron is presumably a pure secondary which makes it an ideal target to study cosmic ray
propagation effects. The two stable boron isotopes, 11B and 10B, mainly descend from the spallation
of carbon (C), oxygen (O) and nitrogen (N), but also neon (Ne), magnesium (Mg), and silicon (Si)
yield non-negligible contributions. In the spallation processes, the kinetic energy per nucleon is
approximately preserved, i.e. (

dσi j→a

dT

)
= σi j→aδ(T ′ − T ) , (2.12)

where T ′ and T stand for the kinetic energy per nucleon of the incoming primary and outgoing
secondary particle. This equation is also referred to as “straight-ahead approximation”. There exist
several parameterizations of fragmentation cross sections in the literature [118–121], of which the
one by Webber et al. [118] and the one implemented in GALPROP [121] are most commonly used.
Unfortunately, the corresponding uncertainties have not been estimated in a systematic way. This
is problematic as we later want to perform spectral fits to the B/C ratio in cosmic rays. Due to the
small experimental errors in the flux, spallation cross sections are a comparable if not the dominant
source of uncertainty. Therefore, we decided to redetermine the fragmentation cross sections for C,
N, O, Ne, Mg, Si, B to B on hydrogen and helium. We shall derive the cross sections and the related
uncertainties from a wide collection of experimental data. An additional motivation for this exercise
are deviations from the Webber parameterization which are observed in some recent data sets.

We will follow the convention to include reactions proceeding through short-lived radioactive nuc-

lei (e.g. 12C + p → 11C
β+

−−→ 11B), referred to as ghosts, as part of the spallation cross section. The
term “short-lived” is to be understood on astrophysical scales and stands for lifetimes τ < kyr. The
very long-lived isotope 10Be which decays into 10B is treated as a separate final state which will be
considered in addition to 11B and 10B. We parameterize the fragmentation cross section of the nucleus
i to boron on a hydrogen target as

σi+p→B = σ0,i
Γ2

i (T − Eth,i)2

(T 2 − M2
i )2 + Γ2

i M2
i

+ σ1,i

(
1 −

Eth,i

T

)ξi
(
1 +

∆i

1 + (Th/T )2

)
. (2.13)

Above energy threshold, Eth,i, cross sections show a resonance peak whose normalization, position
and width is set by the parameters σ0,i, Mi and Γi. If one subtracts the peak, there appears a steady
rise which continues up to T ∼ GeV with its smoothness controlled by ξi. While in the older literature
(e.g. [122]) spallation cross sections were taken to be constant above this energy, a non-trivial behavior
at T = 1− 5 GeV was motivated by Webber et al. [118] on observational grounds. As we find that fits
to the experimental data indeed improve significantly when allowing for a slow change of the cross
section around Th = 2 GeV, we have added the term in the last brackets. In this way a very similar
functional behavior as in the Webber parameterization can be achieved if preferred by the data. At
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energies T > 5 GeV, where nuclear binding energies are irrelevant, spallation cross sections approach
the asymptotic value σi+p→B = σ1,i (1 + ∆i). The existence of a plateau is commonly assumed in the
literature but awaits experimental proof. As total inelastic cross sections are known to increase slowly
with energy beyond T = 10 GeV, one may also speculate about a proportional rise in the individual
spallation cross sections [123]. A full correlation between the cross sections is, however, ambiguous
as the final state particle spectrum in inelastic collision also changes with increasing energy, where
multiparticle production gains significance. Given the sparseness of high energy data we decided to
follow the standard assumption of a plateau in the spallation cross sections.

Sufficient experimental data to perform our fits only exist for the most abundant isotope of the
respective element (e.g. 12C in the case of carbon). This leaves us with 20 considered isotopic frag-
mentation cross sections for which the collected data are shown in Fig. 2.2. A number of comments
are in order: in some references [144, 148–150] only the charge-changing cross sections have been
measured. These were translated into isotopic cross sections by using the hydrogen mass fractions
given in [145]. If the latter were not specified (i.e. for Si, Mg and Ne) we used the Webber code as
extracted from DRAGON in order to predict how the cross section is divided among the isotopes.
In the case of silicon, a previous step was required as the charge-changing cross section was only
measured down to Z=6 (carbon). Luckily, data down to Z=4,5 exist for a polyethylene target [151].
We determined the charge changing cross section to Z=4,5 on hydrogen by assuming that the ratio of
cross section to Z=6 compared to Z=4,5 is the same for hydrogen and polyethylene.10 The isotopic
cross sections were then obtained as described above. We refrained from assigning a systematic error
to this procedure as silicon only contributes to the boron production at the few percent level. Turning
to the low energy part of the fragmentation cross sections, sufficient data to fit the resonance peak
above threshold do not exist for Ne, Mg and Si. This is acceptable for our purposes as we will later
deal with cosmic ray boron at T > 0.4 GeV which is practically unaffected by the threshold behavior
of the cross sections. Nevertheless, as a tiny effect may still arise due to the reacceleration of very
low energy cosmic rays, we attempt to capture at least roughly the threshold behavior for the domin-
ant boron progenitors C, N and O. In the case of nitrogen a very complicated structure with various
peaks emerges which we slightly smooth out by combining energy bins in sets of two [124].11 The
low-energy data on the cross section for 12C → 10B were obtained from the isobaric cross section to
A=10 [127, 142] by subtracting the (tiny) beryllium contribution [125].

We determined the best fit parameters for each individual cross section. The parameters σ0,i, Mi,
Γi (considered only for C, N, O) were kept fixed at their best fit values as variations hardly affect
the boron flux in the relevant energy range (see above). The probability distribution of σ1,i, ξi, ∆i

was determined from a ∆χ2-metric with three degrees of freedom (d.o.f.).12 Parameter values and
uncertainties (for σ1,i, ξi, ∆i) are given in Tab. 2.1. In Fig. 2.2 we show the median cross sections and
the uncertainty bands (±1σ) following from the derived probability distribution on the cross section
parameters. Correlations between uncertainties at different energies cannot be made visible in the
figure, but are taken into account in the following.

In Tab. 2.2, we compare the fragmentation cross sections (summed over the two boron isotopes)
from our fits with those from the Webber parameterization at two different energies. It can be seen

10 This is justified as a very similar behavior of the charge changing cross sections down to Z=6 is observed for hydrogen
and polyethylene.

11 We conservatively assume 20% errors as no uncertainties were given in this reference.
12 For some cross sections the parameter ∆i is not well constrained due to the lack of high energy data. In order to avoid

unphysical values of ∆i we imposed the (conservative) constraint |∆i| < 0.5.
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Figure 2.2: Isotopic cross sections for the fragmentation of 28Si, 24Mg, 20Ne, 16O, 14N, 12C, 11B to 10,11B and
10Be. Also shown are our fits and the corresponding uncertainty bands. Experimental data are taken from
Bodansky [124], Bodemann [125], Brechtmann [126], Davids [127], Epherre [128], Fontes-1 [129], Fontes-
2 [130], Goel [131], Jung [132], Korejwo [133, 134], Laumer-1 [135], Laumer-2 [136], Lindstrom [137],
Moyle [138], Olson [139], Raisbeck-1 [140], Raisbeck-2 [141], Roche [142], Schiekel [143], Webber-1 [144],
Webber-2 [145], Webber-3 [146], Yiou [147], Zeitlin-1 [148], Zeitlin-2 [149], Zeitlin-3 [150]. In some cases
the original data were processed in order to arrive at isotopic cross sections (see text).
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Channel Eth,i [MeV] σ0,i [mb] Mi [MeV] Γi [MeV] σ1,i [mb] ξi ∆i

28Si→ 11B 26.7 15.1+2.4
−1.6 7.1+3.4

−2.2 0.30+0.14
−0.21

28Si→ 10B 29.0 7.5+1.7
−0.9 6.4+4.2

−2.3 0.12+0.26
−0.29

28Si→ 10Be 40.9 1.71+0.15
−0.12 12.1+0.6

−0.5 −0.36+0.14
−0.10

24Mg→ 11B 21.0 17.6+2.0
−1.8 7.4+2.1

−1.9 0.29+0.15
−0.25

24Mg→ 10B 22.5 8.7+1.3
−1.1 10.4+2.7

−2.5 0.24+0.18
−0.29

24Mg→ 10Be 36.0 2.27+0.45
−0.23 10.9+1.5

−0.9 0.01+0.33
−0.34

20Ne→ 11B 23.6 23.3+5.3
−2.0 6.7+3.8

−1.9 0.17+0.22
−0.37

20Ne→ 10B 23.6 13.1+3.0
−2.0 14.3+4.5

−3.4 0.13+0.25
−0.36

20Ne→ 10Be 37.2 1.19+0.63
−0.30 11.0+4.3

−3.0 0.0+0.32
−0.34

16O→ 11B 23.6 240 45.9 34.2 31.4+1.7
−1.1 4.0+1.1

−0.6 −0.36+0.08
−0.07

16O→ 10B 26.9 104 55.0 29.0 10.9+0.3
−0.2 1.3+0.4

−0.2 0.10 ± 0.08
16O→ 10Be 36.6 1.3 62.3 45.2 2.28+0.17

−0.16 4.9 ± 0.3 −0.07+0.17
−0.15

14N→ 11B 3.1 193 10.6 7.3 31.6 ± 0.8 9.6+1.8
−1.6 −0.24+0.28

−0.19
14N→ 10B 12.5 360 16.9 14.1 11.6+0.8

−0.5 3.7+3.3
−1.5 −0.02+0.36

−0.34
14N→ 10Be 34.3 1.6 ± 0.09 2.36+0.09

−0.08 0.15+0.24
−0.34

12C→ 11B 17.3 330 18.9 23.5 60.2+1.1
−0.9 0.47+0.15

−0.11 −0.16+0.04
−0.05

12C→ 10B 21.4 34.1 46.9 46.9 18.4+0.4
−0.3 0.75+0.07

−0.06 −0.03+0.08
−0.10

12C→ 10Be 29.5 0.24 14.9 242 3.5 ± 0.2 7.0+0.5
−0.4 0.0 ± 0.13

11B→ 10B 10.1 49.0+14.4
−12.7 2.7+1.6

−1.9 −0.04+0.36
−0.32

11B→ 10Be 12.3 5.2+0.4
−0.2 2.1+2.8

−1.5 0.08+0.28
−0.39

Table 2.1: Fit parameters entering the fragmentation cross section parameterization (2.13).
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Channel σ(1 GeV) σWebber(1 GeV) σ(10 GeV) σWebber(10 GeV)

28Si→ B 19.7+0.8
−0.9 13.2 27.2+2.6

−2.7 14.2
24Mg→ B 23.0+0.9

−1.2 20.4 31.8+3.3
−3.4 20.4

20Ne→ B 30.2+2.1
−1.7 21.9 40.4+5.9

−6.6 21.1
16O→ B 37.6+0.5

−0.4 36.9 32.3+1.9
−1.8 34.7

14N→ B 40.4+1.2
−1.1 41.2 35.6+8.6

−6.1 37.1
12C→ B 76.0+0.8

−0.9 75.4 68.6+2.5
−2.6 61.0

11B→ 10B 47.3+14.3
−12.2 40.5 44.4+22.8

−15.1 39.0

Table 2.2: Comparison of the fragmentation cross sections into boron (11B + 10B) determined in this work with
the parameterization by Webber.

that substantial differences exist for Si, Mg, Ne, for which we obtain systematically higher cross
sections than Webber. For these three elements we employed recent data sets which did not enter
in [118]. The effect on cosmic ray boron production, to which Si, Mg, Ne contribute about 10%,
is not huge but may amount to a few percent. For C, N, O, our cross sections are in overall good
agreement with those by Webber. Only for carbon, there appears a ∼ 10% discrepancy at high energy.
The Webber parameterization shows a strong decrease of the carbon spallation cross section between
T = 1 GeV and T = 10 GeV which is not preferred by our fit. In [118] it is argued that this decrease
is backed up by the data of Korejwo et al. [133, 134]. Given that Korjewo et al. measured σ(12C →
B) = 65, 65.3, 72.8 mb at T = 1.87, 2.69, 3.66 GeV this argument is not plausible at all. The only
data point [129] at higher energy (T = 25 GeV) also speaks against the strong decrease albeit with
large uncertainty. Unfortunately, existing data are insufficient to fully settle this issue and upcoming
experimental efforts are eagerly awaited.

Besides the spallation of nuclei on hydrogen, also the spallation on helium contributes significantly
to the boron flux. In [152] it was suggested to account for scattering on helium by multiplying the
protonic fragmentation cross sections by an energy-dependent enhancement factor of the form

eµ|(Zi−Z f )− fiδ|ν , (2.14)

where Zi and Z f denote the atomic number of the initial and final state nucleus respectively. The
exponent ν as well as the functions δ, µ are extracted from iron fragmentation on a helium target
at three different beam energies [152]. The coefficients fi depend on the initial nucleus and are
determined by interpolating between carbon, oxygen and iron fragmentation on helium.

While we employ the functional form (2.14), we refrain from using the parameters given in [152].
This is because the exponent ν = 1.43 [152] leads to a very steep increase of cross sections with
Zi which is inconsistent with data on aluminum spallation by helium [144]. Furthermore, µ and
δ determined in [152] lead to unphysical results for silicon and magnesium fragmentation at low
energies. This can be seen from silicon carbon scattering [148] which is expected to show a similar
low-energy behavior as silicon helium scattering. Our approach is, therefore, to refit the enhancement
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factor using carbon, nitrogen, oxygen and aluminum instead of iron data. We find

µ = 0.29 −
0.056 T

GeV
, δ = 1.93 −

0.45 T
GeV

, ν = 0.57 , (2.15)

where we assumed µ and δ to be linear functions of energy for T < 1.6 GeV as in [152]. Above this
energy µ and δ are taken to be constant.13 The parameters fC,N,O are fitted to the data sets [144, 152],
while fNe,Mg,Si are obtained by linear interpolation between the values for oxygen and aluminum

fC = −0.35 ± 0.45 , fN = −0.8 ± 0.64 , fO = 0.04 ± 0.35 ,

fNe = 0.24 ± 0.37 , fMg = 0.45 ± 0.38 , fSi = 0.65 ± 0.4 . (2.16)

Before we finish the discussion on spallation cross sections, we should emphasize that new precision
data are urgently required. They are needed to eliminate systematic errors in the parameterizations
of all relevant spallation cross sections (on hydrogen and helium) and to establish the high energy
behavior. The data we employed in this work were taken over a period of more than four decades
in time, using hugely varying experimental techniques. In some cases claimed uncertainties appear
suspiciously small. We believe that our analysis contributes in identifying some of the most urgent
measurements to be performed (e.g. carbon spallation at energies above a few GeV), but further work
is certainly needed.

2.3.2 Antiproton Production Cross Section

Secondary antiprotons in cosmic rays mainly originate from proton proton collisions, but also pro-
cesses involving helium yield a seizable contribution. Since antiprotons are generated with a smooth
phase space distribution, the full differential cross section must be modeled at all relevant energies.
Experimental data again play a crucial role in this as the cross section is dominated by soft QCD pro-
cesses and cannot be calculated from first principles. A complication arises from the fact that about
half of the antiprotons in cosmic rays stem from the decay of antineutrons which escape detection in
laboratory experiments. This contribution must be modeled on the basis of symmetry arguments. In
addition, antiprotons partly stem from the decay of strange hyperons which are metastable on detector
scales. As in most experiments this contribution is rejected through cuts, it must be determined from
the phase space distribution of the parent hyperons. A careful analysis of all relevant processes has
been performed in [80, 153] which we will briefly review for completeness.

The (Lorentz) invariant differential cross section fpp→ p̄ ≡ f p̄ can be expressed as

fp̄ ≡ E
d3σp̄

dp3 = f 0
p̄ (2 + ∆IS + 2 ∆Λ) , (2.17)

where the energy and three-momentum of the final state antiproton are denoted by E and p respect-
ively. The index 0 indicates the prompt part of the antiproton production, while ∆Λ stands for the
hyperon induced contribution. Both are multiplied by the factor of two in order to account for anti-
neutrons. A possible asymmetry between antineutron and antiproton production due to isospin effects

13 There are no data above T = 1.6 GeV, but the enhancement factor should become constant around this energy [152].
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is included through ∆IS. The prompt cross section

f 0
p̄ = R σpp in c5 (1 − xR)c6

[
1 + X(mT − mp)

]− 1
Xc7 , (2.18)

is modeled in terms of the transverse momentum pT and the radial scaling variable xR = E∗/E∗max
with E∗ denoting the antiproton energy in the center-of-mass frame and E∗max = (s − 8m2

p)/(2
√

s) the
maximal energy. The function R accounts for near threshold production of antiprotons. It is taken to
be unity at T > 10 GeV and

R =

[
1 + c9

(
10 −

√
s

GeV

)5
]

exp
[
c10

(
10 −

√
s

GeV

)2 (
xR − xR,min

)2
]

for T ≤ 10 GeV . (2.19)

There occur two additional terms in f 0
p̄ which violate radial scaling through their explicit energy-

dependence: the inelastic cross section

σpp, in = c11 + c12 log
√

s + c13 log2 √s , (2.20)

grows slowly with
√

s. In addition, the term

X = c8 log2
[ √

s
4 mp

]
, (2.21)

induces a flattening in the pT-distributions at large energy. It originates from multiple scattering of
protons which goes along with the production of hard pT-jets. Coming back to (2.17), the hyperon
contribution can be expressed as ∆Λ = (0.81 ± 0.04) (Λ̄/ p̄) with

Λ̄/p̄ = c1 +
c2

1 + (c3/s)c4
, (2.22)

where the second term on the right-hand side accounts for the increased strange hadron production
which sets in at

√
s ∼ 100 GeV. Finally, the asymmetry between antineutron and antiproton produc-

tion is written as
∆IS =

c14

1 + (s/c15)c16
. (2.23)

A non-vanishing ∆IS may be present at low energy, but the experimental data are not fully conclusive.
In any case, the asymmetry disappears at high energy. The parameterization contains in total 16
parameters c1 . . . c16 which were fitted to a large set of experimental data in [80]. In Tab. 2.3 we
provide median values and uncertainties for the ci.14

In Fig. 2.3, we compare the integrated antiproton production cross section derived from (2.17) with
the cross section obtained from the parameterizations of Tan et al. [154] and di Mauro et al. [155]. As
can be seen, the cross section predicted by Tan et al. falls short at high energy as it does not account
for the violation of radial scaling. Di Mauro et al. provide two parameterizations (in equations (12)
and (13) of [155]) which were fit to data at

√
s ≤ 200 GeV. They differ substantially in the high

energy regime due to different extrapolations.
The cross sections involving helium were predicted in [80] from an empirical model which was

introduced in [162] for proton carbon scattering and first applied to helium in [153]. The invariant

14 In some cases, the median values differ marginally from the best fit values provided in [80].
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c1 c2 c3 c4

0.31 ± 0.04 0.30 ± 0.06 (153+65
−57)2 GeV2 1.0 ± 0.3

c5 c6 c7 c8

0.0467 ± 0.0038 7.77 ± 0.10 (0.168 ± 0.001) GeV (0.0380 ± 0.0006) GeV−1

c9 c10 c11 c12

0.0010 ± 0.0004 0.7 ± 0.04 (30.9 ± 0.4) mb (−1.74 ± 0.17) mb

c13 c14 c15 c16

(0.71 ± 0.02) mb 0.20+0.30
−0.18 (31+47

−25)2 GeV2 1.0 ± 0.3

Table 2.3: Parameters entering the antiproton production cross section (2.17) and related uncertainties.
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Figure 2.3: Antiproton production cross section employed in this work [80] compared to the cross section de-
rived from the parameterizations of Tan et al. [154] and di Mauro et al. [155]. The contribution from antineutron
decay is not included in this figure. Experimental data were taken from [156–161] and processed as described
in [80].
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Figure 2.4: Prompt antiproton production cross section in proton helium scattering. In the left panel the full
differential cross section predicted in [80] is compared to the LHCb data. The right panel refers to the cross
section integrated over pT = 0.6 − 2.8 GeV. Uncertainties on the prediction (blue band) are derived from the
uncertainties in the parameters c1 − c16 [80].

antiproton production cross section is expressed in terms of f p̄ as

fi j→ p̄ =
σi j,in

σpp,in

(
〈νi〉Fpro(x f ) + 〈ν j〉Ftar(x f )

)
fp̄ , (2.24)

where i = p,He and j = p,He stand for the projectile and the target particle respectively. The
ratios of inelastic cross sections are taken to be σpp,in : σpHe,in : σHeHe,in = 1 : 3.2 : 7.7 [153].
The projectile and target overlap functions are defined in terms of the Feynman scaling variable
x f = p∗L/(2

√
s) [162], where p∗L denotes the longitudinal antiproton momentum in the center-of-mass

frame. The average number of interacting nucleons in the projectile and target 〈νi, j〉 can be expressed
in terms of the inelastic cross sections 〈νi〉 = Ai σpp,in/σip,in, where Ai denotes the mass number of
the nucleus i.

The antiproton production in proton helium scattering has recently been measured for the first time
with the LHCb-SMOG detector [163] which provides an important test for the parameterization [80].
Incoming protons with energy 6.5 TeV were scattered on a helium gas target at rest. The data refer to
the prompt antiproton production which can be obtained by replacing f p̄ with f 0

p̄ in (2.24). In addition,
the target component (the term including Ftar) has to be multiplied by (1 + 0.5 ∆IS) to account for the
difference between a proton and a mixed proton-neutron target.15 This factor is, however, almost
negligible at the considered energy. A detailed comparison of the prediction [80] with the LHCb data
is provided in Fig. 2.4. It can be seen that very good agreement is obtained for pT ≤ 2 GeV. At higher
pT the measured cross section somewhat exceeds the prediction. But as pT > 2 GeV contributes . 1%
to the total cross section, this difference has negligible impact on the cosmic ray antiproton flux. Since
the pT-integrated cross section is in remarkably good agreement with the data (see Fig. 2.4) we will
employ the parameterization (2.24) without modification.

15 Note that the factor ∆IS does not appear in (2.24). While the relative number of produced antiprotons to antineutrons
differs between a proton and neutron target if ∆IS , 0, the total number of antinucleons does not.
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2.3 Secondary Production of Charged Cosmic Rays

2.3.3 Positron Production Cross Section

Secondary positrons, similar to antiprotons, mainly stem from proton proton scattering as well as
from processes involving helium. In most cases, positrons descend as final states from the decay
chains of pions and kaons. There exist several parameterizations of the inclusive cross section for
positron production in the literature. These rely either on analytic fits to experimentally measured
meson spectra [164–166] or on Monte Carlo simulation [167]. In our analysis, we will not attempt
to fit the positron flux over the full energy range. Rather we will use the minimal secondary positron
flux to constrain the size of the diffusion halo L. Different from the case of boron and antiprotons, we
do not require an uncertainty band for positron production, but merely a robust lower limit. There-
fore, we do not attempt to evaluate the production cross section ourselves and, instead, employ the
parameterization of Kamae et al. [167].16 It was pointed out in [96] that this parameterization yields
positron fluxes up to a factor of two smaller compared to [164, 165] which will result in a conservative
bound on L.

2.3.4 Progenitors of Secondary Cosmic Rays

A robust parameterization of primary fluxes17 is another important ingredient in predicting the source
terms of secondary cosmic rays. While antiprotons and positrons mainly stem from collisions in-
volving proton and helium, the production of boron results from spallation of carbon, oxygen, nitro-
gen and subdominantly silicon, magnesium and neon. We model the interstellar fluxes as a function
of rigidity R as

ΦIS
i (R) =

R√
R2 + R2

l,i

αi

(
R

GV

)−γi
1 +

(
R

Rb

)∆γ/ss

. (2.25)

The first factor on the right-hand side allows to fit the low energy part of the spectra, while αi and γi

set the normalization and the power law index of the flux. The last term accounts for the observed
spectral hardening at rigidityRb. As there is indication that primary cosmic rays share the position and
form of the spectral break [123, 168], we choose the parameters Rb, ∆γ and s to be universal among
the considered species. The origin of the spectral break will be discussed in Sec. 2.5.1. The isotopic
composition of fluxes, which is assumed to be rigidity-independent, is estimated from the cosmic ray
data base. We neglect a deuteron contamination of the proton flux and set 3He : 4He = 0.15 : 0.85,
12C : 13C = 0.93 : 0.07, 14N : 15N = 0.55 : 0.45, 16O : 17O : 18O = 0.96 : 0.02 : 0.02. The Ne, Mg,
Si fluxes, which contribute only subdominantly to boron production, are identified with the leading
isotopes 20Ne, 24Mg and 28Si for simplicity.

The parameterization (2.25) was fit to the published (H, He) or preliminary (C, N, O) data of AMS-
02 [115, 169, 170], see Fig. 2.5 and 2.6. In the case of C, N, O, fluxes are given in terms of the kinetic
energy per nucleon and the parameterization was translated accounting for the isotopic composition.
Uncertainty bands were determined in a slightly simplified two step procedure: first, we derived the
probability distribution of the break parameters. Then we kept the break parameters fixed at their
best fit values and determined the probability distributions for the individual αi, γi, Rl,i, employing

16 A number of typos have been corrected with the kind help of the authors.
17 We use a loose terminology here and call the progenitors of boron, antiprotons and positrons primaries. Strictly speaking

the progenitor fluxes contain a secondary admixture themselves.
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species αi [m−2sr−1s−1GV−1] Rl,i [GV] γi

p (2.79 ± 0.01) · 104 2.74 ± 0.04 2.889 ± 0.001

He (4.01 ± 0.02) · 103 2.97 ± 0.05 2.795 ± 0.001

C 123 ± 1 3.91 ± 0.09 2.765 ± 0.002

O 119 ± 1 4.19 ± 0.11 2.743+0.002
−0.003

N 57 ± 1 5.68 ± 0.16 2.968+0.004
−0.003

ratio λi ζi

Ne/O 0.158 ± 0.002 −0.01 ± 0.01

Mg/O 0.205 ± 0.004 −0.02 ± 0.01

Si/O 0.153 ± 0.003 0.03 ± 0.01

Table 2.4: Parameters entering the boron progenitor fluxes (2.25) (upper part) and parameters determining the
ratios Ne/O, Mg/O, Si/O (lower part).

a ∆χ2-metric with 3 d.o.f. for each species. In Tab. 2.4 we present the resulting median parameters
and uncertainties. The large power-law index γN is explained as the nitrogen flux carries a strong
secondary component. For the parameters characterizing the spectral break, we obtain Rb = 275+23

−22
GeV, ∆γ = 0.157+0.020

−0.012 and s = 0.074+0.008
−0.007. As the AMS-02 data refer to TOA fluxes, the interstellar

fluxes depend on assumptions regarding solar modulation. In order to derive the values in Tab. 2.4, we
assumed the Fisk potential φ+

2,AMS-02
= 0.72 GV. Interstellar fluxes assuming any other Fisk potential

for AMS-02 can still be parameterized using the values of Tab. 2.4. One simply has to modulate the
so-obtained fluxes with the difference between 0.72 GV and the true Fisk potential of AMS-02.

For Ne, Mg, Si, AMS-02 data are not yet available. As ratio data are less affected by systematic
errors if one compares different experiments, we fit Ne/O, Mg/O, Si/O as extracted from HEAO [171]
with the function λi(T/GeV)ζi . Fits are visualized in Fig. 2.6, parameter values and uncertainties are
given in Tab. 2.4. The absolute Ne, Mg and Si fluxes are then obtained by multiplying the ratios with
the oxygen flux derived from AMS-02.

2.3.5 Secondary Source Terms

We can now use the derived cross sections and progenitor cosmic ray fluxes to determine the second-
ary source terms of boron, antiprotons and positrons, following Eq. (1.1). The incoming fluxes Φi

and the differential cross sections (dσi j→a/dT ) are taken from the previous sections. For the case of
antiprotons one may equivalently use the cross section tables published in [80]. In the case of boron,
we determine the source terms of the two isotopes 11B and 10B separately, assuming the isotopic
composition of primaries specified in the previous section. In the first step, we used the cross sections
derived in Sec. 2.3.1 for all isotopes of the same element (e.g. we assumed that the fragmentation
cross section of 13C is identical to the one of 12C). In order to account for errors, we then applied a
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Figure 2.7: Secondary source terms of boron, antiprotons and positrons.

correction factor which was estimated from the Webber parameterization [118].18 We note, however,
that the correction only amounts to ∼ 1% and can as well be neglected. Finally, we have to include
boron production through the radioactive decay of 10Be. For this purpose we simply add the source
term of 10Be to the source term of 10B. This amounts to neglecting propagation effects on the abund-
ance of 10Be which would result from its long lifetime. The corresponding error on the total boron
flux can be estimated to be . 2% [88]. We account for this by including an additional 2% normal-
ization uncertainty in the boron flux on top of the uncertainties related to cross sections and primary
fluxes.

In Fig. 2.7 we depict the secondary source terms of boron19, antiprotons and positrons. It can be
seen that qsec

p̄ decreases more rapidly towards low energies compared to qsec
B and qsec

e+ due to the higher
threshold for antiproton production. At high energy, all source terms show an approximate power law
behavior which is set by the progenitor fluxes. However, a slight increase of qsec

p̄ and qsec
e+ relative to

qsec
B appears due to the violation of scaling which affects the antiproton and positron production cross

sections (see Sec. 2.3.2).

2.4 Primary Antiprotons from Dark Matter Annihilation

While the secondary production of antimatter is well-established, one may also speculate about a
primary component due to dark matter annihilation in the galactic halo. In the case of positrons,
astrophysical contributions beyond secondary production (e.g. from pulsars) may well add to the flux.
This complicates the dark matter analysis as one would have to deal with two unknown components
simultaneously. Therefore, we decided to focus on the antiproton signal from dark matter annihilation
in this work. We will later employ positrons to constrain cosmic ray propagation parameters, but this
will only require knowledge of the secondary positron flux.

18 We employed [118] and calculated qsec
B one time with isotope-dependent and one time with isotope-independent cross

sections (using the cross sections of the leading isotopes). The correction factor corresponds to the ratio of the two.
19 The 10B source term contains a contribution from nucleon stripping of 11B. The latter can be calculated once the propaga-

tion parameters are fixed and the 11B-flux is known. In Fig. 2.7 we used the best fit configuration of Sec. 2.5.1.
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2.4 Primary Antiprotons from Dark Matter Annihilation

The primary antiproton source term induced by dark matter annihilation reads

qprim
p̄ =

ρ2
DM

m2
DM

〈σv〉

2
dN
dT

, (2.26)

where dN/dT denotes the antiproton energy spectrum per annihilation process. We will consider bb̄
and WW as final states and extract dN/dT for the two channels from [172]. While this choice may
seem selective, we note that antiproton spectra in hadronic channels exhibit a similar shape. If a dark
matter signal was present in the experimental data, we would typically observe an excess in b̄b or WW
even if the true annihilation channel is not captured. The annihilation cross section 〈σv〉 (averaged
over the velocity distribution) determines the normalization of the primary signal. If dark matter is
identified with a thermal WIMP, 〈σv〉 is directly related to the dark matter density in the universe. For
the canonical case of a velocity-independent σv, the observed density corresponds to [173]

〈σv〉 ' 10−26 cm3 s−1 ×
1√

g∗(TF)

mDM

TF
, (2.27)

where TF ' mDM/20 denotes the freeze-out temperature and g∗ the effective number of degrees of
freedom which can be taken from [174].

The dark matter density profile ρDM determines the normalization of the primary source term.
While N-body simulations of cold dark matter suggest a Navarro-Frenk-White (NFW) profile [40],
the backreaction of baryons on the dark matter halo is a field of active research. The local dark matter
density ρ0 constitutes another source of uncertainty. As the propagation of antiprotons washes out
local features in the dark matter profile, the relevant quantity is the dark matter density averaged over
a larger (∼kpc) scale. The latter is best assessed by global measurements which are converging at
ρ0 ∼ 0.4 GeV cm−3 albeit with sizable uncertainties [175–178].

In order to capture the uncertainties in ρDM, we consider three representative dark matter halos
which follow a generalized NFW (gNFW) profile

ρDM = ρ0

(R0

r

)γ (
R0 + rs

r + rs

)3−γ

, (2.28)

where r denotes the distance from the galactic center, R0 the distance between galactic center and Sun
and rs the scale radius. The parameter γ determines the contraction of the profile. If not specified ex-
plicitly, we assume a standard NFW profile (γ = 1) and ρ0 = 0.38GeVcm−3 [178]. We will, however,
also present results for a more conservative cored profile (γ = 0) with lower ρ0 = 0.3 GeV cm−3 as
well as a more aggressive cuspy profile (γ = 1.3) with ρ0 = 0.45 GeV cm−3. In order to arrive at self-
consistent halo models we took R0 = 8.2 kpc and rs for the NFW profile from [178] and determined
the scale radii for the other two cases by keeping the amount of dark matter fixed within the radius
r = 50 kpc. The parameters for the three profiles are summarized in Tab. 2.5.

We comment that a number of hydrodynamic simulations of Milky Way type galaxies which in-
clude baryonic effects have been performed. Most of them hint at a dark matter profile with slope
γ ∼ 1 or slightly larger down to the innermost part (r . 1 kpc), where a flattening may occur [179–
182] (see however [183]). For the diffusion halos considered here, this suggests primary antiproton
fluxes similar or larger than for the standard NFW profile. The cored profile with γ = 0 is somewhat
disfavored, but shall, nevertheless, be included for the sake of a conservative approach.
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Profile ρ0 [GeV cm−3] rs [kpc] R0 [kpc] γ

NFW 0.38 18.6 8.2 1

gNFWγ=0 0.30 12.3 8.2 0

gNFWγ=1.3 0.45 17.2 8.2 1.3

Table 2.5: Dark matter profiles considered in this work.

2.5 Combined Analysis of Charged Cosmic Ray Data

The AMS-02 experiment has provided high precision data on the antiproton flux and the B/C ratio.
In this section we aim at investigating the consistency of the AMS-02 data with a secondary origin of
the two species and at determining the favored propagation configuration. Experimental errors have
shrunk to a level where they no longer dominate over uncertainties in the predicted fluxes. Therefore,
we will carefully include uncertainties in the production of boron and antiprotons in our analysis.
Since the secondary fluxes of boron and antiprotons are insensitive to a particular combination of
propagation parameters, we will employ positrons in the last step, to lift this degeneracy.

2.5.1 B/C and the Diffusion Break

The ratio of B/C in cosmic rays plays an important role in pinning down the propagation parameters.
In the first step, we use B/C to investigate the origin of the spectral hardening observed in primary
cosmic ray fluxes at rigidity R & 200 GV (see Sec. 2.3.4).20 A plausible possibility is that this
feature is already imprinted onto the primary source terms. In this case it might be related to non-
linear effects in diffusive shock acceleration [185] or to different types of sources contributing to the
observed spectra [186]. Alternatively, one may attribute the hardening to a propagation effect. The
rigidity scaling of the diffusion term is set by the power spectrum of turbulences in the magnetic
plasma. A break in the diffusion coefficient could arise due to the transition from diffusion on cosmic
ray self-generated turbulence at low rigidity to diffusion on external turbulence at high rigidity [187].
Similarly, an effective break results if the inner and outer part of the diffusion halo are dominated
by turbulences of different type [188]. The following modification of the diffusion term has been
suggested [123]

K =
K0 β

(
R

GV

)δ(
1 +

(
R
Rb

)∆δ/s
)s . (2.29)

The origin of the spectral hardening affects the spectra of secondary cosmic rays. If it is attributed
to primary sources, boron would simply inherit the break from its progenitors at virtually the same
rigidity (as fragmentation preserves T ). In the regime where diffusion dominates the propagation,
B/C would thus resemble a flat power law. If, however, the hardening relates to diffusion, the boron
flux would be affected twice: by the progenitor fluxes and by its own propagation. Hence, a spectral
break would be observable in B/C. In [123] the high energy part of B/C was used to distinguish

20 See [184] for a summary of possible physics scenarios behind the spectral hardening of primary fluxes.
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between the two hypotheses within a simplified propagation model. We consider it worth repeating
this analysis over the full energy, since we can also benefit from the fragmentation cross sections
and primary fluxes derived in this work. Before we proceed, we should mention a caveat: the shape
of primary spectra has also been explained in terms of nearby sources [189–192]. In this case local
primary spectra would be markedly different from spatially averaged spectra in the galactic disc and
our analysis would not hold. On the other hand, it has been argued in [193, 194] that a significant
local fluctuation in the primary fluxes is unlikely within the established propagation models.

We determine the boron flux, as outlined in Sec. 2.2.1, for the standard diffusion term (2.2) and for
the modified diffusion term (2.29). For the latter, we fix Rb = 275 GV, ∆δ = 0.157 and s = 0.074 as
required by the observed primary spectra. We checked that we can neglect uncertainties on these three
parameters in our fits without changing results noticeably.21 For both diffusion terms, the parameters
controlling the interstellar boron flux are, thus, K0, δ, L, Vc, Va which must be determined by a fit
to the AMS-02 data. Due to a degeneracy, there are indeed only four combinations of propagation
parameters which enter, namely K0/L, δ, Vc, Va/

√
L. In order to arrive at B/C at the top of the atmo-

sphere, we account for solar modulation as described in Sec. 2.2.2. B/C remains virtually invariant
within the considered range of Fisk potentials φ0,AMS-02 = 0.6 − 0.72 GV (see footnote 7). For our fits
to converge we fix φ0,AMS-02 = 0.72 GV without affecting the results.

We include the uncertainties related to the boron source term in the form of a covariance matrix
ΣB/C,source which we determine as follows: We randomly generate a large number of tuples {σ1,i, ξi,
∆i, fi, Rl,i, αi, γi, Rb, ∆γ, s} from the probability distributions of the parameters. The probability
distributions are derived from experimental data as described in Sec. 2.3. Since i runs over the 6 rel-
evant boron progenitors, the tuples are sets of 45 parameters which fix boron production completely.
For each tuple we determine the corresponding B/C ratio in the 67 rigidity bins of AMS-02. The
covariance between the ith and the jth bin of AMS-02 is then obtained as

Σ
B/C,source
i j =

〈
(B/C)i −

〈
B/C

〉
i

〉〈
(B/C) j −

〈
B/C

〉
j

〉
, (2.30)

where (B/C)i denotes the predicted B/C in the ith bin. The averaging is performed over the B/C
ratios corresponding to the different parameter tuples. A slight complication occurs as the covariance
matrix is sensitive to the choice of propagation parameters. Since we want to avoid evaluating (2.30)
for each set of propagation parameters, we define the relative covariance matrix

Σ̃
B/C,source
i j =

Σ
B/C,source
i j

(B/C)i(B/C) j
. (2.31)

The relative covariance matrix remains (nearly) constant under variations in the propagation. There-
fore, in practice we just have to determine Σ̃

B/C,source
i j for one set of propagation parameters22 and then

obtain Σ
B/C,source
i j by scaling it with the predicted B/C according to (2.31).

On top of Σ
B/C,source
i j , the experimental errors of AMS-02 are added. The full covariance matrix

reads Σ
B/C
i j = Σ

B/C,source
i j +

(
σAMS

i

)2
δi j with σAMS

i denoting the quadratic sum of statistical and system-
atic errors in the ith bin. In the absence of detailed information provided by the AMS-02 collaboration,

21 We will, however, include uncertainties in the break parameters of primary fluxes.
22 As the one set of propagation parameters we choose the configuration which minimizes χ2

B/C in (2.32) if only experimental
errors of AMS-02 are included.
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we took systematic errors to be uncorrelated.23 The χ2 test statistic is defined as

χ2
B/C =

67∑
i, j=1

(
(B/C)i − (B/C)AMS

i

) (
ΣB/C −1

)
i j

(
(B/C) j − (B/C)AMS

j

)
, (2.32)

where (B/C)AMS
i denotes the measured ratio in bin i.

In Tab. 2.6 we provide the best fit propagation parameters separately for the diffusion terms (2.2)
and (2.29). The corresponding B/C ratios compared to the AMS-02 data are shown in Fig. 2.8. The
error bands indicate the diagonal part of the boron production uncertainties contained in Σ

B/C,source
i j .

We note, however, that Σ
B/C,source
i j carries a strong degree of correlation, in particular the high energy

part.24 Both fits yield an acceptable χ2
B/C, but we observe that a substantially better fit is obtained

with the modified diffusion term including the break (∆χ2
B/C = 16.2). As the break in the modified

diffusion term was fixed by primary fluxes, the improvement comes without the cost of additional
free parameters. We now want to quantify the preference for a diffusion break within frequentist
statistics. For this purpose we generated a large number of mock data sets under the hypothesis of
standard diffusion.25 For each mock data set we determined the minimal χ2

B/C for standard diffusion
and for modified diffusion allowing K0 and δ to float. The chance for an accidental improvement as
large as ∆χ2

B/C ≥ 16.2 with modified diffusion turns out to be 1/250000. Formally, this corresponds to
a 4.5σ exclusion of standard diffusion against the alternative hypothesis of modified diffusion. Our
results are in good agreement with [123] and indicate strong preference for a break in the diffusion
coefficient. In the following, we will hence fix the diffusion term to the form of (2.29). Upcoming
cosmic ray data on other secondary nuclei will provide important tests for this assumption. The strong
spectral break observed in the lithium and beryllium flux [195] may already be seen as another hint
for a diffusion break.

Turning to the other propagation parameters, we observe that B/C does not favor significant con-
vection or reacceleration effects. Seizable reacceleration velocities Va & 20 km/s tend to produce a
bump in B/C at rigidities of a few GV which is not observed in the AMS-02 data. As can be seen,
there is a shape in the residuals (see Fig. 2.8) which is not unexpected in the presence of correlated
errors. If anything, it indicates some difficulty in reproducing a sufficiently concave B/C spectrum
at low rigidity. While convective winds lead to reduction of the flux at R . 100 GV – seemingly
going in the right direction – this decrease is too smooth over rigidity to improve the fit. It would be
interesting to explore if convection can affect the boron flux more favorably in the presence of a non-
vanishing spatial gradient in the convective wind. The slope of the diffusion coefficient was kept as a
free parameter in our analysis. However, special mention should be made of the fit values δ = 0.507
and δ + ∆δ = 0.35 below and above the spectral break. These values are remarkably close to 0.5 and
0.33 corresponding to a Kraichnan [196] and Kolmogorov [197] spectrum of turbulence. If the break
in the diffusion coefficient results indeed from the interplay between turbulences of two types [193],
one may wonder if they can be related to the Kraichnan and Kolmogorov theories, respectively.

23 Even if this approximation is oversimplistic, it is not expected to impact our fits dramatically as uncertainties contained
in Σsource

i j exceed systematic errors of AMS-02.
24 When determining χ2

B/C we, of course, took into account the full covariance matrix.
25 We performed a Cholesky decomposition of Σ

B/C
i j to generate mock data with correlated uncertainties.
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Figure 2.8: Fit to the AMS-02 B/C spectrum assuming standard diffusion (left panel) and assuming a spectral
break in the diffusion coefficient (right panel). Residuals are shown in the lower subpanels.
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Figure 2.9: Fit to the AMS-02 antiproton spectrum (left panel) and the ratio of antiproton spectra observed at
AMS-02 and PAMELA (right panel). The ratio depends on the assumptions of solar modulation and is also
shown for the standard force field approximation and for the HelMod model.

2.5.2 Antiproton and B/C Fit

At the time when the first AMS-02 antiproton data were released [75], the spectrum was considered
surprisingly hard. This triggered speculations about a possible primary component due to dark matter
annihilations [198–200]. But subsequent analyses revealed that the secondary antiproton flux had
been underestimated and might indeed account for the shape of the observed spectrum. An important
role is played by the increase of antiproton production cross sections due to scaling violation [79, 80].
We now want to extend on [80] and investigate whether the AMS-02 antiproton spectrum is consistent
with secondary production at the precision level. We rigorously include uncertainties in the antiproton
source term in the form of the covariance matrix Σ p̄,source. The latter is obtained in complete analogy
to ΣB/C,source by mapping uncertainties in cross section and primary flux parameters into uncertainties
in the antiproton flux (see previous section). The full covariance matrix Σ p̄ includes the experimental
errors of AMS-02 and enters the χ2-test as in (2.32). We account for solar modulation via the Fisk
potential φ−AMS-02 defined in (2.11). The two force field parameters φ0,AMS-02 and φ−1,AMS-02

are allowed
to float, but we impose φ0,AMS-02 = 0.6 − 0.72 GV for consistency with Voyager. The propagation
parameters and the solar modulation parameters are determined by a simultaneous fit to the AMS-02
antiproton data [84] and to the ratio of antiproton spectra observed at AMS-02 and PAMELA [89]
(see Sec. 2.2.2).26 We included an additional 2% correlated normalization uncertainty in our fit to
p̄AMS-02/p̄PAMELA which accounts for a small systematic offset observed between PAMELA and AMS-
02 at high energy. The best fit parameters can be found in Tab. 2.6. The corresponding spectra and
uncertainty bands are visualized in Fig. 2.9.

The quality of the fit to the antiproton spectrum is remarkably good, we obtain χ2
p̄ = 21.3 for

26 As uncertainties in the ratio are strongly dominated by PAMELA, we can treat p̄AMS-02/ p̄PAMELA as independent.
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57 rigidity bins.27 Residuals have no particular shape and are controlled by statistical fluctuations.
The shape of p̄AMS-02/p̄PAMELA is also well reproduced up to a slight offset. The latter is likely caused
by systematics between PAMELA and AMS-02. The charge asymmetric term φ−1,AMS-02

in the Fisk
potential is crucial in accounting for the observed decrease in the ratio towards low rigidity. This is
in contrast to the standard force field approximation (φ−1,AMS-02

= 0), which predicts a nearly constant
p̄AMS-02/p̄PAMELA. As a cross check for our treatment of solar modulation we also calculated the ratio of
fluxes with the HelMod code and found reasonable agreement with our fit (see Fig. 2.9).

While one is tempted to interpret the good fit to be in favor of a secondary origin of antiprotons,
the comparison with B/C is still to be made. Within our assumptions on cosmic ray propagation
the antiproton flux and B/C should be explainable by an identical set of propagation parameters. If
one compares the best fit propagation parameters of Tab. 2.6 it is striking that antiproton data – in
contrast to B/C – favor a large reacceleration velocity. While such high Va would have considerable
impact on the antiproton spectrum, the effect on the boron flux would be more dramatic. Due to
the lower threshold energy for boron compared to antiproton production, there is more low energy
boron available which can be reshuffled to high energies through reacceleration (see Fig. 2.7). Large
Va leads to a bump in B/C – not seen in the AMS-02 data. In order to investigate the compatibility
further, we perform a simultaneous fit to the B/C and antiproton spectra of AMS-02. Again we include
p̄AMS-02/p̄PAMELA to constrain solar modulation.

The favored parameters of the joined fit are shown in the last column of Tab. 2.6, the correspond-
ing fluxes and uncertainties are depicted in Fig. 2.10. Remarkably, B/C and antiprotons can be fit
simultaneously with χ2/d.o.f. < 1. This implies that both spectra are, indeed, consistent with pure
secondary production. The fit is considerably better than one may conclude by eye due to correla-
tions in the uncertainties in Σsource

i j . Nevertheless, we observe a clear rise in χ2
p̄ compared to the fit

without B/C. In the high energy regime, there appears a slight offset between predicted antiproton
flux and data which is, however, within the margin of cross section uncertainties. The increase in χp̄

is indeed mainly driven by the low energy spectrum. The combined fit picks a reacceleration velocity
significantly lower than the fit with antiprotons alone. This manifests itself in the antiproton flux ex-
ceeding the data at R < 4 GV and falling short above. The residuals exhibit a modest peak at rigidity
R ∼ 10 GV. The 12 AMS-02 bins at R = 7 − 20 GV increase χ2

p̄ by ∼ 10 compared to the pure
antiproton fit. This increase is not larger since cross section uncertainties can partly explain a peak:
proton proton scattering resides in a scaling regime at

√
s ' 10 − 50 GeV. However, at

√
s < 10 GeV

near-threshold effects contained in the function R (2.19) play a role. Lowering of the parameter c9
within uncertainties would manifest itself in a decrease of the antiproton spectrum at R . 10 GV.
Simultaneously, the asymmetry between antineutron and antiproton production (cf. (2.23)) may in-
crease the antiproton flux at R . 30 GV compared to the median parameter choice. Among other
possibilities, the interplay between these two effects could lead to a smooth bump in the residuals at
R ∼ 10 GV. Despite the overall consistency of B/C and antiprotons with standard secondary pro-
duction, there is still room for modifications. If an alternative hypothesis is able to capture the shape
of residuals, it may still be statistically preferred at a significant level. In Sec. 2.6 we will explore
whether a significant improvement of the fit arises in the presence of a primary antiproton component
from dark matter annihilation.

27 While this value of χ2 may look suspiciously small, we remind the reader that the absolute χ2
p̄ does not have a rigorous

statistical interpretation until the systematic errors of AMS-02 have been taken into account.
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Figure 2.10: Best fit spectra of the combined B/C + p̄ fit.
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Best Fit B/C
(w/o break)

B/C
(w/ break)

p̄
(w/ break)

B/C + p̄
(w/ break)

K0 [ kpc2

Gyr ] 39.6 · L4.1 34.3 · L4.1 39.5 · L4.1 32.5 · L4.1

δ 0.479 0.507 0.446 0.506

Va [ km
s ] 0 0 59.7 ·

√
L4.1 15.6 ·

√
L4.1

Vc [ km
s ] 0 1.3 0 0

∆δ
no

br
ea

k 0.157 0.157 0.157

Rb [GV] 275 275 275

s 0.074 0.074 0.074

φ0 [GV] 0.72 0.72 0.72 0.72

φ1 [GV] 0.66 0.84

χ2
B/C (67 bins) 64.2 48.0 55.1

χ2
p̄ (57 bins) 21.3 47.9

χ2
AMS/PAM (17 bins) 10.9 12.6

Table 2.6: Best fit propagation and solar modulation parameters corresponding to the B/C, the p̄ and the com-
bined B/C + p̄ fit. For the B/C fit the cases without and with diffusion break are considered. The goodness of
fit is indicated by the χ2-values. The acronym L4.1 stands for L/4.1 kpc.

2.5.3 Positron Constraints on the Diffusion Halo

The cosmic ray positron flux experiences a spectral hardening at R & 10 GV which has been es-
tablished by the PAMELA collaboration [68]. Within standard assumptions, this shape cannot be
explained by secondary production. However, it was pointed out that the excess can be reconciled
with secondary positrons if one employs a mechanism to avoid energy losses in the galactic halo [15,
201–203], as we will investigate in Chap. 3. Furthermore, there exist attempts to describe positrons as
secondaries within modified diffusion models [204, 205] or through invoking acceleration of second-
aries in supernova remnants [206–208]. Alternatively, a primary contribution to the flux may resolve
the positron puzzle. While a dark matter interpretation is difficult to reconcile with complementary
indirect detection probes [69–73], pulsars might account for the excess without conflicting other ob-
servations [209, 210] (see however [12]). In this section we will assume standard propagation of
positrons but will otherwise stay agnostic about the origin of the positron anomaly. Independent of
which contributions are added to the positron flux, the secondary background alone must not over-
shoot the data of AMS-02.

Although our focus is on the antiproton flux from dark matter annihilation, positrons will still play
an important role in the dark matter analysis. The primary antiproton flux strongly depends on the size
of the diffusion zone L. This is easily understood as primary antiprotons originate from everywhere
in the dark matter halo, but only those inside L may ever reach the Earth. The secondary spectra
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Figure 2.11: Positron flux for the propagation parameters from the B/C + p̄ fit (see Tab. 2.6). The size of
the diffusion halo has been set to the values stated in the plot legend. The width of the bands includes the
uncertainty in solar modulation corresponding to φ+

AMS-02 = 0.6 − 0.72 GV.

of antiprotons and B/C only constrain the combination L/K0, not the absolute size L. Positrons can
lift this degeneracy. Different from hadronic cosmic rays, positrons experience energy losses in the
diffusion halo which limits the distance from which positrons reach the Earth. As a consequence, they
are not very sensitive to the boundaries of the diffusion halo, but rather to the diffusion coefficient K0.
The fact that hadronic and positron secondary fluxes depend on different combinations of K0 and L,
can be used to efficiently constrain L [74, 211].

We now wish to determine the minimal allowed L for the propagation configuration which best fits
the antiproton and B/C data. For this purpose we fix K0/L, δ, Vc and Va/

√
L to the values shown in

the last column of Tab. 2.6 and calculate the corresponding positron spectra as described in Sec. 2.2.1.
The positron flux modulated with φ+

AMS-02 = 0.6−0.72GV is shown in Fig. 2.11. Our limit is derived for
φ+

AMS-02 = 0.72 GV which yields the smallest (most conservative) positron flux within the considered
range. We decrease L until the secondary positron flux exceeds the 95% CL upper limit in one of
the bins. As it is always the first bin which sets the strongest constraint, we do not need to assign
a statistical penalty for the choice of bin. The lower limit we obtain is L = 4.1 kpc. Our constraint
is significantly weaker than L > 8.5 kpc derived in [74]. The difference finds its explanation in the
propagation configurations considered in [74]. These stem from an older B/C analysis [86] and feature
large VA. Strong reacceleration increases the low energy positron flux and tightens the constraint on
L. For the reacceleration velocity favored by our B/C + p̄ fit, the weaker constraint applies. In the
next section we will use the lower limit L = 4.1 kpc to derive constraints on dark matter annihilation.
As the best fit propagation parameters are hardly affected by including primary antiprotons in the fit,
it is justified to keep the lower limit on L fixed in the following.

Caveats in our constraint on L exist if halo energy losses for positrons are substantially stronger
than considered in Sec. 2.2.1 or if solar modulation deviates strongly from the force field approxim-
ation. On the other hand such deviations are hardly observed in the AMS-02 proton spectrum (see
Sec. 2.2.2). In addition, we remind the reader that the positron source term was derived with the cross
section parameterization of Kamae et al. [167] which yields the lowest (most conservative) positron
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flux among the alternatives. In this light, we consider L > 4.1 kpc as a sufficiently robust lower
limit. Further indications against a diffusion halo L . 4 kpc arise from the diffuse gamma ray back-
ground [212] and from radio data [213–215], but different interpretations are possible and we will get
back to this discussion in Sec. 3.2.3.

2.6 Dark Matter Search

We confirmed in Sec. 2.5.2 that the observed antiproton and B/C spectra are consistent with sec-
ondary production. However, at the precision level, some structures appeared in the residuals of the
fit. A modest peak at R ∼ 10 GV matches with the excess pointed out in [1, 85]. There, it was
tentatively interpreted as a matter signal. We now want to investigate the robustness of the signal
with respect to uncertainties in the secondary backgrounds. We consider bb̄ and WW as exemplary
dark matter annihilation channels. The corresponding primary antiproton fluxes are derived from the
source terms (2.26). We choose the standard NFW profile (see Tab. 2.5) and consider the dark matter
mass ranges mDM = 7 − 3000 GeV and 82 − 3000 GeV for bb̄ and WW respectively. The annihilation
cross section is taken to be a free parameter, we only require 〈σv〉 > 0. The size of the diffusion halo,
which controls the normalization of the primary flux, is set to the minimum L = 4.1 kpc derived in
Sec. 2.5.3. A combined fit to the antiproton and B/C spectra is performed – this time including the
primary antiprotons. The primary flux component must be strongly subdominant not to spoil the com-
bined fit. Therefore, it is justified to neglect uncertainties in the primary flux related to annihilation
spectra. Uncertainties in the secondary fluxes are, however, fully taken into account.

Dark matter annihilations lead to a slight improvement of the fit which is more pronounced in
the bb̄ channel. The best fit parameters can be found in Tab. 2.7. Propagation parameters do not
change considerably compared to the fit without dark matter. A slightly stronger solar modulation
of antiprotons is preferred to mitigate the increase of the low energy flux caused by the primary
component. The favored dark matter mass resides at mDM ∼ 80GeV for both channels (slightly above
threshold for WW). As can be seen in Fig. 2.12, the corresponding primary flux (scaled by R2) peaks
at R ∼ 10 GV and (partly) absorbs the residuals at this rigidity. The preferred annihilation cross
section 〈σv〉 ∼ 10−26 cm3/s matches the expectation of a thermal WIMP up to a factor of two. The
normalization is sensitive to the considered dark matter profile. It may, furthermore, be augmented
by leptonic channels which leave the antiproton flux unaffected. The observed best fit properties are,
hence, consistent with a thermal WIMP interpretation.

In the next step, we determine the significance of the excess corresponding to the observed ∆χ2.
At fixed mDM, ∆χ2 under the background hypothesis is expected to follow a 0.5χ2

0 d.o.f + 0.5χ2
1 d.o.f

distribution as the alternative (background + signal) has one additional positive parameter, 〈σv〉. The
local significance is hence 2.2σ for bb̄ and 1.6σ for WW. The global significance is affected by
the look-elsewhere effect: if the excess is a statistical fluctuation it may have occurred at any mass.
Therefore, we generated a large sample of mock experimental data under the background hypothesis
and determined the largest excess due to fluctuations in the considered range of mDM.28 In 14%
(25%) of the mock data we find an excess at least as large as the one observed in the bb̄ (WW)
channel. Formally, this corresponds to a global significance of 1.1σ (0.7σ) for bb̄ (WW). Clearly,
the case for dark matter in the AMS-02 data is not very strong.

28 Naively, one may think that global probability distribution of ∆χ2 is simply a χ2-distribution with two degrees of freedom.
This assumption is wrong as Wilks’ theorem does not apply to cases, where a parameter (in this case mDM) is only defined
under the alternative hypothesis [216, 217]. Therefore, Monte Carlo simulation cannot be avoided.
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Channel b̄b WW

mDM 78.7 GeV 85.2 GeV

〈σv〉 [ cm3

s ] 0.91 · 10−26 1.0 · 10−26

K0 [ kpc2

Gyr ] 34.0 33.7

L [kpc] 4.1 4.1

δ 0.499 0.500

Va [ km
s ] 15.0 15.1

Vc [ km
s ] 0 0

∆δ 0.157 0.157

Rb [GV] 275 275

s 0.074 0.074

φ0 [GV] 0.72 0.72

φ1 [GV] 0.95 0.96

χ2
B/C 53.2 53.6

χ2
p̄ 43.2 45.0

χ2
AMS/PAM 14.5 14.6

∆χ2 4.7 2.4

plocal 0.015 (2.2σ) 0.061 (1.6σ)

pglobal 0.14 (1.1σ) 0.25 (0.7σ)

Table 2.7: Propagation, solar modulation and dark matter parameters yielding the best fit to the B/C and anti-
proton data. Dark matter annihilations into bb̄ and WW are considered. Also shown is the goodness of the fit
and the significance at which the pure secondary hypothesis is “excluded” against a dark matter interpretation.
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Figure 2.12: Best fit spectra of the combined B/C + p̄ fit including a primary antiproton component from dark
matter annihilation into bb̄. The best fit primary antiproton flux is indicated in the upper right panel (solid black
line).
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We can directly compare our results to the previous analyses. While we have confirmed the pres-
ence of a modest antiproton excess at the same rigidity as in [1, 85], the significance of the excess
is substantially lower in our analysis. The decrease in significance is likely driven by the inclusion
of cross section uncertainties. We outlined in Sec. 2.5.2 how variations in cross section parameters
can lead to a “bumpier” secondary spectrum around R ' 10 GV. This possibility effectively enters
our fit via the covariance matrix Σ p̄,source. An additional reduction in significance occurs as – different
from [1] – we included the low energy spectrum which tends to exceed the data. But differences
compared to [1, 85] also exist in the considered species and in the underlying propagation model.

In order to either eliminate or establish the excess, a further decrease of uncertainties is desir-
able. New measurements of antiproton and boron production cross sections at low energy would be
very helpful in this regard. Even annihilation cross sections on the interstellar matter will have to
be revisited in order to reach percent level accuracy. Even if the excess persisted after raising the
precision, alternative explanations to dark matter would have to be explored – unless one would find
complementary evidence in cleaner channels like antideuterium or antihelium [218]. An increase of
the reacceleration velocity could, for example, completely flatten out the residuals in the antiproton
spectrum at

√
s ∼ 10 GeV. While this possibility was disfavored by B/C, it could be revived through

a modification of the diffusion model at very low energy. For example in [219, 220], an enhancement
of the diffusion term at R . few GeV has been motivated which would reduce the low energy fluxes
of antiprotons and boron. Given the present (in)significance of the excess, we shall for now refrain
from investigating this further.

Rather, we will now derive limits on the dark matter annihilation cross section. We again consider
bb̄ and WW final states and assume the NFW dark matter profile. The diffusion halo size is set to
the lower limit L = 4.1 kpc. This is the most conservative choice, as any larger halo would result in
stronger constraints on dark matter. For each mDM we allow the propagation parameters to float and
determine the best fit annihilation cross section and corresponding χ2

best(mDM) imposing 〈σv〉 > 0.
The 95% CL upper limit on 〈σv〉 is then obtained by requiring χ2(mDM,〈σv〉) − χ2

best(mDM) = 2.71.29

In addition to the actual limit, we derive the expected limit under the background hypothesis. The
latter is extracted from a large sample of generated mock data by taking the median limit within the
sample.30 Observed and expected 95% CL upper limits on the annihilation cross section are shown
in Fig. 2.13 together with the 1 and 2σ uncertainty bands on the expected limit.

The discussed excess at mDM ∼ 80 GeV is clearly visible by the weakening of limits around this
energy. However, the downward fluctuation in the bb̄-constraint around mDM ∼ 10 GeV is actually
even more pronounced. At high mass mDM & TeV observed and expected limits are very close. Dark
matter explanations which had been introduced to account for a hardening of the high energy anti-
proton spectrum are not required. The parameter space of thermal WIMPs is severely constrained.
For the considered NFW profile, thermal WIMPs with mass mDM < 570 GeV are excluded if they
annihilate into bottom quarks.31 Limits in the WW channel are only slightly weaker. Similar exclu-
sions are also expected for other hadronic dark matter annihilation channels, while leptonic channels
provide a loophole to the antiproton constraints. In Fig. 2.14 we illustrate the dependence of limits
on the properties of the dark matter halo. For the cored profile with ρ0 = 0.3 GeV cm−3, exclusion
still holds for mDM < 45 GeV and mDM = 185− 320 GeV in the bb̄ channel. Constraints on WW shift

29 In principle, the propagation parameters should be refitted for every combination of mDM, 〈σv〉. We checked for a few ex-
amples that the refitting has negligible impact on the constraints. Therefore, we avoided this time-consuming procedure.

30 Variations in the propagation parameters were neglected when deriving the expected limit.
31 The exclusion holds for a velocity-independent annihilation cross section.
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Figure 2.13: Constraints on dark matter annihilation into bb̄ and WW derived from the antiproton and B/C data
of AMS-02. Expected limits are also shown.

slightly above the thermal cross section in the whole mass range. This choice of profile might be a
bit too conservative, but already for small deviation from the canonical NFW profile, WIMP masses
mDM ∼ 80 GeV become allowed. In the case of the contracted profile of Tab. 2.5, thermal WIMPs
with hadronic annihilations can be excluded for masses up to TeV.

We can compare our constraints to [1, 85] and find them to be in reasonable agreement despite
very complementary approaches. Uncertainties present in [1, 85] related to the size of the diffusion
halo where avoided in our analysis as we used positrons to limit L. We also note that inclusion of
cross section uncertainties in the secondary flux did not considerably weaken the limits. While cross
section mismodeling can lead to features in the residuals, these are typically smoother than those
induced by primary signals.

It is also interesting to put our results into comparison with gamma ray searches for dark matter.
An excess in the gamma ray flux from the galactic center was pointed out in [221]. In Fig. 2.14, we
depict the corresponding 2σ confidence regions for the case that it is interpreted in terms of dark
matter. The preferred regions were derived using the spectrum [222] which is, however, subject to
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Figure 2.14: Limits on dark matter annihilation as in Fig. 2.13 for the canonical NFW profile, a cored, and a
contracted gNFW profile (see Tab. 2.5). Also shown are the gamma ray constraints from dwarf galaxies as well
as the confidence regions for the dark matter interpretation of the galactic center excess (see text).
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seizable uncertainties [17]. It may seem intriguing that the gamma ray excess hints at a dark matter
candidate with similar mass as the antiproton excess discussed earlier [223]. On the other hand,
a consistent picture in terms of hadronic dark matter annihilations does not really emerge as cross
sections required for the gamma ray excess are excluded by antiprotons. We also note that strong
arguments for an astrophysical interpretation of the gamma ray excess in terms of point sources
have been presented [224–226]. The strongest gamma ray constraints are set by the emission of
dwarf galaxies [227, 228]. As shown in Fig. 2.14, antiproton limits in the considered channels are
stronger by a factor 1.5-50 for the canonical NFW profile. Even for the very conservative cored
profile, antiproton constraints dominate over a wide mass range.

2.7 Conclusion

In this work we performed a systematic search for dark matter signals in the AMS-02 antiproton
data. We included B/C and positron data in our analysis in order to narrow down uncertainties in the
propagation of charged cosmic rays. A careful treatment of solar modulation including charge-sign
dependent effects allowed us to reliably interpret spectra down to the lowest energies. Uncertainties
in the secondary source terms of antiprotons and boron were rigorously modeled from the available
accelerator data and embedded into a powerful spectral analysis. In particular, we investigated a
reported antiproton excess at R ∼ 10 GV. The latter had been interpreted in terms of a WIMP with
mass mDM ∼ 80 GeV and hadronic annihilations. Dark matter with similar properties had previously
been considered as the explanation of the bright GeV gamma ray spectrum in the galactic center.
We find that the boron and antiproton fluxes are consistent with pure secondary production. A mild
antiproton excess corresponding to mDM ∼ 80 GeV is confirmed. But its significance hardly exceeds
1σ, once all relevant uncertainties and the look-elsewhere effect are taken into account. Even if
this tiny excess is taken serious, the required dark matter annihilation cross section does not fit to
the galactic center excess. A consistent common explanation does not emerge, unless one assigns a
fraction of the gamma ray excess to other sources.

In the absence of a conclusive signal, we provided strong limits on dark matter annihilations into
bb̄ and WW (see Fig. 2.13 and 2.14). For a standard NFW dark matter profile these exclude thermal
WIMPs with masses up to 570 GeV (100 − 500 GeV) in the bb̄-channel (WW-channel). The mass
window at mDM ∼ 80 GeV, however, opens up for slightly more conservative choices of the dark
matter halo. Antiproton limits are significantly stronger than gamma ray limits from dwarf spheroidal
galaxies over wide mass ranges, even for cored dark matter profiles.

Although antiprotons are already a very powerful channel, strong improvements in sensitivity are
within reach. Due to the high precision of the data, uncertainties in the secondary spectra are currently
still the most limiting element. In our analysis we were already facing some limitations in fully
resolving the antiproton excess at R ∼ 10GV. The astrophysical antiproton background at this energy
is affected by the transition from near-threshold to scaling behavior in the secondary production at
√

s ∼ 10GeV. The modeling of this energy regime still relies on accelerator data from the early 1970s
with seizable uncertainties. Interpretation of the B/C spectrum faces similar challenges: even the most
important reaction for boron production, the nucleon stripping of carbon, has only been measured with
reasonable precision up to T ' 4 GeV. At the present stage, small residuals we observed in our fits
to the antiproton and B/C data are consistent with uncertainties. However, they could turn into real
features once the next level of precision is reached. It is encouraging that the variety of upcoming
cosmic ray data will soon allow for new insights. In order to fully exploit the potential of cosmic ray
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observations, new measurements of particle physics cross sections are urgently needed. Not only is
this important to further explore the parameter space of thermal WIMPs, but also to search for other
cosmic ray sources and to develop the global picture of cosmic ray propagation.

After all, the choice of the propagation model remains one of the biggest systematic uncertainties
of cosmic ray and dark matter analyses. In the next chapter, we want to turn towards the interpretation
of cosmic ray electron and positron spectra, and motivate a critical view on homogeneous diffusion
models.
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CHAPTER 3

Cosmic Ray e± at High Energy: a Local and
Recent Origin for TeV Cosmic Rays?

The work presented in this chapter was done in collaboration with Kfir Blum and some of the results
are published in Ref. [229].

3.1 Introduction

Measurements of galactic cosmic rays (CR) in the energy range from 1 GeV to 104 GeV have im-
proved significantly in the last decade. In particular, for e± the individual fluxes of e+ and e− up to
∼ 1 TeV and the total e+ + e− (in the following denoted by e±) flux up to ∼ 10 TeV became available
thanks to the PAMELA [68], AMS02 [230], DAMPE [231], CALET [232, 233], Fermi-LAT [234],
HESS [235, 236], VERITAS [237], and MAGIC [238] experiments. Some of the key measurements
are summarised in Fig. 3.1. The e+ flux in Fig. 3.1 is shown multiplied by a factor of 2: we will
explain the reason for this presentation shortly.

It is obvious from Fig. 3.1, that e− and e+ below ∼ 1 TeV come from different sources: the e− flux
is larger than the e+ flux by a factor of O(10). Most of the e− flux in this energy range is thought to be
primary, namely, arising from Fermi acceleration of ambient e− at astrophysical shocks. The origin
of e+ is not known. There are suggestions that e+ are produced by exotic primary sources like dark
matter annihilation (see, e.g. [239–242]) or pulsars (see, e.g. [210, 243–245]). Alternatively, e+ may
come from secondary production by CR nuclei collisions with Interstellar Matter [201].

There is an important hint in the data, that supports a secondary origin for e+. This point was
noted in [201, 202] and we briefly review it here. In Fig. 3.1 we supplement the experimental data
with a theory calculation, shown by the shaded bands. The calculation shows the secondary flux of
e+ that would occur if radiative energy losses of e+ are not important. Typically, e± are assumed to
experience energy losses during the propagation from their production point to the Earth. However,
if we “turn off" radiative losses, then the propagation problem for secondary e+ becomes equivalent
to that for secondary CR nuclei, like B and p̄. To compute the shaded bands in Fig. 3.1, we use the
measured fluxes of B or p̄ to calibrate out the effect of propagation and obtain the (no-loss) flux of
secondary e+.

The answer that we get by “turning off" energy losses, is an upper bound to the flux of secondary
e+ [201]. In Fig. 3.1, the gray shaded band shows the upper bound that we obtain when using B/C
data from AMS02 to calibrate out the propagation. The orange band shows the result of the same
exercise, but this time using B/C data from CREAM that extends to higher rigidity. The purple band
shows the result of a similar exercise, using p̄ data from AMS02.
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Figure 3.1: e± flux from DAMPE (blue), HESS (light green), CALET (dark green), and AMS02 (dark red), and
(2×) e+ flux from AMS02 (light red), compared with the secondary e± upper bound derived from AMS02 B/C
(black), CREAM-I B/C (orange), and AMS02 p̄ (purple). See text for references.

The measured e+ flux saturates the secondary e+ flux upper bound [202]. We think that this satura-
tion of the secondary bound motivates the hypothesis that e+ are secondary. The theoretical challenge
that follows, is to explain what CR propagation scenario, if any, could result with ineffective radiative
energy losses for secondary e+. The scope of this work is to investigate these scenarios and check
consistency with astrophysical data and implications.

In the next section we consider the e± data at E > 1 TeV. We show that both the hint for a secondary
source for e+, and the theoretical challenge accompanying this interpretation, are reinforced by this
data. In Sec. 3.3, we report another coincident trend in CR e+ and nuclei. In Sec. 3.4 we present two
new propagation models that can describe the (high energy) e± from purely secondary origin, together
with the cosmic nuclei data. Details of the calculation are given in App. 3.A. The overall results are
summarized and discussed in Sec. 3.5.

3.2 e± at High Energy

This section consists of three parts. First, we discuss the high energy e± data. Second, we discuss
the implications of our interpretation, which are thirdly compared to various kinds of astrophysical
measurements.

3.2.1 e± at E & 3 TeV match the secondary upper bound

Consider the high-energy e± data in Fig. 3.1, extending to E ∼ 5 TeV. As discussed above, e− at
E < 1 TeV are mostly primary. At E & 1 TeV, however, the e± flux falls off, in what may be a
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radiative cooling cut-off (of the primary e− component, possibly occurring at the e− acceleration site).
The point we wish to highlight here is that at yet higher energy, E & 3 TeV, the flux fall-off appears
to slow down. Interestingly, the flux at E & 3 TeV is consistent with the secondary upper bound and
does not drop below it. It is for this reason – to compare the secondary upper bound prediction with
the total e± measured flux – that we have shown the e+ flux multiplied by a factor of 2: High-energy
secondary production of e+ comes along with an almost equal production of e− [166], so the lines we
show account for the secondary upper bound for e+ + e− together.

The E & 3 TeV saturation of the measured e± flux with the secondary bound is a new hint in favour
of the secondary source hypothesis for e+ (and, at these energies, e−). This interpretation reinforces
the challenge of explaining why radiative energy losses do not affect the flux of secondary e±. The
only way to achieve this, is by a short propagation time for TeV secondary CR: shorter than the
radiative cooling time of TeV e±. In the next section we discuss this possibility.

A more direct check of multi-TeV secondary e± would be achieved by measuring the e+/e± ratio
at these energies. If our interpretation is correct, the e+/e± ratio should asymptotically approach the
value 1/2. Furthermore, the e+ flux, shown in Fig. 3.1 up to E ∼ 800 GeV, should extend smoothly
up to E & 3 TeV, without intermediate cut-off.

3.2.2 Secondary e± at E & 3 TeV require short propagation time

How could CR e±, at E & 3 TeV, not be significantly affected by radiative energy losses during the
propagation? Commonly adopted steady-state diffusion models of CR propagation [246] predict, to
the contrary, that energy losses should completely dominate the behaviour of the secondary e± flux at
these energies.

Radiative losses become ineffective if the CR propagation time-scale, tesc, is shorter than the e±

radiative loss time-scale, tcool [201]. It is important to note, that the widely used diffusion models for
CR propagation have been calibrated along the years to fit observations of mostly stable nuclei, from
primary p, He, C, O, Fe to secondary B, Li, sub-Fe1, and recently p̄. Stable CR nuclei test the amount
of nuclear transformation undergone by CR during propagation. This constrains the column density
of target material traversed along the CR path. Stable nuclei data are not, however, sensitive to the
time it takes the CR to traverse that column density. Traditionally, CR models attempted to overcome
this ambiguity about propagation time by fitting low-energy secondary radioactive isotopes (notably
10Be), and some scarce radioactive-sensitive elemental data (notably the Be/B ratio) [14, 201, 247].
Measurements of 10Be do not help much: the data only extends to R . 1 GV, while the riddle we face
with the e± appears at R & 100 GV. The measurements of Be/B [195] provide useful constraints up
to R ∼ 20 GV, however (i) the interpretation is impeded by systematic uncertainties of fragmentation
cross sections, and (ii) there is little information at R & 30 GV, because the Lorentz-dilated observer
frame lifetime of 10Be, td ≈ 20 (R/20 GV) Myr, becomes longer than the CR propagation time so that
Be becomes just another effectively-stable secondary, like B. In short, the e+ and e± data itself is, to
date, the only probe of the CR propagation time available at high energies, R & 30 GV.

If we take it from Fig. 3.1 that at R & 3 TV, e± are secondary, then given an estimate of the effective
e± cooling time at these energies, tcool, we can deduce an upper bound tesc < tcool. The cooling time
can be calculated given an estimate of the interstellar radiation field (ISRF) and magnetic fields in the
propagation region [248]. In the left panel of Fig. 3.2 we show three ISRF models, taken from recent
literature [249, 250]. In addition to the ISRF, we consider two possibilities for the characteristic

1 Sc-Ti-V-Cr.
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Figure 3.2: Left: ISRF models. Right: e± cooling time vs. energy, for three ISRF models [249, 250]. Upper
dashed line (relevant for B = 1 µG) shows 4 (R/100 GV)−0.8, lower dashed line (relevant for B = 6 µG) shows
1.9 (R/100 GV)−0.92.

magnetic field in the propagation region: B = 1 µG (upper set of lines) and 6 µG (lower lines). This
range of B roughly spans the expectations for the real situation in an average region in the Galaxy.
In the right panel we show the radiative cooling time, tcool, computed using these ISRF and magnetic
field models. The different lines at given B are difficult to resolve by eye, meaning that the different
ISRF models do not lead to significant spread in the predicted tcool.

The upper dashed line in the right panel of Fig. 3.2 shows the function 4 (R/100 GV)−0.8. The lower
dashed line shows 1.9 (R/100 GV)−0.92. We show these power-law fits of tcool in order to demonstrate
two points. The first point is that with the ISRF models of [249, 250], we do not find room for
pronounced Klein-Nishina steps [251]2. The second point is that a power-law approximation of tcool
deviates from the naive expectation in the Thomson limit, tcool ∝ R

−1. The Klein-Nishina effect
causes tcool ∼ R

−γ with γ < 1.
From Fig. 3.2 we have tcool(3 TV) ∼ (0.08 − 0.25) Myr. We read from this, in conjunction with

Fig. 3.1, an approximate upper limit for the CR propagation time,

tesc(R = 3 TV) . 0.1 Myr. (3.1)

How far off is Eq. (3.1), compared to the expectations from homogeneous steady-state diffusion
models? With commonly adopted values for the parameters of these models, a diffusion coefficient
of K ≈ 4 × 1028 (R/1 GV)0.33 cm2/s, and a CR halo scale height of L ≈ 5 kpc, the escape time in
the diffusion model, tdiff

esc = L2/(2K), is expected to be tdiff
esc (R = 3 TV) ∼ 10 Myr, a factor of ∼ 100

longer than is permitted by Eq. (3.1). Either the diffusion model is wrong, or else the e± are not
secondary. The contradiction remains even if we consider only the lower energy e+, at R ∼ 300 GV,
to be secondary. Here the discrepancy between the upper bound on tesc and the value expected in the

2 The free e± scatter elastically with electromagnetic radiation, e.g. from starlight of different stellar types or from the
CMB. Depending on the temperature T of the photon graybody distribution, the inverse Compton process can be ap-
proximated by the Thomson cross section for leptons below the Klein-Nishina energy EK = 0.27m2

ec2/(kBT ). Above
this critical energy, the full Klein-Nishina cross section has to be applied and the energy losses reduce (slightly). In the
measured spectrum, this could be observed as a small spectral hardening, a so called called Klein-Nishina step. For more
details, see also [248].
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diffusion model is about a factor of 10.

3.2.3 Consistency of short propagation time with astrophysical observations

We want to check if the short propagation time is consistent with astrophysical observations that give
hints about cosmic ray propagation. In the following list, the first two points summarize the conditions
implied by secondary e± at high energy, followed by a list of available observations and measurement.
Their relations will be discussed right afterwards.

1. As pointed out above, secondary e± beyond 3 TeV require short escape time tesc . 0.1 Myr
at this energy.

2. ISM in the propagation region: The CR grammage, deduced at R = 1 TV from B/C and other
nuclei data, is Xesc(R = 1 TV) ≈ (1± 0.5) g/cm2 [15]. An extrapolation to R = 3 TV, assuming
B/C ∼ R−0.33 (observed to be approximately valid for R . 1 TV), gives Xesc(R = 3 TV) ≈
(0.7 ± 0.3) g/cm2. Regardless of the details of the source of CR, an 0.1 Myr propagation time
requires an average number density for H in the propagation region3 [15, 202],

〈nISM〉 =
Xesc

1.3 mp c tesc
≈ (3.5 ± 1.5) cm−3 at R = 3 TV. (3.2)

Eq. (3.2) signifies an important constraint: secondary e± at TeV energies require an ISM en-
vironment that is rather dense. It is interesting to compare this requirement to the observed
properties of the local ISM.

3. The Local Bubble (LB) is a very low density region (nISM < 0.01 cm−3) of irregular shape,
that occupies the near ∼ 100 pc around the Sun [4–6]. The LB contains interstellar clouds of
densities nISM ∼ 0.1 cm−3 [252], but the volume filling factor of these clouds is at the level of
10%. Starlight extinction maps [5] reveal that the LB is bordered by denser ISM with nISM of
at least O(1) H particles per cm3.

4. Estimates for the diffusion coefficient from pulsar wind nebulae (PWN): Pulsars have
strong electromagnetic fields in which high energy electron-positron pairs are produced, which
then diffuse away from the source and up-scatter CMB photons through inverse Compton scat-
tering (ICS). The radiation can be used to trace the e± distribution that contains information
about the CR transportation properties. HAWC measurements of extended multi-TeV γ-ray
emission, seen around the pulsars Geminga and PSR B0656+14 [12], support a diffusion coef-
ficient KHAWC = (4.5 ± 1.2) × 1027 cm2/s at 100 TeV, a factor of 400 lower than that extracted
from homogeneous diffusion models. Geminga and PSR B0656+14 are relatively contempor-
ary and local to us: their ages and distances are ∼ 0.3 Myr, 0.1 Myr and 250+120

−62 pc, 288+33
−27 pc,

respectively [253]. The extension of their γ-ray halos reaches up to 50 pc. The HAWC meas-
urements may therefore provide us with a reasonable estimate of the CR transport velocity in
our galactic neighborhood.

Another estimate was performed by the High Energy Spectroscopic System (HESS) collabor-
ation [254]. They infer the properties of particle transportation from the γ-ray spectrum of the
PWN HESS J1825-137. Assuming a distance of 4 kpc, the angular diameter of the confinement

3 The factor of 1.3 in the denominator of Eq. (3.2) accounts for He in the ISM.
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Figure 3.3: HAWC γ-ray surface brightness (SB) profile of Geminga. Data are from [12]. Green line shows
the result of the diffusion model fit adopted by HAWC [12], using K = K0 (R/100 TV)δ with δ = 0.33 and
K0 = 3.2×1027 cm2/s. Cyan (partially overlapping with the green) shows the result using K0 = 3.2×1027 cm2/s
and δ = 0. The upper and lower orange lines show the results for K0 = 0.25 × 3.2 × 1027 cm2/s and K0 =

4 × 3.2 × 1027 cm2/s, respectively, with δ = 0.33. The pulsar injection rate is adjusted so that all models give
the same SB of 0.9 × 10−12 TeV/cm2deg2s at r = 1.2 pc.

region is ∼ 100 pc. The estimated lifetime of the pulsar is 21 kyrs, s.t. this implies a diffusion
coefficient of4 KHESS ≈ 1 × 1028 cm2/s at ∼ 700 GeV, which is the energy where the spatial
extension is maximal. Comparing the two measurements, we find that interestingly they are
very close to each other, KHESS (at 700 GeV) is only about twice as big as KHAWC (at 100 TeV).

Note however, that in general these values have to be interpreted with care: at the boundary of
the PWNs, escape effects could play a role. If this is the case, the real diffusion coefficients are
larger than these estimates.

5. No evidence for energy-dependent diffusion: The values for the diffusion coefficient dis-
cussed above show no indication for energy-dependent diffusion. Neither is the analysis [12]
by the HAWC collaboration affected by the assumption about the spectral index of the diffu-
sion coefficient: In Fig. 3.3 we show their data on the surface brightness (SB) of Geminga as
a function of the radial distance. We reanalyze the data assuming a spectral index δ = 0.33
(green) and δ = 0 (cyan), which hardly makes a difference (see Fig. 3.3).

Also the HESS collaboration investigates the radial extend of the PWN HESS J1825-137 with
energy [254]. Here, δ = 0 is favored over non-zero values, and additionally they include
advection (a bulk particle flow) to find a better description of the data.

6. Simulated diffusion in artificial random magnetic field realizations: Ref. [255] discusses
the propagation of CR in regular and turbulent Gaussian random fields. The analysis reveals
that a dominant isotropic turbulent component is disfavored. Instead, it supports a strongly
anisotropic scenario, otherwise the CR spend too much time in the galaxy and accumulate too
much grammage, contradicting observations. As a consequence, the number of CR sources
contributing to the flux measured in the solar neighborhood is reduced to order one. Thus, the

4 In the reference, the given value is 1.4 × 1029 cm2/s at ∼ 700 GeV. It relates to the value derived above in the following
way: since the pulsar sits roughly in the middle of the PWN, the distance traveled by the CR is only ∼ 50 pc. Furthermore,
the definition of the diffusion radius applied by HAWC (r = 2

√
Kt) and HESS (r =

√
2Kt) imply a relative factor of two

between the measured diffusion coefficients. For the sake of comparison, we apply the definition used by HAWC.
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steady-state picture could be valid only at low energies (. 10 GeV), whereas at large energies
the contribution of single sources dominates the flux.

The diffusion coefficient derived from the simulations around 103 TeV (s.t. the gyro-radius is
within the turbulence) supports slow diffusion for µG magnetic field strength.

7. One (!) potential cooling break in the e± spectrum: DAMPE and HESS report a spectral
hardening around ∼ 1 TeV in the e± spectrum5. If it is true that there is exactly one spectral
break in the e± spectrum, it implies that the primary CR that reach us stem from a few (or
possibly one dominant) sources of similar age. If in contrast, CR traveled more than a few
100 pc in less than the cooling time of the high energy particles, ∼ 0.1 Myr, the cooling breaks
of different sources with individual characteristic age should be visible.

8. On average 2 supernovae per Myr in an area of 100 pc radius: In the galactic disc, within
an area of radius 100 pc, the supernova rate is roughly 2 per Myr. Observations in the local
ISM [6] suggest that about 10-20 supernovae (SN) occurred in the Gould’s Belt region, within
∼ 400 pc from the Sun, in the last . 10 Myr6.

9. A ‘sea’ of cosmic rays: γ-ray observations indicate evidence for what they call a ‘cosmic ray
sea’ [13]: the CR density does not fluctuate by more than O(1) across different regions in the
galactic disc. Further, the CR seem to permeate molecular clouds basically undisturbed.

Measurements of the γ-ray flux produced by CR-ISM interactions can probe the CR distribu-
tion, given reliable estimates of the target ISM mass and mass distribution in the line of sight.
Applied to the local Solar system neighbourhood, r . 1 kpc, these measurements point to a CR
density that is approximately uniform to about ∼ 20%, up to scale heights of at least ∼ 100 pc
above the galactic plane and up to energies of some hundred GeV. A comprehensive, large-scale
analysis was done in Ref. [13].

Ref. [257] analyzed γ-ray emission from CR interactions in near-by molecular clouds, located
at distances ranging between ∼ 100−270 pc. The reported γ-ray emissivities in the energy range
Eγ = (0.25 − 10) GeV (corresponding to primary proton energy ECR . 100 GeV) fluctuate by
about 20% around a mean that is consistent with the locally measured CR flux. A similar result
was found by [258], considering clouds at distances of ∼ 100 − 400 pc, and γ-ray energies up
to 100 GeV (corresponding to TeV primary protons).

Ref. [259] converted dust opacity maps into H column density, and studied the correlation with
γ-ray flux at Eγ > 2 GeV for the Orion A and Taurus giant molecular clouds (GMCs), located at
distances of ∼ 500 and ∼ 140 pc, respectively. The reported γ-ray emissivity is consistent with
the one that would result from the locally measured CR flux. Furthermore, the high degree
of correlation between dust opacity and γ-ray emissivity implies that CR at ECR & 20 GeV
permeate the GMCs uniformly.

Ref. [258] studies γ-ray emission from the Chamaeleon complex, a collection of molecular
clouds at a distance of roughly 150 pc and a spatial extension of 30 − 40 pc. They find that
there is no concentration or exclusion of CR in the very dense regions of the cloud. In contrast,

5 Note that so far, the data detected by CALET and AMS-02 do not confirm this break.
6 This local picture is roughly consistent with the global SNe rate in the Milky Way, of about 1 SN per 30 years [256],

assuming that this total SNe rate is uniformly distributed in a disk of radius Rdisk ∼ 15 kpc.
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the CR distribution is uniform and exceeds the flux measured in the solar neighborhood by only
up to 20%.

To the contrary, there are analyses indicating a decreasing amplitude and a softening of the
CR proton spectrum with galactocentric distance [260]. The discrepancy reaches more than an
order of magnitude around 1 TeV, whereas in the anti-center direction the flux of multi-GeV
protons seems to be similar to our local measurements [261]. Deviations of order one are also
found in Ref. [13], the inferred cosmic ray flux in MCs differs stronger from the local one, the
closer the clouds are to the galactic center.

10. Dynamics of the ISM/MCs: The local ISM, on distance scales below ∼ 1 kpc, is far from
steady-state. Molecular clouds condense and form stars over a few- to a few ten-Myr time
scales. Stellar winds and supernovae explosions drive shocks through the ISM, sweeping-up the
gas and forming filaments and bubbles, colliding and dispersing on sub-Myr time scales [262]
(for a recent review, see [6]).

Recent dynamics [16] suggests a model in which the shock front of Loop I (L1) has hit the LB
cavity about 10 kyr ago. In this model, L1 is a bubble formed about ∼ 8 Myr ago by a few
Supernovae, while the LB is a more recent cavity that formed ∼ 1 − 2 Myr ago.

11. γ-ray and radio halo: Ref. [263] investigates γ-rays below 10 GeV coming from clouds above
the galactic plane, up to a galactic height z of 7 kpc. They confirm a decrease in flux with
distance from the disc and report a 50% decline at 2 kpc height. Their fits support a small halo
(∼ 2 ± 2 kpc) and a fast decrease of the γ-rays as z increases.

Similar observations are made by radio-astronomy7: galaxies have synchrotron halos at the
scale of several kpc, coming from electrons of energy . 10 GeV. The extension of the radio
halo reaches several kpc, decreasing in size with increasing frequency. Roughly 10% of the
radiation in the radio range originates from the galactic disc. As the observed radio halo is
roughly a factor of ∼ 100 bigger than the disc, the emissivity of the halo is about an order of
magnitude less than in the disc, falling off rapidly between 0.1 and 1 kpc.

What do we conclude from the observations discussed above? Let us consider e± of energy ≥ 1 TeV.
According to point 1, we want to check if the short propagation time, tesc ∼ 0.1 Myr, is consistent
with all statements.

• First of all, the diffusion coefficient measured by HAWC and HESS, see point 4, contribute
to an upper limit on the efficiency of diffusion. Another hint into the same direction is found
from the spectral properties of the e± spectrum, see 7. Both observations indicate that within
0.1 Myr, (TeV) CR travel a distance of maximal some hundreds of parsecs.

A lower limit on the efficiency of CR propagation is supported by the observation of a homo-
geneous cosmic ray sea, see 9. More concretely, it implies a transport rate sufficiently fast to
smooth out variations of the ISM and the cosmic ray sources, see 10. The γ-ray data indicate a
homogeneous CR distribution up to some hundreds of GeV. At these energies, the constraints
on the propagation time are relaxed by a factor ∼10, so the CR can easily form a homogeneous
flux.

7 For a detailed review see Ref. [8]
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It has further been pointed out that the diffusion coefficient measured by HAWC and HESS in
the vicinity of pulsars may not be representative for the entire galaxy. Instead, CR transport
may be more efficient far away from those objects, and then the propagation could be even
more efficient [204, 264]. However, there is no observational evidence for this hypothesis yet.

• With the diffusion coefficient extracted from the γ-ray observations, within 0.1 Myr, CR (pos-
sibly independent of energy) can travel a distance of ∼ 100 pc. This is roughly the size of the
Local Bubble. As emphasized in point 2, the average density seen by the cosmic rays indic-
ates that they must have resided in an overdense region before leaking into the LB. This is the
most critical point. However, if the LB formed through a supernova explosion in a (molecular)
cloud, there may indeed be high density regions at its boundary. This scenario is discussed in
the literature (see e.g. [6]) and can be probed through starlight- and dust-extinction maps.

• The points 6, 7 and 8 seem to indicate that time-dependent CR injection may be important, in
contrast to the often assumed steady-state picture. Within an area of radius 100 pc, the SN rate
is roughly 2 per Myr. If the supernova remnants accelerate and eject cosmic rays on a timescale
of 0.1 − 1 Myr, we might just see recent sources dominating the CR flux.

In our case, this means that there could be a local source that dominates the CR flux in the
vicinity of the sun at high energies, as suggested in [265]. There is some potential tension
between this hypothesis and the observation of a similar CR spectrum allover the galaxy. How-
ever, the hypothetical local source seems to dominate the CR flux above ∼ 200 GeV, and the
γ-ray observations support a homogeneous CR sea only up to some hundreds of GeV. Thus, at
this stage, there is no evidence against a local source.

• A kpc CR halo, see 11, does not necessarily contradict the picture of local and recent cosmic
rays. As the galactic magnetic field (GMF) decreases with distance from the galactic disc, it is
possible that particles cannot easily return once they left the disc. They could scatter upwards,
being trapped in the halo for a while before they escape into intergalactic space. However,
this picture implies a magnetic field that is dominantly random or parallel to the galactic disc.
If there is a strong magnetic field perpendicular to the disc it can offer fast transport of CR,
potentially back into the disc. To illuminate the discussion, a more robust understanding of the
GMF could help.

The simulations discussed in point 6 indicate that anisotropic diffusion has to play an important
role, which supports the idea of particles slowly moving upwards but not back.

The radio data, see 11, suggest that the electron density (or/and the magnetic field) decreases
significantly above galactic heights of ∼ 100 pc, which would also point towards anisotropic
diffusion.

In summary, there is only one observation that is in a certain tension with the short propagation time
required by secondary e± at high energy. That is the comparatively large average number density of
the ISM, see 2, in contrast to the low density inside the LB, see 3. It is possible to have an average
density of ∼ 3 cm−3 in the propagation region, if the LB is surrounded by dense regions. The origin of
the LB is under debate, and one popular explanation is that it formed through a supernova explosion
that blew away the local ISM. In that case, overdense regions outside of the shock front are expected.
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Figure 3.4: Left: e+ cooling suppression factor, derived from e+ and p̄ data. Right: CR grammage, derived
from nuclei data. The dashed line highlights the hardening break in Xesc. It starts at R = 130 GV with slope
R0.2.

3.3 Coincident Trends in Nuclei and Positrons

It is interesting to inspect the behaviour of e+ alongside the behaviour of secondary nuclei. In Fig. 3.4,
in the left panel, we plot the measured e+ flux divided by the theoretical secondary e+ upper bound.
We denote this ratio by f obs

e . Note that in this calculation, we use p̄ data to extract fe directly, without
reference to B/C or any other nuclei data. Then, in the right panel, we plot the grammage Xesc
calculated from nuclei data (scaled by a factor of Rζ with ζ = 0.55, to highlight the spectral shape).

As noted before, the left panel of Fig. 3.4 shows the e+ flux rise and saturation with the secondary
upper bound, signified by f obs

e = 1. Comparing this to the right panel, we note that the saturation
rigidity of f obs

e , R ∼ 100 GV, is close to a hardening break seen in Xesc: at R & 100 GV, the spectral
index of Xesc is hardened by ∆ζ ≈ 0.2. This is highlighted by the dashed line. The spectral hardening,
that we exhibit here in terms of the CR grammage Xesc, is consistent with analyses by the AMS02
collaboration [195] (see also Sec. 2.5.1).

Again, the relation between these features observed in the loss suppression factor (inferred from
CR e+) and in the grammage (derived from CR nuclei) may be accidental, or alternatively, it points at
a common origin.

3.4 Explicit Models of Propagation

Propagation models describing the positron data together with the nuclei data need to have an escape
time that is steeply falling with increasing CR rigidity. Since the measured CR grammage Xesc shows
only a relatively mild rigidity dependence, roughly Xesc ∝ R

−0.5, this can only be achieved in models
where the rigidity dependence of the escape time is not directly inherited from that of Xesc. As an
example for such a scenario, we will consider a scale height of the CR halo that decreases with
increasing CR rigidity, as motivated in [201]. From a phenomenological perspective this idea is
plausible: The GMF decreases with distance from the galactic disc. In this inhomogeneous magnetic
field, it is expected that high energy cosmic rays escape faster from the magnetic halo, whereas
CR of lower energies are more easily trapped. A particle’s gyroradius increases with its rigidity,
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and if the latter is larger than the scale of the perturbations, then, roughly speaking, the particle is
not bound by the magnetic field. In terms of magneto-hydrodynamics, this means that a rigidity
dependent propagation zone could arise if the ratio between the power in large-scale to that in small-
scale magnetic field perturbations decreases with increasing distance from the galactic disc. In this
section we want to explore this possibility within a diffusion model and a leaky box model.

3.4.1 Diffusion Model

In section 3.3 we introduced the loss-suppression factor fe+ ≤ 1 which is technically defined by

ne+(R) = fe+(R) Qe+(R) Xesc(R) (3.3)

= fe+(R) ne+,no loss(R) . (3.4)

ne+ and Qe+ are the positron distribution in the galaxy and source term, respectively, like introduced
in Sec. 1.1.2. We generalise the two-zone model by allowing the boundary condition to depend on
CR rigidity, L = L(R) = L0R

−δL with δL ≥ 0. This model solves

−K∂2
z n + 2hδ(z)Γn − ∂R

(
Rn
tc

)
= 2hδ(z)Q , (3.5)

where the diffusion coefficient K and the cooling time tc can be a generic function of the CR rigidity
R. The cosmic ray sources are located in the galactic disc at position z = 0. Notice we inserted a factor
of 2h in front of the δ(z), with h the thin disc scale height. This defines Q as the mean production
rate density inside the thin disc. For a secondary CR species s, Q is related to the production per unit
column density Qs of Eq. (3.3) via

Q = cρISMQs =
cXdisc

2h
Qs, (3.6)

where Xdisc = 2hρISM.
We include losses in the ISM via the Γ term, localised in the thin disc, that can be written as

Γ = nIS Mσc. For e+ this term approximates bremsstrahlung losses, with Γ = −
Xdiscc

2hXbrem

(
1 +

(
∂ log n
∂ logR

))
and Xbrem ≈ 60 g/cm2. For

(
∂ log n
∂ logR

)
≈ −3, this gives an effective bremsstrahlung time scale Γ−1 ≈

15 Myr [15].
For CR nuclei we can neglect the energy losses in Eq. (3.5) and solve the model for the grammage

Xesc =
ns(R,z = 0)

Qs
=

XdiscLc
2K

, (3.7)

and define the escape time

tesc =
L2

2K
=

XescL
Xdiscc

. (3.8)

If the diffusion coefficient is constant, then from Eq. (3.7) it follows that the grammage is pro-
portional to the rigidity dependent boundary, which fixes δL ≈ 0.5. The spectral break observed in
primary cosmic rays as well as in the grammage could originate from a softening of this slope, e.g.
when the gyro-radius of the particles becomes larger than the scale of the MHD turbulences.
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Figure 3.5: Left: e+ cooling suppression factor, derived from e+ and p̄ data, together with fe+ derived in the
diffusion model (orange) and the leaky box model (green/dark green). Right: Relevant time scales for the
models on the l.h.s.

The crucial point of this model is demonstrated in Eq. (3.8): If the halo size varies with the rigidity
of the particle, the escape time is not just proportional to the grammage but could decrease more
quickly. This is the relevant feature that allows to describe the positron data from a purely secondary
origin.

We demonstrate this property in Fig. 3.5, showing the observed loss suppression factor (cf. section
3.3) together with the one derived in this model (orange). The computation can be found in App. 3.A.
The width of the orange band accounts for the uncertainties in the cooling time from the GMF. The
grammage in Eq. (3.8) is taken directly from the B/C data [166] and extrapolated towards higher
rigidity by a constant8. The model parameters entering the computation are the halo size L and
diffusion coefficient K. For the halo size, we use a broken power-law: L = (R/10GV)−δL kpc with
δL = 0.5 at R ≤ 1 TV and δL = 0 at R > 1 TV. In this way, the model reproduces the measured
(and extrapolated) grammage. We take a diffusion coefficient that is constant with rigidity: K =

4.8×1027cm2/s. This value is close to the value deduced from the HAWC observation of the Geminga
ICS halo9 [12] (KHAWC = 4.2± 1.2× 1027cm2/s at 100 TeV). The grammage of the galactic disk Xdisc
is fixed by setting h = 100 pc and ρISM = 3 × 1.3mp cm−3.

3.4.2 Leaky Box Model

The same exercise can be done in the leaky box model (LBM), which solves

n
tesc
− ∂R

(
Rn
tc

)
=

q
V
, (3.9)

where V is the volume of the CR confinement region and q is the total secondary CR production
rate within that volume. Note that there is no need to assume that the CR production is distributed
uniformly in the CR confinement volume. Instead, what is assumed here is that CR bounce and

8 The results presented in the left panel of Fig. 3.5 barely depend on the shape of the grammage above the break, hence the
form of extrapolation is not relevant.

9 To be clear: we are not assuming here that the locally measured CR originate from Geminga. Indeed, if the adopted
value of K is approximately correct, then Geminga’s contribution to locally measured CR is negligible. We are simply
suggesting that the CR diffusion coefficient, inferred from the observations of Geminga, could apply locally.
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isotropise quickly within the volume V , so the steady-state distribution n is uniform10 in V . The
grammage in this model is given by

Xesc = 1.3mpcN
tesc

V
, (3.10)

with N the total number of ISM particles relevant for the production of the CR. As in the diffusion
model, the important point is that tesc is not proportional to Xesc, as can be seen from Eq. (3.10).

The loss suppression factor in the LBM is given in App. 3.A and displayed as the green and dark
green band in Fig. 3.5. Once again, the width of the bands encompasses the uncertainties of the
cooling time. We choose the escape time to vary as tesc = 1.1Xesc[g/cm2] × (R/10GV)−δL Myr with
δL = 0.5 (light green) and δL = 0.7 (dark green). Again, the grammage is inferred from the data, s.t.
our model is consistent with CR nuclei.

3.5 Summary and Discussion

We have presented some new evidence, supporting the possibility that CR e+ are dominantly coming
from secondary production:

1. As shown in Fig. 3.1, measurements of the e± flux at E ∼ 3 TeV are consistent with the flux
expected from secondary production, if radiative energy losses during secondary e± propagation
are not important. This coincidence with the secondary flux adds to the earlier observation, that
the e+ flux in the range E ∼ 100 − 800 TeV saturates the no-loss upper bound. We note that
direct parametrisation of LHC data, necessary for the calculation of secondary e± production at
multi-TeV energies, have now become available [166].

2. As shown in Fig. 3.4, the transition of the e+ data, into saturating the secondary upper bound,
occurs at R ∼ 100 GV and is correlated with another observed transition in the CR grammage
Xesc, derived from secondary nuclei B, and also confirmed for Li and Be [195].

Interpreting Fig. 3.1 to imply that e+ are secondary in the entire measured energy range E ∼
(10−104) GeV, we would deduce that the propagation time of CR satisfies tesc(R = 10 GV) & 10 Myr
(based on the hint for O(1) suppression of the e+ flux at this energy), and tesc(R = 3 TV) . 0.1 Myr
(based on the hint for negligible effect of loss). Thus, tesc must decrease fast withR. If the propagation
time was a smooth power-law in rigidity, tesc ∝ R

−α, then we must deduce α & 0.8. More precisely,
the requirement is, roughly, tesc . tcool for R & 100 GV. In the Thomson limit one has tcool ∝ R

−1.
However, Klein-Nishina corrections due to the UV component in the ISRF lead to tcool ∼ R

−αc , with
αc ∼ 0.8 in the energy range of interest. This possibility was considered in [201], where it was also
noted that to accommodate B/C data, which constrains the CR grammage to follow Xesc ∝ R

−δ with
δ ≈ 0.4 − 0.5, the characteristic scale height of the CR halo must be rigidity-dependent.

As a proof of concept, we implemented two models that provide these characteristics, i.e. a diffu-
sion model and a leaky box model with rigidity-dependent propagation volume V . In these setups,
the escape time is proportional to tesc ∝ XescV . Hence, tesc is not proportional to the CR grammage

10 As an illustrative example with a non-uniform source, consider a black-body cavity for photons, where we turn on a
point-like light bulb inside a closed cavity and let the photons randomise inside, escaping through some little hole in
the cavity. The steady state distribution of photons in the cavity will be spatially uniform and will satisfy the “LBM
equation".
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Figure 3.6: Experimental CR p and He data. The spectra do not follow a simple power-law distribution. Instead,
we may be seeing the characteristics of a few single sources in our neighborhood.

(like in typical homogeneous diffusion models), but decreases faster with rigidity R (in fact, faster
than the cooling time). Thus, energy losses for leptons are not relevant up to TeV energies. Accord-
ingly, the positron data are fully consistent with secondary CR. The diffusion coefficient applied in
the propagation models matches the values measured by HAWC and HESS. It is plausible to expect
that the rigidity dependence of the propagation volume softens at some point, which could account
for the observed spectral break in the CR grammage and the primary CR.

Certainly, a smooth power-law model for tesc must give over to another behavior at yet higher
rigidity, probably by R ∼ 100 TV. The reason is that accepting power-law tesc all the way to very high
rigidities, with α & 0.8, we would be led to tesc(R = 500 TV) . 2 kyr. This is an unacceptably small
value for tesc: if there were a CR source near Earth in the last 2 kyr, we would have noted it.

In the models discussed above, with a propagation time of the order of 0.1 Myr at rigidity 2 TV,
high energy CR are recent and local. We check the consistency of this hypothesis with various as-
trophysical data. There is one critical point, namely that the measured grammage implies that the
average ISM density seen by TV CR must be of the order of a few H particles per cm3. This is only
possible if there are overdense regions at the boundary of the Local Bubble. It can be tested e.g. by
starlight-extinction maps [5] and other searches for astrophysical radiation.

Another possibility is that CR in the range between few GV to TV are not well described by
some global, smooth power-law propagation history. Instead, it may be the case that we are seeing
transitions between different populations of CR sources, with an older population of sources, charac-
terised by tesc & 10 Myr, dominating the CR below R ∼ 10 GV, and other sources, possibly a single
source [265], characterised by tesc ∼ 0.1 Myr, dominating the flux above R ∼ 100 GV.

Either way, with a short propagation time of ∼ 0.1 Myr, we expect to see structure in the CR flux, re-
flecting a transition between different populations of sources or different mechanisms of CR propaga-
tion. Proton and helium measurements, extending from sub-TV up to several PV [266] (see [267]
for a recent review of relevant measurements), do not seem inconsistent with such transitions, in the
sense that the data do not appear to be well described by a simple power-law, but rather suggest a
certain degree of structure (see Fig. 3.6). This observation supports our point, and will hopefully

64



3.A Derivation of the Loss Suppression Factor

receive further investigation to unveil the origin of the CR at the TV scale and beyond.

3.A Derivation of the Loss Suppression Factor

3.A.1 Diffusion Model

To find a solution of Eq. (3.5), it is useful to expand the CR density in a Fourier series,

n(R,z) =

∞∑
m=0

nm(R) cos
[
(2m + 1)πz

2L

]
, (3.11)

where
∫ 1
−1 dz cos

[
(2m+1)πz

2L

]
cos

[
(2n+1)πz

2L

]
= Lδmn. Eq. (3.5) then becomes[

(2m + 1)2π2

8
−

(
∂ log L
∂ logR

)
tesc

4tc

]
nm

tesc
+

cXdiscΓs

L

∑
k

nk +(
∂ log L
∂ logR

)∑
k,m

(−1)k+m(2m + 1)(2k + 1)
4(k − m)(k + m + 1)

nk

tc
− ∂R

(
Rnm

tc

)
=

cXdisc

L
Qe+ . (3.12)

We can now write Eq. (3.12) in matrix form,

−∂R

(
RN
tc

)
+

1
tesc

AN = q, (3.13)

where N and q are column vectors and A a square matrix. In practice we can truncate N and keep
only the first few entries, because the high-m entries have rapidly decreasing effective escape time.
We can write the solution as

N(R) = tc(R)
∫ ∞

1
dx exp

[
−

∫ x

1

dy
y

tc(yR)
tesc(yR)

A(yR)
]

q(xR). (3.14)

At z = 0 we have

n(R,0) = cXdisctc

∫ ∞

1
dx

Qe+(xR)
L(xR)

∞∑
m,k=0

exp
[
−

∫ x

1

dy
y

tc(yR)
tesc(yR)

A(yR)
]
mk

(3.15)

= Xesc
tc

tesc

∫ ∞

1
dx

Qe+(xR)L(R)
L(xR)

∞∑
m,k=0

exp
[
−

∫ x

1

dy
y

tc(yR)
tesc(yR)

A(yR)
]
mk
.

Finally, the loss suppression factor is:

fe+ =
tc

tesc

∫ ∞

1
dx

Qe+(xR)L(R)
Qe+(R)L(xR)

∞∑
m,k=0

exp
[
−

∫ x

1

dy
y

tc(yR)
tesc(yR)

A(yR)
]
mk
, (3.16)

Amk = XescΓs +
(2m + 1)2π2

8
δmk

−

(
∂ log L
∂ logR

)
tesc

4tc

[
δmk − (1 − δmk)

(−1)k+m(2m + 1)(2k + 1)
(k − m)(k + m + 1)

]
. (3.17)
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3.A.2 Leaky Box Model

For the LBM with a rigidity-dependent CR halo, V = V(R), the solution is

f =
tc

tesc

∫ ∞

1
dx

q(xR)
q(R)

V(R)
V(xR)

e−
∫ x

1
dy
y

tc(yR)
tesc(yR) . (3.18)

Since V ∝ tesc
Xesc

, and Xesc is well constrained observationally, it is useful to write the solution as

f =
tc

tesc

∫ ∞

1
dx

q(xR)
q(R)

tesc(R)
tesc(xR)

Xesc(xR)
Xesc(R)

e−
∫ x

1
dy
y

tc(yR)
tesc(yR) . (3.19)

In the LBM there is no distinction between spatial locations of bremsstrahlung vs. other radiative
losses. We can therefore estimate the effect of bremsstrahlung by replacing tc → tc (1 + XescΓs)−1.
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CHAPTER 4

Light(ly)-coupled Dark Matter in the keV
Range: Freeze-In and Constraints

This chapter is based on Ref. [268], published together with Jae Hyeok Chang and Rouven Essig.

4.1 Introduction

Dark matter (DM) with mass in the keV to GeV range has been receiving increased attention over the
last few years. Numerous mechanisms exist for how such dark matter could have been produced in the
early Universe. The mechanism of thermal freeze-out, which is perhaps the best studied mechanism,
typically produces dark matter consistent with observations only between about ∼1 MeV to ∼100 TeV,
being bounded below by bounds from Big Bang Nucleosynthesis (BBN) [269–271] and above by
unitarity of the annihilation cross section [272]. However, besides producing dark matter below the
GeV scale by traditional thermal freeze-out [273], various other related and non-thermal production
mechanisms exist, see e.g. [274–296].

In this paper, we consider several models for dark matter down to keV masses for which the relic
abundance can be produced from freeze-in [277, 278]. The couplings between the dark matter and
Standard Model (SM) particles needed to obtain the observed relic abundance are typically very small,
which naturally allows these models to avoid the BBN bound, since the dark matter particles will not
be in chemical equilibrium with SM particles. We show that nevertheless, at least for sufficiently low
masses, these models can be probed by constraints from the cooling of various stellar objects.

The models we consider are a dark matter particle coupled to a dark photon that mixes with the
photon [58, 59, 297, 298], dark matter with an electric dipole moment (EDM), and dark matter with
a magnetic dipole moment (MDM) [299–304]. These models can naturally have small interactions
with electrically charged SM particles through a small kinetic mixing parameter (for the dark photon
portal) or through a higher dimension operator (for the EDM/MDM models). In these models, if the
couplings are sufficiently small, the dark matter particles are never in thermal equilibrium with the
SM particles, but are produced gradually from the SM thermal bath over time to produce the correct
relic abundance. This is called the freeze-in mechanism. Depending on the type of interaction, the
production may be dominant at low temperatures (IR freeze-in) or also occur at high temperatures
(UV freeze-in) [305]. The dark photon model has IR freeze-in, in which case the results do not
depend on the reheating temperature, while the models with an electric or magnetic dipole moment
have UV freeze-in, where the reheating temperature matters. We calculate the freeze-in parameters
for these models, including the contributions from the plasmon decay [306–308].

The couplings needed for freeze-in are typically so small that these models cannot be constrained
from laboratory experiments. However, constraints from stellar objects, such as red giant stars (RG),
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horizontal branch stars (HB), and the Sun, can probe these small couplings [66, 307, 309–316]. In
stellar objects, interactions of SM particles can produce the hypothetical dark sector particles. These
dark sector particles can then carry away energy and change the evolution histories of the stellar
objects. Since the observed stellar properties are consistent with predictions from the standard stellar
models, we can constrain the couplings of the dark sector to the SM particles. Very roughly, since
the temperature of the RG and HB stars reach about 108 K, dark sector particle masses up to about
10 keV can be probed efficiently, and masses up to 100 keV are also accessible.

The remainder of the paper is organized as follows. In Sec. 4.2, we describe the salient features of
the models considered in this paper and some basic constraints on them. In Sec. 4.3, we describe the
freeze-in production in some detail. Sec. 4.4 discusses the constraints from the RG stars, HB stars,
and the Sun. Sec. 4.5 briefly describes the prospects for probing these models in the laboratory. We
present our conclusions in Sec 4.6. Three appendices provide additional details for our calculations.

4.2 Light Dark Matter Models Interacting or Mixed with Photons

In this work we focus on dark matter interacting with photons, either via kinetic mixing through a
heavy dark photon or directly due to an electric or magnetic dipole moment.

For the dark photon (A′) portal, we will consider the dark matter candidate to be a fermion (χ) or
a complex scalar (φ). The dark photon is the gauge boson of an additional broken U(1) gauge group,
and it is kinetically mixed with the photon [58]. The Lagrangian is

LA′ = −
1
4

F′µνF
′µν −

ε

2 cos θW
F′µνB

µν −
1
2

m′2A′µA′µ (4.1)

+

χ̄
(
iγµ∂µ + gDγ

µA′µ − mχ

)
χ, (Dirac fermion)

∂µφ∂µφ
∗ − igDA′µ(φ(∂µφ∗) − (∂µφ)φ∗) + g2

DA′2µ |φ|
2 − m2

φ|φ|
2 , (complex scalar)

where ε is the kinetic mixing parameter, θW the weak mixing angle, gD =
√

4παD is the ‘dark’ gauge
coupling, and Bµν and F′µν are the field strength tensors of the hypercharge gauge boson and the dark
photon, respectively. If the dark photon is massless, χ or φ is a millicharged particle, for which the
stellar cooling constraints have already been discussed in the literature [311, 317]. Moreover, even
if the dark photon is massive but ultralight m′ � mχ, the constraints are similar to the millicharged
case [318, 319]. We therefore focus here on the ‘heavy’ dark photon case, where m′ ∼ O(mχ). We
mainly focus on the case with m′ > 2mχ or m′ > 2mφ, in which case the dark matter will consist of χ-
or φ-particles, but we will also comment on the case with m′ < 2mχ or m′ < 2mφ, in which case the
dark matter can mostly consist of dark photons.

A model where the dark matter has an electric dipole moment (dχ) or a magnetic dipole moment
(µχ) is described by the following term in the Lagrangian

LEDM = −
i
2

dχχ̄σµνγ5χFµν , (4.2)

LMDM = −
i
2
µχχ̄σµνχFµν , (4.3)
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respectively. Writing these terms in a different way helps to read off the interaction vertices

LEDM = −idχχ̄
(
/kγµ − kµ

)
γ5χAµ , (4.4)

LMDM = −iµχχ̄
(
/kγµ − kµ

)
χAµ , (4.5)

where k is the momentum of the incoming photon. The dχ and µχ have mass dimension −1. These
effective operators must come from an underlying theory at a larger scale. As an example, the dipole
moment can be induced by heavy charged particles (a fermion and a scalar) that couple the dark
matter to the SM through a loop [303]. In such a scenario, for particles of positive/negative electron
charge and mass M, the electric dipole moment would be given by

dχ ∼
eg2

8π2M
, (4.6)

where e is the electron charge and g is the coupling between the heavy charged particles and χ.
A similar equation holds for µχ. The mass of the heavy charged particles M could be as light as
∼100 GeV [320] (possibly even slightly smaller [321]) to avoid collider bounds, which can be com-
bined with a limit of g2 < 4π requiring perturbativity to give an upper bound of dχ . 0.5 TeV−1. Note
that this limit is stronger than the LEP limit on dark matter particles with electric or magnetic dipole
moment directly, which is about dχ . 4 TeV−1 [322] for mχ < 50 GeV. However, in this simple model
of an additional scalar and fermion generating the dipole moment, the dark matter mass also receives
loop corrections of roughly [303]

δmχ ∼
M2

2e
dχ . (4.7)

Since the dark matter mass cannot (trivially) be smaller than its mass correction, we find an upper
limit for the electric dipole moment of

dχ . 10−5 mχ[MeV]
(M[TeV])2 TeV−1 , (4.8)

with a similar equation for the magnetic dipole moment. Of course, one could imagine different UV
completions of the dark matter models with a dipole moment that do not have the same strong upper
bound on the dipole moment.

General bounds on keV-to-GeV mass dark matter

Our main focus in this paper is on deriving the stellar constraints and freeze-in production of dark
matter in the keV to GeV mass range. However, in the remainder of this section we briefly review
other bounds on dark matter in or near this mass range.

If the dark matter is in chemical equilibrium with the SM bath in the early Universe, dark matter
masses below ∼9.4 MeV (for a Dirac fermion) or ∼6.5 MeV (for a complex scalar) [270, 271, 323]
are in tension with cosmological observables. The reason is that in the cosmological standard model,
BBN started at a temperature of about 1 MeV, and the predictions are well confirmed by the measured
abundance of light elements; extra relativistic degrees of freedom, Neff , during this evolutionary stage
could affect the expansion of the Universe and thus change the temperature at which BBN begins,
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which would alter the predicted values for the abundance of light elements.
If the particles were never in chemical equilibrium with the SM (which is a necessary condition

for freeze-in production), the number density is much smaller than the equilibrium number density,
and the contribution to Neff is negligible. We will check this condition below when we compare
the parameters needed for freeze-in production to the couplings that would keep the dark matter in
chemical equilibrium with the SM bath.

Another constraint on the dark matter mass comes from the existence of small-scale structure.
Below dark matter masses of 1 keV, fermionic dark matter cannot account for all of the dark matter
in dwarf galaxies [38, 39] due to the Pauli principle. Moreover, when the first structures form, the
process can be disturbed if (a large component of) the dark matter (either fermionic or bosonic) is too
warm. The fast streaming of the particles would then ‘wash out’ the forming structures. For thermal
relics this is the case if the mass is lighter than about 1 keV [324]. In general, the constraint depends
on the momentum distribution of the dark sector, which is modified in the non-thermal case by the
average momentum 〈|p|〉 compared to the thermal momentum 〈|p|〉eq [324]

mχ/φ ≥
〈|p|〉
〈|p|〉eq × 1 keV . (4.9)

While a detailed calculation of the resulting mass bound in our models is beyond the scope of this
paper, we do not expect the result to differ significantly from 1 keV (see e.g. [308], which considered
a model consisting of dark matter interacting with a very light dark photon and find only an O(1)
correction).

For the dark-photon portal, large values of αD imply large self-interactions among the dark matter
particles mediated by the dark photon. For dark photons with a mass near the dark matter mass,
the self-interaction limit on αD from observations of the Bullet cluster, σSIDM/mχ . 2 cm2/g [37],
become very stringent for small masses. In particular, for m′ = 3mχ, we need αD < 0.5 for dark
matter masses below ∼20 MeV, while we need αD ≤ 10−6 for dark matter masses below ∼28 keV.
We will see below that the stellar constraints disfavor dark matter interacting with a dark photon to
constitute a dominant component of dark matter from freeze-in production for dark matter masses
below approximately 15 keV for αD = 10−6. Below, we will consider values for αD ranging between
10−6 to 0.5. We note that for dark matter interacting through a dipole moment, the self-interaction
limits are not relevant, since the couplings to the mediator – the photon in this case – are very small.

We note that the bounds from Neff , structure formation, and self-interactions may be evaded if
the dark matter candidates constitute only a sub-component of the observed dark matter density.
Laboratory bounds will be discussed in Sec. 4.5.

4.3 Production via Freeze-In

If the interaction between the dark sector and SM sector is sufficiently small, the dark sector was
never in chemical equilibrium with the SM sector throughout the history of the Universe. Excluded
from the thermal bath, the dark matter abundance today therefore cannot be set via the typical freeze-
out mechanism. Still, as long as there is some small coupling between the SM and dark sector, SM
particles in the thermal bath can annihilate to produce dark sector particles. This is called the freeze-in
mechanism [277, 278], and here we consider the freeze-in production of dark matter interacting with
a heavy dark photon mediator, an electric dipole moment, or a magnetic dipole moment, as discussed
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in Sec. 4.2.
In general, the number density, na, of a particle species a produced within the thermal history of

the Universe is derived from the Boltzmann equation

dna

dt
+ 3Hna = R(T ) . (4.10)

Here, R(T ) is the number of interactions per unit volume and per unit time in which the particle is
produced,

R(T ) =

∫
ΠiΠ f |Mi→ f |

2(2π)4δ(4)
(
Σpi − Σp f

)
, (4.11)

where

Πi =
∏

i

gid3 pi

(2π)32Ei
fi, Π f =

∏
f

d3 p f

(2π)32E f
(1 ± f f ) , (4.12)

p and E are the momentum and energy, respectively, subscripts i and f correspond to initial and final
particles, f is the distribution function, + and − correspond to bosons and fermions, respectively, and
the final state includes the particle a. R(T ) for 2 → 2 processes is conventionally written as n2

i 〈σv〉,
and for 1 → 2 processes it is written as ni〈Γ〉. The factor gi accounts for the degrees of freedom in
the initial state.

The yield Y from freeze-in is found by integrating [325]

dY
dT

= −2
MPl

(2π)2

(
45
π

)3/2
g̃

g∗s
√
g∗

R(T )
T 6 . (4.13)

Here, MPl ' 1.22 × 1022 MeV is the Planck mass, g∗(T ) is the effective number of relativistic de-
grees of freedom at temperature T , g∗s(T ) the entropic relativistic degrees of freedom, and g̃(T ) =(
1 + T

3
d ln(g∗s)

dT

)
(see e.g. [326]). The first factor of two in Eq. (4.13) accounts for the production of both

particles and antiparticles.
For the production of light dark matter coupled to the SM via the dark photon, there are several

processes: pair annihilation of the SM particles f with f̄ , plasmon decay, and Z-boson decay,

R(T )dark photon =
∑

f

n2
f 〈σv〉 f f̄→DM+DM + nγ?〈Γ〉γ?→DM+DM + nZ〈Γ〉Z→DM+DM . (4.14)

The contribution from Z-boson decay is important for mχ & 1 GeV. For mχ . 1 GeV, which is our
focus in this paper, the Z-boson decay contributes O(10%). For the production of light dark matter
coupled to the SM via an electric or magnetic dipole moment, there are pair annihilation of the SM
particles f with f̄ and plasmon decay processes that contribute to the production rate

R(T )EDM/MDM =
∑

f

n2
f 〈σv〉 f f̄→DM+DM + nγ?〈Γ〉γ?→DM+DM . (4.15)

We show relevant processes for a dark matter fermion coupled to a dark photon or with an electric or
magnetic dipole moment in Fig. 4.1 (the case of a scalar dark matter particle coupled to a dark photon
is similar).

We can estimate from dimensional analysis the temperature at which dark matter production via
freeze-in is important. Since R(T ) has mass dimension 4, R(T ) ∼ T 4 for dimension-4 operators like
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Figure 4.1: The dominant processes relevant for the production of dark matter interacting with a dark photon
(upper diagrams) and dipole moments (lower diagrams) in the early Universe: pair annihilation (left) and
plasmon/Z-boson decay (right).

the dark photon kinetic mixing term, and R(T ) ∼ T 6

Λ2 for dimension-5 operators like the electric or
magnetic dipole moment interactions. For the dark photon case, this then implies that dY

dT ∼ T−2, and
freeze-in production is dominant at low temperature and is not sensitive to the reheating temperature.
It is thus said to be infrared-dominated. In contrast, for the dipole moment case, dY

dT ∼ T 0, so pro-
cesses at all temperatures are relevant, up to the reheating scale, which therefore determines the relic
abundance.

For the infrared dominated dark photon case, the precise process that dominates the freeze-in pro-
duction depends on the dark matter mass. If the dark matter is heavier than the electron mass, pair
annihilation dominates over plasmon decays (both longitudinal and transverse plasmons). Transverse
plasmon decays occur at higher temperatures than the annihilation process, as the plasma frequency
has to fulfill 2mχ . ωp ≈ T/10. The plasmon production process thus becomes inefficient for
T . 20mχ, while the pair annihilation process is still very efficient. For dark matter masses above the
electron mass, the dominant contributions are expected from those SM particles that are lighter than
the dark matter and freeze out only after the freeze-in production has been completed. For example,
for me . mχ . mµ, the dark matter freeze-in production is dominated by electron-positron pair an-
nihilation. On the other hand, for dark matter masses below the electron mass, the pair annihilation
process quickly becomes inefficient, and the decay of (transverse) plasmons yields sizable contribu-
tions to the number density. The longitudinal plasmon modes are always suppressed compared to the
transverse plasmon modes for infrared dominated production due to lack of available phase space.

For the production of dark matter with an electric or magnetic dipole moment, which is determined
by the reheating scale, decays of the longitudinal plasmon mode become relevant for large dark matter
masses. The reason is that at high temperatures the maximal possible value of the longitudinal wave
vector is sufficiently large to provide enough phase space for the decay into a dark matter pair.

We now consider the two production processes—pair annihilation and plasmon decay—in more
detail below. For the subdominant Z-boson decay contribution, we provide detailed formulae in
App. 4.B. Matching the dark matter density to the observed relic abundance today ΩDMh2 = 0.11 [19],
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will allow us to find the value of the kinetic mixing factor, ε, or the electric or magnetic dipole
moment, dχ or µχ, that gives the right relic abundance.

4.3.1 Pair Annihilation

For dark matter masses above ∼1 MeV, the freeze-in production is dominated by contributions from
annihilation into the dark sector. The rate to produce the dark matter particle f in a thermal bath of
temperature T can then be derived from [325, 327]

n2
f 〈σv〉prod =

gig jT
32(2π)6

∫
ds
√

sK1

( √
s

T

) √
1 −

4m2
χ/φ

s

√
1 −

4m2
f

s

∫
dΩ |M|2 , (4.16)

where m f is the mass of particle f , Kn(x) is the modified Bessel function of the second kind, and s
is the usual Mandelstam variable. gi = g j = 2 account for the degrees of freedom of the incoming
fermions. Here |M2| is averaged over initial state spins and summed over final state spins.We can
now consider several cases:

• If the dark matter is a fermion interacting with a dark photon, the integrated matrix element
of the annihilation of SM fermions f + f̄ with charge q f in units of e and mass m f is given
by [325]∫

dΩ |M|2 =
16π

3
(εeq f gD)2

1 +
2m2

f

s


1 +

2m2
χ

s

 s2

(s − m′2)2 + m′2Γ2
A′
, (4.17)

with the total width of the dark photon given by [325]1

ΓA′ =
m′

12π

g2
D

1 +
2m2

χ

m′2


√

1 −
4m2

χ

m′2
+

∑
f

(εeq f )2

1 +
2m2

f

m′2


√

1 −
4m2

f

m′2

 . (4.18)

These formulae do not include A′-Z-mixing, but we show the full formulae that include this
mixing in App. 4.B and also use them in our code. In the second term of Eq. (4.18), the sum
is over all fermions that are lighter than the dark photon. If m′ < 2me, only the first term
contributes. In our calculations, we drop the second term, which is a reasonable approximation
as long as αD = g2

D/4π � αε2. For Eq. (4.17), the major contribution comes from electron-
positron annihilations, since the freeze-in is dominated by the lowest temperatures.

• If the dark matter is a boson interacting with a dark photon, the integrated matrix element is∫
dΩ |M|2 =

4π
3

(εeq f gD)2

1 +
2m2

f

s


1 − 4m2

φ

s

 s2

(s − m′2)2 + m′2Γ2
A′
, (4.19)

1 We correct the result given in [325] by a factor of 1/3 to account for the average over the three polarization modes.
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and the total width of the dark photon is

ΓA′ =
m′

12π

g
2
D

4

1 − 4m2
φ

m′2

3/2

+
∑

f

(εeq f )2

1 +
2m2

f

m′2


√

1 −
4m2

f

m′2

 . (4.20)

Again, the second term accounts for the dark photon decays to SM particles, and the first term
accounts for the decay to dark matter particles. A factor of 1/3 appears from averaging over
the dark photon polarizations. We again drop the second term in our calculations.

• For the case of dark matter with an electric or magnetic dipole moment, the integrated matrix
elements are ∫

dΩ
∣∣∣MEDM

∣∣∣2 = d2
χ

32π2α

3

(s + 2m2
f )(s − 4m2

χ)

s
(4.21)∫

dΩ
∣∣∣MMDM

∣∣∣2 = µ2
χ

32π2α

3

(s + 2m2
f )(s + 8m2

χ)

s
, (4.22)

respectively.

With these expressions, Eq. (4.16) can be used to derive the number density averaged interaction rate
that enters Eq. (4.13) to yield the relic abundance.

4.3.2 Plasmon decay

Another important production process for dark matter comes from the decay of plasmons in the
thermal plasma of the early Universe. In a thermal plasma, the interaction of the photon with charged
particles, most dominantly electrons, leads to an effective mass for the photon, which depends on the
electron density and temperature of the thermal bath (see App. 4.A). At finite temperature, the photon
propagator gets renormalized. The additional term acts like a self-energy of the photon, making it ef-
fectively massive. These quasi-massive states are called plasmons. The pole of the photon propagator
determines the dispersion relations, which are then modified in comparison to the vacuum case. The
properties of plasmons differ significantly from photons propagating in vacuum: they move slower
than the speed of light and there is a longitudinal mode in addition to the transverse modes. We will
refer to the different modes as ‘longitudinal’ or ‘transverse’ plasmons.

The plasmon production and decay includes all electromagnetic processes where on-shell photons
are produced. One thus has to be careful to avoid double counting diagrams that contribute with an
on-shell photon. However, here there is no such danger for the annihilation process; the intermediate
photon cannot be on-shell, which can be seen by cutting the diagram (see Fig. 4.1) in the middle. If
the photon were on-shell, the inverse process of the right-hand-side would correspond to a plasmon
that decays to an electron-positron pair. This process is kinematically not allowed for plasmons,
since the charged SM particles receive corrections to their mass and are too heavy. Thus, in the early
Universe, the decay of plasmons and the annihilation of SM particles are two distinct processes that
can be treated separately.

The decay of plasmons is an important production mechanisms for neutrinos in stellar objects [306].
Similarly, the plasmons can decay into particles from a dark sector. This process is relevant in the
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early Universe as well as in stellar objects. In the following, unless stated otherwise, we follow the
notation and conventions of [306].

We now want to derive the production rates of dark matter from plasmon decay. In general, the
thermally averaged rate is given by

nγ?〈Γ〉γ?→DM+DM =
∑
pol

∫
d3k

(2π)32ωpol(k)
d3 pDM

(2π)32EDM

d3 pDM

(2π)32EDM

f (ωpol)(2π)4δ(4)
(
K − PDM − PDM

)
|Mpol|

2
γ?→DM+DM

. (4.23)

Here, K = (ω,~k) is the four momentum of the plasmon and PDM, PDM are the four momenta of
the outgoing dark matter particles. The sum over the polarizations ‘pol’ includes one longitudinal
and two transverse modes. The distribution function of the plasmons is a Bose-Einstein distribution
f = gpol/(exp(ωpol/T ) − 1), where gT = 2 and gL = 1. In the following subsections, we give the
expressions for the matrix element in Eq. (4.23) for the models considered in this paper. The two
processes indicated by the expressions in Eq. (4.16) and Eq. (4.23) together then give the total pro-
duction rate of the freeze-in process that appears in Eq. (4.13), which gives the final dark matter yield.
It turns out that for dark matter interacting with a dark photon mediator, the decay of the longitudinal
mode contributes only at the percent level compared to the contribution from the transverse mode.
However, for the dipole moment models, the contribution from the longitudinal mode can dominate.

Dark photon + fermion dark matter

At low energies, the mixing term in Eq. (4.1) becomes the mixing between the photon and the dark
photon. For particles coupled to the SM sector via a dark photon, it is useful to transform the kinetic
mixing term to the interaction basis

1
2
εFµνF′µν → AµεK2A′µ , (4.24)

such that the mixing vertex can be seen to be εK2. The matrix element for the top right Feynman
diagram of Fig. 4.1 can then be written as

iMpol = ε̃
µ
polεK2

−ηµν +
KµKν

m′2

K2 − m′2 + im′ΓA + ΠD
ūχ(−igDγ

ν)vχ̄ . (4.25)

The polarization index runs over the longitudinal and the two transverse polarizations. The self-
energy of the dark photon in a dark matter plasma, ΠD, can be neglected if the dark matter particles do
not thermalize.2 The dispersion relations defining the photon self-energy as well as the definitions for
the dressed polarization vectors ε̃µ and the renormalization factors therein can be found in App. 4.A.

2 This is a good approximation in our case, since the coupling is sufficiently small to guarantee free streaming in stellar
objects (as is relevant for deriving the lower boundary of the stellar constraints) and sufficiently small to avoid chemical
equilibrium in the early Universe (as is relevant for freeze-in production). At large couplings, free-streaming in the stellar
objects is not guaranteed, but there is still a constraint, see the discussion in Sec. 4.4.4.
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In summary, we find for the squared matrix elements [315]

∣∣∣Mχ
T

∣∣∣2 = 8παDε
2ZT

K4[K2 − 2p2
χ sin2 θ]

(K2 − m′2)2 + (m′ΓA′)2 , (4.26)

∣∣∣Mχ
L

∣∣∣2 = 8παDε
2ZL

K4[K2 − 4(PµχεLµ)2]

(K2 − m′2)2 + (m′ΓA′)2 , (4.27)

where the width ΓA′ is given in Eq. (4.18), and θ is the angle between the incoming photon and
outgoing χ. We denote the dark matter four vector as Pµ and the absolute value of its momentum three-
vector as pχ. The longitudinal polarization tensor of the dark photon is given by εLµ = ( k√

K2
, ωL√

K2

~k
k ).

With this definition, εµLkµ = 0 and εµLεLµ = −1. For the matrix element of the transverse modes, we
averaged over the initial spins. Hence, here and in the following, |Mχ

T |
2 describes the matrix element

for one transverse polarization mode, so in the sum in Eq. (4.23) it enters twice. We refer the reader
to App. 4.A for more details.

Dark photon + scalar dark matter

For the plasmon decay to a pair of complex scalars via the dark photon, the only thing that changes
from the fermion case discussed above is the last part of Eq. (4.25);

iMpol = ε̃
µ
polεK2

−ηµν +
kµkν
m′2

K2 − m′2 + im′ΓA + ΠD

(
−igD(Pχ − Pχ̄)

)ν
. (4.28)

Proceeding as before we find for the squared matrix elements

∣∣∣∣Mφ
T

∣∣∣∣2 = 8παDε
2ZT

K4 p2
φ sin2 θ

(K2 − m′2)2 + (m′ΓA′)2 , (4.29)

∣∣∣∣Mφ
L

∣∣∣∣2 = 16παDε
2ZL

K4(PµφεLµ)2

(K2 − m′2)2 + (m′ΓA′)2 , (4.30)

with the width ΓA′ given in Eq. (4.20) and the same notation for other parameters as in Sec. 4.3.2.

Dark matter with an electric or magnetic dipole moment

Next we look at fermion dark matter with an electric or magnetic dipole moment. We find for the
squared amplitudes of the plasmon decay for dark matter with an electric dipole moment∣∣∣MEDM

T

∣∣∣2 = 4ZT K2d2
χp2

χ sin2 θ , (4.31)∣∣∣MEDM
L

∣∣∣2 = 8ZLd2
χ

(
Eχk − pχωL cos θ

)2
, (4.32)

while for dark matter with a magnetic dipole moment, we find∣∣∣MMDM
T

∣∣∣2 = 4ZT K2µ2
χ

[
p2
χ sin2 θ + 2m2

χ

]
, (4.33)∣∣∣MMDM

L

∣∣∣2 = 8ZLµ
2
χ

[(
Eχk − pχωL cos θ

)2
+ K2m2

χ

]
. (4.34)
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Figure 4.2: Solid lines show the values of ε for which the correct dark matter relic abundance is obtained in
a model with fermionic (left) and scalar (right) dark matter from freeze-in through a dark photon. We show
various choices for the dark-matter-to-dark-photon mass ratio and dark-photon couplings αD. For m′ < 2mχ/φ

and m′ < 2me, the dark photon can make up the relic abundance, rather than the fermion χ or scalar φ (see
text for details). For parameters above these ‘freeze-in lines’, too much dark matter is produced in the early
Universe. Above the dashed lines, the dark matter and SM sector are in chemical equilibrium. Below the
chemical equilibrium lines the model is safe from constraints on the number of relativistic degrees of freedom
in the early Universe.

Here, we used the notations as in Sec. 4.3.2.

4.3.3 Results

Dark photon + fermion dark matter

In Fig. 4.2 (left), we show the values of ε needed to obtain the correct relic abundance from freeze-in
for the dark photon portal for a fermionic dark matter candidate. We consider six different scenarios.
We see that the value of ε that yields the correct relic abundance through the freeze-in mechanism
does not depend very strongly on the model parameters and mass ratios.

We first discuss the case for which the dark photon can decay to dark matter, and choose m′ = 3mχ.
We show lines corresponding to three different values of αD, namely αD = 0.5, αD = αEM ' 1/137,
and αD = 10−6. The latter value satisfies the self-interaction bound down to dark matter masses of
∼28 keV, below which production via freeze-in is constrained from stellar cooling, see Sec. 4.4.

From the matrix element for the annihilation Eq. (4.17) or the plasmon decay Eq. (4.25), we see
that far off the resonance, where the decay width is negligible, the production rate is proportional to
αDε

2. In contrast, close to the resonance, the coupling αD, which appears also in the decay width,
divides out. In the early Universe, a range of temperatures is scanned, so the production always gets
large contributions from the resonance at some point. It is for this reason that the scaling of ε between
the different lines is less than a factor of 1/

√
αD.

If the dark matter is heavier than electrons, it is mainly produced through the annihilation pro-
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cess, which rapidly becomes inefficient when the temperature drops below the mass of a dark matter
pair. The production from plasmon decays is subdominant, since the plasma frequency, which is the
measure for the available phase space of the decay, is much lower than the temperature, ωp ≈ T/10.
So the plasmon process contributes less than the annihilation process, since the freeze-in production
of dark-photon-mediated dark matter particles is infrared dominated and the plasmon decay process
stops at larger temperatures than the annihilation process.

In contrast, for dark matter masses below the electron mass, the dominant contribution comes from
plasmon decays. Again, thanks to the infrared domination, the main production happens at late times
and stops when the production of dark matter is kinematically forbidden. If this occurs after electrons
freeze out, the annihilation process does not contribute anymore. However, plasmon decays can still
occur until the plasma frequency ωp ≈ T/10 falls below twice the dark matter mass.

We also present two cases where the dark photon is (partly) lighter than twice the dark matter
mass. In this case, the dark photons can make up the entire dark matter abundance for m′ < 2me.
This scenario is studied in [307], and we find that it does not receive significant corrections from the
presence of heavier particles in the dark sector. However, we briefly discuss the composition of the
dark relics in these scenarios. The small kink in the orange line (m′ = 100 keV) in Fig. 4.2 marks the
transition when the dark fermions become heavier than the dark photons. While the dark photons are
efficiently produced in the early Universe for all dark fermion masses, they rapidly decay to the dark
fermions for dark fermion masses below the kink. On the other hand, for dark fermion masses above
the kink, the dark photons are very long-lived and constitute the dark relics. In the same figure, the
brown line shows the case where the dark matter is always lighter than the dark photon (m′ = mχ/10).
At dark photon masses below ∼100 keV, only a small number of dark photons is produced directly,
such that their initial relic abundance is small. Thus, most of the dark relics that are frozen-in are dark
fermions, which may then annihilate into dark photons. However, above roughly m′ ∼ 100 keV and
below m′ = 2me, the direct freeze-in production of dark photons becomes sizable compared to dark
fermions, and they can constitute the dark relics. For m′ > 2me, the dark photon is short-lived and
decays rapidly into electron positron pairs. This causes the big kink in the brown line in Fig. 4.2.

Irrespective of the component that is most dominantly produced by the freeze-in mechanism (dark
fermions or dark photons), processes like dark photon annihilation into dark fermions or vice versa
could allow for a change in the relative abundance of the two species after freeze-in. This will only
occur if the dark gauge coupling is large enough and the two species achieve chemical equilibrium in
the dark sector. Although these transitions do not change the total energy in the dark sector, this has
important implications for direct and indirect dark matter searches. We leave further investigation of
this effect to future work.

Finally, we show the values of ε needed for the ultralight dark photon mediator case [280, 281, 308,
318]. We see that these values are similar to the other cases, especially (at low dark matter masses)
the case with m′ = mχ/10.

When ε is smaller than the values indicated by the solid curves in Fig. 4.2, the relic abundance of
χ-particles and/or dark photons is less than the observed dark matter relic abundance, so that they
form a subdominant dark matter component. Above the freeze-in line, too much dark matter would
have been produced through freeze-in, and the Universe would be overclosed. We also show the lines
indicating the coupling at which the dark matter would attain chemical equilibrium with the SM bath.
This happens if the interaction rate Γ = neq

χ 〈σv〉 for the annihilation process is at any time bigger

than the Hubble rate H =
π
√
geff

√
90MPl

T 2. For the interaction rate, the annihilation into electrons is the
most relevant process, i.e., the one that gives the most stringent constraint, and the rate is given by
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Figure 4.3: Solid lines in the left (right) plot show the values of the electric (magnetic) dipole moment needed
to obtain the correct relic abundance from freeze-in for electric (magnetic) dipole dark matter for different
reheating temperatures. For parameters above these ‘freeze-in lines’, too much dark matter is produced in the
early Universe. Above the dashed lines, the dark matter and SM sector are in chemical equilibrium, so that
this parameter region is not compatible with any form of freeze-in production. Below the chemical equilibrium
lines the model is safe from constraints on the number of relativistic degrees of freedom in the early Universe.

Eq. (4.16) divided by the equilibrium number density [327]

neq
i =

gi

2π2 m2
i T K2

(mi

T

)
. (4.35)

Here, gi is the number of degrees of freedom of the particle species; for a Dirac fermion or a complex
scalar, gi = 4. Chemical equilibrium would of course spoil the freeze-in mechanism, and it is thus
important to check that the freeze-in line does not get too close to the coupling that allows for chemical
equilibration. In Fig. 4.2 (left), we see that for the dark photon portal dark matter this requirement is
fulfilled.

Dark photon + scalar dark matter

The ε values needed to obtain the correct relic abundance from freeze-in for scalar dark matter coupled
to a dark photon are shown with solid lines in Fig. 4.2 (right). We also show with dashed lines the
ε values above which chemical equilibrium with the SM is reached. We find that the results for
scalar dark matter look very similar to the fermion dark matter scenario. Thus, below we will usually
consider only the latter case, but we emphasize that our results are approximately applicable to scalar
dark matter as well.
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Dark matter with an Electric or Magnetic Dipole Moment

The values of the electric (magnetic) dipole moment needed to obtain the correct relic abundance from
freeze-in for electric (magnetic) dipole dark matter are shown for different reheating temperatures in
the left (right) plot of Fig. 4.3. Above the lines, too much dark matter is produced in the early
Universe, whereas below the lines the relic abundance is lower than the observed amount of dark
matter. Towards larger values of mχ, the production is dominated by the annihilation of SM particles.
For reheating temperatures, TRH, with mχ . TRH/20, the production from plasmon decay dominates,
giving rise to the kink in the freeze-in lines at this mass scale. The position of the kink is caused by the
fact that the plasma frequency, which is a good estimate for the available phase space in the plasmon
decay, is roughly TRH/10 and the process starts at the reheating epoch (due to the high energy tail of
the thermal distribution, the kink is near masses of TRH/10 rather than TRH/20).

Dark matter with mass above the reheating temperature cannot be produced efficiently in the early
Universe and thus large values of the electric or magnetic dipole moments are needed. However, these
values become so large for increasing dark matter masses that the freeze-in line intersects with the
chemical equilibrium line, so that for even larger dark matter masses, the observed relic abundance
cannot be obtained from freeze-in for any value of the dipole moment.

4.4 Stellar Constraints

For dark matter masses below ∼100 keV, the models under consideration can be constrained from
stellar cooling arguments [66]. In some stages of stellar evolution the energy loss into a dark sector is
severely constrained from astrophysical observations of globular clusters and the Sun. We will briefly
review these arguments and then discuss the resulting limits.

4.4.1 Critical Stages of Stellar Evolution

A globular cluster is a star cluster with a particularly high density of stars. It is tightly gravitationally
bound and has a spherical shape. Typically, it is a satellite of a galaxy and most likely it was formed
within the star formation process of the parent galaxy. Low mass stars in globular clusters can be
used to constrain particle physics properties by the stars’ characteristic properties of helium ignition
and burning.

To understand the origin of the constraints, it is useful to look at the Hertzsprung-Russel-diagram
(HRD) of the globular cluster. Each single star is presented by a point in the plane spanned by the
absolute brightness (in magnitudes) and the spectral classes. Note that the latter is correlated with the
surface temperature, increasing from the right to the left. Within its lifetime, a star moves through
the diagram, starting on the so-called ‘main sequence’, which is the diagonal from the lower right
to the upper left corner. In this stage, it is burning hydrogen to helium in the core. Once the core
is transformed into helium, the fusion process moves outwards, building a shell around the core. At
this stage, the star becomes a red giant (RG), increasing its magnitude and moving to the red giant
branch in the HRD. Depending on the mass of the star, it continues burning helium and eventually
heavier elements in the horizontal branch or as a super giant. In its final stage, it becomes either a
white dwarf, which is found in the lower left corner of the HRD (faint and hot), or a neutron star or
black hole, which are not depicted, since they have no brightness.

80



4.4 Stellar Constraints

Helium Ignition in Red Giants

For low mass stars (0.5M� . M . 2.3M�) helium ignition starts once the core has accumulated to
roughly 0.5M�. At this stage of stellar evolution the star has reached the tip of the red giant branch.
An extra source of cooling would delay helium ignition. The resulting heavier core would imply
longer hydrogen burning in the shell and thus a brighter red giant. From the magnitude of the tip of
the red giant branch one can thus constrain unknown elementary processes that would enhance the
cooling of the star.

Simulations have shown that an extra energy loss of . 10 erg g−1s−1 [66] is consistent with obser-
vations. The core density of the red giant is on average 2 × 105 g/cm3 and varies only within a factor
of order one. The electrons are degenerate. The temperature is 108 K and the electron concentration
is Ye = 0.5.

Lifetime on the Horizontal Branch

Once the star is burning helium, it moves to the so-called ‘horizontal branch’ (HB) in the HRD.
The stars have a core mass of roughly 0.5M�. The stars on the HB differ only in the mass of their
hydrogen shell, and hence they have different surface temperatures (or spectral classes) but a similar
magnitude; this is why in the HRD they lie on a horizontal line. A globular cluster has hundreds of
thousands of stars. This allows one to determine the lifetime of a star on the HB from the ratio of the
number of stars on the HB to the number of stars on the red giant branch. It agrees with the prediction
from the stellar standard models within 10%. However, an exotic contribution to cooling would result
in a faster fuel consumption and has been constrained to be smaller than 10 erg g−1s−1 [66]. The
temperature and electron concentration are the same as for the red giants discussed in Sec. 4.4.1, but
the density is slightly smaller, 0.6 × 104 g/cm3. In this case, the electrons are not degenerate.

4.4.2 Solar Luminosity

Another constraint can be deduced directly from the minimal lifetime of the Sun. An extra efficient
hydrogen burning mechanism would result in faster fuel consumption, reducing the Sun’s overall
lifetime. Observations of the Sun’s age today suggest that the energy emitted via the dark sector
should not exceed the ‘normal’ solar luminosity, L� = 3.84 × 1033 erg/s. We take the temperature
and density profile of the Sun from the model BS2005 [328]. The temperature in the core of the Sun
reaches only ∼ 107 K, which corresponds to roughly 1 keV.

4.4.3 Dark Matter Production Mechanisms In Stars

The energy-loss rate or luminosity per unit volume in stellar objects can be written as

dLχ
dV

=

∫
ΠiΠ f Eout|Mi→ f |

2(2π)4δ(4)
(
ΣPi − ΣP f

)
. (4.36)

Here, we use the same notation as in Eq. (4.11), and Eout is the energy sum of outgoing dark sector
particles.

The electron-photon plasma inside stars gives rise to several production channels of light dark
matter particles. The core temperature of the stellar objects discussed above reaches up to ∼10 keV.
In this energy regime, the dominant production channel for light dark matter particles is plasmon
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decay. Additionally, for dark matter masses above the plasma frequency, where the plasmon decay
is kinematically suppressed, the production via Compton-like processes is relevant. In principle, the
production through bremsstrahlung could also be possible, but at these low temperatures it is always
suppressed as it requires high-energy electrons, which are not very abundant at keV temperatures.
In the following, we will discuss the plasmon decay and the Compton-like processes. The total
luminosity will then be given by

dLχ
dV

=
dLplasmon

χ

dV
+

dLCompton
χ

dV
. (4.37)

We note that these processes for the dark matter models with an electric and a magnetic dipole moment
have been calculated in detail recently in [316], which appeared during the last stages of completing
our work.

Plasmon Decays

As discussed in Sec. 4.3.2, the continuous interaction of photons with the free electrons in the plasma
gives rise to quasi-massive longitudinal and transverse modes of the photon. The dispersion relations
in the plasma (see Eqs. (4.55) and (4.56) in App. 4.A), allow decays to massive particles like neutrinos
or dark matter. An estimate of the maximum dark matter mass that can be produced from plasmon
decays is given by the plasma frequency ωp (see Eq. (4.53)), which reaches roughly 0.3 keV in the
solar core, 1.6 keV in stars on the horizontal branch, and 8.6 keV in red giants before helium ignition.

For plasmon decays, Eq. (4.36) can be written as [315]

dLplasmon
χ

dV
=

∫
d3k

(2π)3

(
2ωT ΓT

eωT /T − 1
+

ωLΓL

eωL/T − 1

)
. (4.38)

The form of this formula is simple to understand: the total energy carried away in the dark sector is
given by the energy of the decaying plasmon ωT,L and the rate with which it decays, ΓT,L. The factor
of two in the numerator accounts for the two transverse modes and the denominator comes from the
Bose-Einstein-distribution that is obeyed by the photons in the star of temperature T . The plasmon
decay rate to the dark sector is given by

ΓT,L =
1

2ωT,L

∫
d3 pDM

(2π)32EDM

d3 pDM

(2π)32EDM
(2π)4δ4

(
K − PDM − PDM

) ∣∣∣MT,L
∣∣∣2 (4.39)

=
1

16πωT,L

∫
d cos θ

p2
DM

EDMEDM

(
dg(k,θ)
dpDM

)−1 ∣∣∣MT,L
∣∣∣2 , (4.40)

where again θ is the angle between the incoming photon and outgoing dark matter, and KT,L = (ωT,L,~k)
is the four-vector of the transverse or longitudinal plasmon, respectively.

Also, EDM =

√
k2 + m2

DM + p2
DM − 2kpDM cos θ, and pDM is given by the solution of g(k,θ) = 0 with

g(k,θ) = ω(k) −
√

p2
DM + m2

DM −

√
k2 + p2

DM − 2kpDM sin θ + m2
DM . (4.41)

The difference between the rate derived here compared to the freeze-in rate Eq. (4.23) is only the
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Figure 4.4: The diagrams contributing to the Compton-like process of producing dark matter in stars. An
incoming photon scatters off an electron, and the outgoing photon can produce dark matter either through
mixing with the dark photon (top two diagrams) or through the electric or magnetic dipole moment (bottom
two diagrams).

factor of the energy ωT/L in Eq. (4.38). To derive the stellar constraints, we are interested in the
energy that is taken away from the star, i.e., the energy of the decaying plasmon. For the freeze-in
production in the early Universe, the relevant quantity is the number of particles that go into the dark
sector.

The only model-dependent quantity that enters into the computation is the matrix element in
Eq. (4.39). These are given in Sec. 4.3.2 for the models discussed in this paper.

Compton-like processes

In a Compton-like process, a photon scatters off an electron, and the outgoing photon can produce a
pair of dark matter particles, as depicted in Fig. 4.4. For these processes, we can ignore the thermal
plasma effects because these processes are relevant only for dark matter masses above the plasma
frequency.

Since we ignore thermal effects here, we can use Lorentz invariance for the amplitude and final-
state phase space. The energy loss rate Eq. (4.36) from the Compton process is found to be

dLCompton
χ

dV
=

1
(2π)8

∫
dωdped cos θ fγ feEout

ωp2
e

4Ee

1

16
√
λ(s,0,m2

e)

∫
dt1ds2dt2ds1
√
−∆4

∑
|M|

2 . (4.42)

Here,

fγ =
2

eω/T − 1
, fe = ne

(
2π

meT

)3/2

e−
p2

e
2meT , s = m2

e + 2
√

m2
e + p2

e − 2ωpe cos θ, (4.43)

ω is the energy of the incoming photon, Ee (pe) is the energy (momentum) of the incoming electron,
θ is the angle between the incoming particles, and ne is the number density of electrons. Also, we use
the approximation Eout ∼

√
s2 to have Lorentz invariance; this assumption gives conservative results,
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since
√

s2 is always smaller than E2 + E3. The invariants s1, s2, t1, t2 are defined in App. 4.C, where
we also give the definitions of λ(x,y,z), the Gram determinant of the four independent four-vectors
∆4, and more details on the derivation, which follows [329]. The matrix elements that enter Eq. (4.42)
for the different cases are given in App. 4.C.

The stellar properties that enter the total energy loss rate, Lχ, are the temperature T and the total
number of electrons. The latter is determined by the density ρ, the volume V , and the electron frac-
tion Ye. Since the core temperature, core mass, and the electron concentration of the red giant and
horizontal branch stars are the same, the loss rates for the red giant and horizontal branch stars are
also the same LCompton

HB = LCompton
RG . Moreover, since the constraint on the energy emission in both

horizontal branch stars and red giants is the same, 10 erg g−1s−1, the constraint on dark matter emis-
sion in the Compton-like regime is the same as well. For the Sun, the analysis is computationally
more expensive, as a complex temperature dependence should be taken into account, resulting in an
additional integration variable. Since the Sun has comparable mass to the globular cluster stars but a
lower temperature, the loss rate due to Compton-like scattering is strictly weaker. Hence, in the solar
constraints we present below, we include only the contribution from the plasmon decay, with the
knowledge that the parameter space accessible with Compton-like scattering is already disfavored.

4.4.4 Results

The total dark luminosity is found by integrating Eq. (4.38) and Eq. (4.42) over the volume of the
star and summing the two contributions. If the density and temperature profile is non-trivial, like in
the solar case, all quantities depend on the radius, which has to be taken into account for the spatial
integration. The constraint on ε is found by requiring that the dark luminosity does not exceed the
limits discussed in Secs. 4.4.1 and 4.4.2.

In Fig. 4.5, we show the stellar constraints for the dark photon portal dark matter for m′ = 3mχ and
for αD = 0.5 (solid lines) and αD = 10−6 (dashed lines). The yellow, brown, and red contours show
the constraints from the Sun (labeled ‘SUN’), the lifetime on the horizontal branch (‘HB’), and the
non-delay of helium ignition in red giants (‘RG’), respectively. The plasma frequency in red giant
stars is the highest, hence it can probe the largest dark matter masses. When the plasma frequency
equals the dark photon mass, the propagator in the cross section is on resonance. The production
is enhanced at this parameter point, and the constraint is thus particularly strong. This is seen in the
spike-like features in the stellar constraints. While we show the results for a dark matter fermion only,
we again note that the bounds on scalar dark matter coupled to a dark photon will be very similar.

For the dark-photon-mediated dark matter, we compare in Fig. 4.5 the stellar constraints to the
freeze-in lines (in green), which are also shown in Fig. 4.2. We find that dark matter that is entirely
produced from this mechanism is ruled out below ∼35 keV for αD = 0.5, and below ∼50 keV for
αD = 10−6. Note that the areas between the respective freeze-in and freeze-out lines (blue) are
forbidden in this model, as an overabundance of dark matter would have been produced, overclosing
the Universe. Additional decay modes (of the dark photon) beyond the ones assumed in the minimal
model setup discussed here, or slight model variations, could open up some of this parameter region
(see, e.g., [283–295]).

Note that we have not derived the constraints from the cooling of white dwarfs. In the high-mass
regime where the Compton-like processes dominate, it is not competitive with the other stellar cooling
constraints as the white dwarfs have a much lower temperature than red giant stars. However, due
to the high density, they have a high plasma frequency of ∼23 keV. Thus, a small fraction of the
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Figure 4.5: Stellar cooling constraints derived in this work on Dirac fermion dark matter interacting with a
dark photon with dark photon masses m′ = 3mχ and αD = 0.5 (αD = 10−6) for the solid (dashed) lines. The
cooling constraints are derived for the Sun (yellow), stars on the horizontal branch (brown), and red giants
(red). The constraint from the Sun includes only the production from the plasmon decay. In green, we show the
parameters for which freeze-in production provides the entire dark matter relic abundance (see also Fig. 4.2);
above the line too much dark matter would have been produced. In blue, we show the parameters for which
thermal freeze-out production provides the entire dark matter relic abundance. Above the cyan lines, the dark
sector was in chemical equilibrium with the SM bath and is constrained below mχ = 9.4 MeV by Neff. Below
∼1 keV dark matter is constrained from structure formation. Other relevant constraints and some projections
from terrestrial searches are shown in Fig. 4.7. The bounds on scalar dark matter coupling to a dark photon
(not shown) are similar.

parameter space on the right-hand-side of the red giant tip can in principle be excluded additionally
(see e.g. [311], where this was shown for dark photon dark matter).

The stellar constraints for dark matter with a dipole moment are shown in Fig. 4.6, together with
the freeze-in lines. The left (right) plot shows the limits for dark matter with an electric (magnetic)
dipole moment, respectively. The limits from the red giants are always stronger than the ones from
the horizontal branch stars. The limit from the Sun is even weaker and not shown. No resonant
production occurs due to the absence of a mediator in that mass range. We find that for dark matter
with a dipole moment, the freeze-in lines are so low that they are barely constrained from stellar
cooling arguments. We show also the freeze-out parameters from [301], as well as the LEP limit
from [322].

The stellar constraints do not have upper boundaries, unlike the supernova 1987A constraints [66,
315]. Consider first the supernova 1987A constraint. In this case, the lower boundary of the con-
strained region is set by the requirement of producing a sufficient number of dark sector particles
to carry away more energy than that carried away by neutrinos, which are believed to dominate the
energy loss. This would drastically change the cooling of the proto-neutron star, in conflict with obser-
vations. The upper boundary of the constrained region arises from a sufficient number of dark sector
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Figure 4.6: Stellar cooling constraints derived in this work on dark matter with an electric dipole moment (left)
or a magnetic dipole moment (right), from stars on the horizontal branch (brown) and red giants (red). We
also show lines for different reheating temperatures along which freeze-in production provides the entire dark
matter relic abundance (see also Fig. 4.3); above the line too much dark matter would have been produced.
Above the cyan lines, the dark sector was in chemical equilibrium with the SM bath and is constrained below
mχ = 9.4 MeV by Neff. Below ∼ 1 keV dark matter is constrained from structure formation. Above the gray
line the models are constrained from LEP data. The blue curve shows the parameters needed to obtain the
correct relic abundance from thermal freeze-out.

particles becoming trapped, thermalizing with the matter inside the proto-neutron star, and failing
to carry away sufficient energy. Roughly speaking, if the dark sector particles couple more strongly
than neutrinos to the matter inside the proto-neutron star (mostly protons, neutrons, and electrons),
the dark sector particles are unable to carry away enough energy, and there is no constraint. This is
why there is no supernova 1987A constraint up to arbitrarily high couplings. However, in the case of
stellar cooling, the photon dominates the energy loss of the stars. Since it is impossible for the dark
sector particles considered in this paper to have stronger couplings to photons than SM particles, the
dark sector particles will always carry away more energy than the photon. Moreover, the criteria used
for the stellar cooling bounds is that the dark sector particles must carry away less than a fraction of
the energy carried away by photons. Thus, only if the dark sector particles interact more strongly than
photons, would they fail to carry away sufficient energy. Therefore, there is no upper boundary for
the stellar cooling constraints.

4.5 Potential Reach of Terrestrial Searches

The freeze-in dark matter models discussed in this paper are challenging to detect in the laboratory
with direct-detection and accelerator-based experiments. This is not surprising, given the small re-
quired couplings. Nevertheless, we illustrate this challenge in Fig. 4.7 for a ‘heavy’ dark photon
mediator with m′ = 3mχ and αD = 0.5 (unless otherwise indicated), and in Fig. 4.8 for dark matter
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interacting with an electric or magnetic dipole moment. We parameterize as usual the reference dark-
matter-electron scattering cross section, σe, and form factor for the dark matter, |FDM(q)|2, as [280,
318]

|Mfree(~q)|2 ≡ |Mfree(αme)|2 × |FDM(q)|2 (4.44)

σe ≡
µ2
χe|Mfree(αme)|2

16πm2
χm2

e
, (4.45)

where |Mfree|2 is the absolute value squared of the elastic dark-matter-(free)-electron matrix element
and q is the magnitude of the three-momentum lost by the dark matter when it scatters off the electron.
For each of these models, we can derive σ̄e to be

σA′
e =

16πααDε
2µ2

χe

(α2m2
e + m′2)2

(4.46)

σEDM
e =

4d2
χµ

2
χe

αm2
e

(4.47)

σMDM
e =

αµ2
χµ

2
χe

m2
emχ

mχ − 2me +
4m2

χv
2
rel

α2

 ' 5αµ2
χµ

2
χe

m2
e

(mχ � me, vrel ' α) , (4.48)

where µχe is the reduced mass between the electron and χ, and vrel is the relative velocity between the
incoming dark matter and the incoming electron.

A dark photon mediator can be classified as ‘heavy’ and give FDM = 1 once its mass is above the
typical momentum transfer, qtyp, which varies for different targets. For example, for direct-detection
experiments with semiconductor or noble liquid targets, qtyp ≡ µχ,evrel ' αme [318]. So for dark
photon masses above a few keV (which is enforced by the stellar constraints), we have FDM = 1.
Dark matter interacting with an electric dipole moment has the form factor

FDM = αme/q (EDM) . (4.49)

The form factor for dark matter interacting with a magnetic dipole moment is more complicated,

F2
DM(q) '

1
(5mχ − 2me)

(mχ − 2me) +
4m2

emχv
2
rel

q2

 (MDM) , (4.50)

'
1
5

+
4α2m2

e

5q2 mχ � me, vrel ' α , (4.51)

which is a combination of FDM = 1 and FDM = αme/q. In deriving this form factor, we find an explicit
dependence on the relative velocity between the incoming dark matter and the incoming electron in
the free 2 → 2 (dark-matter-electron to dark-matter-electron) scattering. A precise calculation of
the crystal form factor defined in [318] would need to take this into account. However, here we
approximate vrel ' α and calculate the direct-detection bounds and direct-detection projections using

σMDM
e ' 5

(
σ−1

FDM=1 +
4α2m2

e

q2 σ−1
FDM=αme/q

)−1

. (4.52)
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Figure 4.7: Solid lines in green, cyan, and red show the values of the dark-matter-electron-scattering cross
section for which the correct dark matter relic abundance is obtained from freeze-in for Dirac fermion dark
matter coupled to a dark photon, for various choices of the dark-photon couplings αD (see Fig. 4.2). Red and
brown-shaded regions show the stellar constraints from red giant and horizontal branch stars (see Fig. 4.5).
Dashed lines show the potential reach of laboratory experiments. The gray shaded regions are excluded from
the number of effective relativistic degrees of freedom (see Fig. 4.5), supernova 1987A, and existing laboratory
constraints. The dotted line shows the CMB constraint, which excludes the freeze-out line (blue) when the
dark matter particle is a Dirac fermion. Projections and constraints for dark matter that is a scalar particle are
similar, except with a much weaker CMB bound. If not stated otherwise, the model parameters are m′ = 3mχ

and αD = 0.5. See text for details.

Finally, to convert nuclear recoil cross section sensitivities to σe, we follow [330].
We show in Fig. 4.7 and in Fig. 4.8 the sensitivity (when available in the literature) for a few future

planned direct-detection and fixed-target experiments or proposals: a silicon detector with a 30-kg-
year exposure and single-electron threshold (using, for example, Skipper-CCDs [318, 331]), a super-
fluid helium detector with a 1 kg-year exposure and 10 eV phonon energy threshold [332], an electron-
beam fixed-target experiment searching for missing momentum (LDMX, from Fig. 5 in [333]), and
an electron-positron collider searching for missing energy (Belle-II) [334] (the latter two do not have
sensitivity to dipole moment dark matter in the range of parameters shown in the plot [304]). In
Fig. 4.7, we also show in gray the bound from Neff (also seen in Fig. 4.5) as well as current laboratory
bounds from direct-detection and accelerator-based probes, including XENON10/100/1T, DarkSide-
50, DAMIC-SNOLAB, SENSEI, SuperCDMS, E137, LSND, and BaBar [334–344]. In Fig. 4.8,
we show in gray the bound from Neff (also seen in Fig. 4.6) as well as the direct-detection bounds
from [341, 344]. At low couplings, the limit reaching to ∼100 MeV is from supernova 1987A
(from [315] for the dark photon portal, and from [316] for dark matter coupled to an electric or
magnetic dipole moment); we find that the couplings that are probed by the supernova bound lie
between the freeze-in and the freeze-out line. The CMB (dotted gray line) sets a strong constraint for
Dirac fermion dark matter, but is easily avoided, for example, for scalar dark matter [345, 346]. The
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Figure 4.8: Solid colored lines show the values of the dark-matter-electron-scattering cross section for which
the correct dark matter relic abundance is obtained from freeze-in for dark matter interacting with an electric
(left) or magnetic (right) dipole moment, for various reheating temperatures (see Fig. 4.3). Red and brown-
shaded regions show the stellar constraints from red giant and horizontal branch stars (see Fig. 4.6). The dashed
line shows the potential reach of a direct-detection experiment using Skipper-CCDs for a 30 kg-year exposure.
The gray shaded areas are excluded from the number of effective relativistic degrees of freedom (see Fig. 4.6),
direct detection searches, and supernova 1987A. For the right plot, the region above the dotted line is excluded
from the CMB. The freeze-in line for TRH = 10 MeV (orange) stops at the coupling where dark matter would
thermalize with the SM sector. See text for details.

freeze-out line in Fig. 4.7 is almost independent of the dark photon mass as long as the dark photon
mass is sufficiently far away from 2mχ, so we just present the line for the benchmark case m′ = 3mχ

and αD = 0.5 (although see [347]). We repeat the freeze-in lines from Figs. 4.2 and 4.3 as well as
the stellar cooling and other bounds from Figs. 4.5 and 4.6. As expected, the freeze-in parameters are
typically too small to be probed by laboratory searches in the near future. However, interestingly, we
see that the freeze-in targets for dark matter interacting with an electric or magnetic dipole moment
can be probed for low reheating temperatures with upcoming direct-detection experiments.

Since the dark matter models with an electric or magnetic dipole moment are dimension 5 operat-
ors, one can ask how these are UV completed. As discussed in Sec. 4.2, one simple possibility is to
imagine charged scalars and fermions of a common mass M generating the dipole moment operators.
In Fig. 4.8, we show the resulting upper bound on the cross section σe on this simple UV completion,
derived from the upper bound on dχ or µχ from Eq. (4.8): the black (gray) solid line corresponds to
cross sections above which the corrections to the dark matter mass is larger than the tree-level dark
matter mass for M at the scale of 100 GeV (1 TeV). Of course, different UV completions may allow
for higher cross sections. We do not consider this further in this paper.
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4.6 Conclusions

In this work, we discussed the freeze-in production of dark matter in the keV-to-GeV mass range
as well as the constraints from stellar cooling. We considered two distinct scenarios: fermionic and
bosonic dark matter that is coupled to the SM through kinetic mixing between the photon and a dark
photon, as well as fermionic dark matter interacting with SM photons through an electric or magnetic
dipole moment.

When the dark matter interactions with SM particles are small, the dark sector is not in thermal
equilibrium with the SM in the early Universe, and dark matter production can occur through freeze-in
from fermion-antifermion annihilation and from the decay of plasmons. The latter dominates for sub-
MeV masses and pushes the couplings needed to obtain the observed relic abundance from freeze-in to
very small values. For the dark photon portal models, the production in the early Universe is infrared
dominated. In contrast, the dark matter models with a dipole moment are described by dimension-
five operators, so that the freeze-in production occurs at all temperatures. Consequently, the freeze-
in parameters depend on the reheating temperature. Moreover, the production from longitudinal
plasmon modes becomes more important at higher reheating temperatures. We also checked that
the dark matter does not thermalize with the SM thermal bath, such that the bounds from BBN and
Neff, which usually constrain dark matter with masses in the sub-MeV-range, are avoided.

In addition to deriving the freeze-in production, we also calculated the stellar cooling constraints,
and find that the strongest limits are from the non-delay of helium ignition at the red giant tip. This
bound excludes freeze-in production of dark photon portal dark matter with masses below 35 keV
(50 keV) for a dark gauge coupling of αD = 0.5 (αD = 10−6). For dark matter with an electric
or magnetic dipole moment, the production in the early Universe is so efficient that the freeze-in
parameters lie below the stellar constraints, making these scenarios especially hard to probe.

Finally, we discussed the potential to probe these models in laboratory experiments. In the case of
dark matter coupled via a dark photon, some part of the parameter space that can be probed by fu-
ture experiments is already ruled out by the red giant constraint. Towards larger dark matter masses,
the freeze-in lines are too low to be probed in the foreseeable future, but present potential targets
for future, very ambitious, experiments. However, for dark matter with an electric or magnetic di-
pole moment, and for dark matter masses above the reheating temperature, the freeze-in production
in the early Universe is suppressed; relatively large couplings are required to then obtain the cor-
rect relic abundance, so that these scenarios can be partially probed with upcoming direct-detection
experiments.

4.A Properties Of Photons In A Thermal Plasma

In a plasma, electrons can move freely and thus affect the propagation of electromagnetic waves.
They become a combination of coherent vibrations of not only the electromagnetic field, but also
the electron density. Quantization leads to a spin-1 field with one longitudinal and two transverse
polarization modes. We review the material needed to derive our results in this paper, following [306].

The effectively massive photon modes are caused by a modified dispersion relation for the photon
in a plasma. For a photon in vacuum, the relation between its frequency ω and wave vector ~k is simply
given by ω2 = k2. For plasmons, this relation is subject to modifications depending on the electron
density ne and temperature T . The modified dispersion relations give rise to a non-zero phase-space
ω2 − k2 allowing for decays to massive particles. Note that in principle free protons and nuclei could
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also contribute to the plasma effect. However, they are much heavier than the electrons and thus more
inert, so their contribution turns out to be negligible.

A characteristic quantity of a plasma is its plasma frequency

ω2
p =

4α
π

∫ ∞

0
dp

p2

E

(
1 −

v2

3

)
(ne(E) + n̄e(E)) . (4.53)

It is in general a function of the temperature T , as the electron (positron) density follows the Fermi
distribution ne/ē = [e(E∓µ)/T + 1]−1 with the chemical potential µ. For the explicit computation it is
helpful to replace v =

p
E . Defining

ω2
1 =

4α
π

∫ ∞

0
dp

p2

E

(
5
3
v2 − v4

)
(ne(E) + n̄e(E)) , (4.54)

allows the definition of the quantity v? = ω1/ωp, which intuitively is the typical electron velocity.
With these ingredients, the general dispersion relations valid at all temperatures and densities up to
first order in the electromagnetic fine structure constant α are given by [306]

ω2
T = k2 + ω2

p
3ω2

T

2v2
?k2

1 − ω2
T − v

2
?k2

ω2
T

ωT

2v?k
ln

(
ωT + v?k
ωT − v?k

) , 0 ≤ k < ∞ , (4.55)

ω2
L = ω2

p
3ω2

L

v2
?k2

(
ωL

2v?k
ln

(
ωL + v?k
ωL − v?k

)
− 1

)
, 0 ≤ k < kmax . (4.56)

The transverse mode satisfies ωT > k for all values of k. In contrast, the dispersion relation for the
longitudinal mode can cross the light cone if k becomes larger than ωL. This prevents the longitudinal
plasmon from propagating and constrains the longitudinal wave vector to a maximal value

kmax =
4α
π

∫ ∞

0
dp

p2

E

(
1
v

ln
(
1 + v

1 − v

)
− 1

)
(ne(E) + n̄e(E)) (4.57)

=

[
3
v2
?

(
1

2v?
ln

(
1 + v?
1 − v?

)
− 1

)]1/2

ωp . (4.58)

The renormalization of the propagator determines the propagation of plasmons. However, when
interactions are considered it is useful to change from the mass to the interaction basis. The coupling
to the electromagnetic current then gets renormalized. With the conventions applied in this work, the
renormalization factors are [306, 316]

ZT (k) =
2ω2

T (ω2
T − v

2
?k2)

3ω2
pω

2
T + (ω2

T + k2)(ω2
T − v

2
?k2) − 2ω2

T (ω2
T − k2)

, (4.59)

ZL(k) =
2(ω2

L − v
2
?k2)

3ω2
p − (ω2

L − v
2
?k2)

ω2
L

ω2
L − k2

, (4.60)

such that the dressed polarization vectors are [316]

ε̃
µ
T =

√
ZT ε

µ
T , ε̃

µ
L =

√
ZLε

µ
L . (4.61)
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We now want to discuss specific limits that are helpful for our numerical implementation of the
calculations. In general, as k → 0 the frequencies ωt/l approach the plasma frequency. For large wave
numbers k � T and small electron density, the situation of the vacuum is restored, ωT → k and the
longitudinal mode disappears.

In the relativistic limit, T � me or µ � me, Eqs. (4.55) and (4.56) simplify as v? = 1 and
kmax → ∞. The plasma frequency reduces to

ω2
p,rel. =

4α
3π

(
µ2 +

π2T 2

3

)
. (4.62)

In the degenerate limit, T � µ−me, the plasma frequency can be expressed in terms of the Fermi
momentum pF

ω2
p,deg. =

4α
3π

p2
FvF ; pF =

(
3π2ne

)1/3
. (4.63)

In the dispersion relations, v? can be replaced by the Fermi velocity vF =
pF
EF

with the Fermi energy

EF =

√
p2

F + m2
e .

In the classical limit, the electrons are non-relativistic and non-degenerate, T � me − µ. The
plasma frequency is given by

ω2
p,cl. =

4παne

me

(
1 −

5
2

T
me

)
, (4.64)

and the dispersion relations reduce to

ω2
T = k2 + ω2

p

1 +
k2

ω2
T

T
me

 , 0 ≤ k < ∞ (4.65)

ω2
L = ω2

p

1 + 3
k2

ω2
L

T
me

 , 0 ≤ k < ωp
√

1 + 3T/me . (4.66)

Most contributions to the freeze-in for the dark photon portal comes from late stages of the thermal
history of the early Universe. For dark matter masses below the electron mass, the classical limit
is important as production occurs partly when the electrons are non-relativistic. At temperatures of
tens of keV, the lepton asymmetry becomes important, such that the sum of the electron and positron
number densities is given by

nnon-rel.
e = 4

(meT
2π

)3/2
exp

(
−

me

T

)
+ ηBnγ . (4.67)

In the last term, ηB ≈ 6× 10−10 is the baryon to photon ratio and nγ = 2ζ3T 3/π2 is the photon number
density with the Riemann zeta function value ζ3 ≈ 1.2. Since the baryon number density seems to
coincide with the number density of electrons, the last term accounts for the asymmetry.
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4.B Inclusion of A′ − Z Mixing In Freeze-In Calculations

The mixing term between the dark photon and the hypercharge gauge boson in the Lagrangian reads

L ⊃ −
ε

2 cos θW
F′µνB

µν . (4.68)

After the electroweak symmetry breaking, this term can be written with gauge boson mass eigenstates,

L ⊃ −
ε

2
F′µνF

µν −
ε tan θW

2
F′µνZ

µν , (4.69)

where Zµν is the field strength of the Z boson. The second term is negligible at low energies, but can
be relevant for energies larger than the GeV scale. In this work, we mainly focus on the sub-GeV
scale, so the contribution from Z-mixing is less than O(10%). However, we include the contribution
from Z-mixing in our calculations, and briefly summarize the relevant formulae in this appendix. For
the Z-mixing contribution, we ignore plasma effects because the effects do not open a new production
channel, and the correction is not significant. Also, we do not include Z-mixing for the stellar bounds,
as the temperature of the stellar objects are very small compared to the Z-boson mass.

4.B.1 Z-Boson Decay

The last term in Eq. (4.14) describes the contribution from the Z-boson decay to a dark matter pair,
which dominates for 10 GeV . mDM < mZ/2. The term for the case of fermionic dark matter χ can
be written as

nZ〈Γ〉Z→χχ̄ =
gZm2

ZT

2π2 ΓZ→χχ̄K1

(mZ

T

)
, (4.70)

where gZ = 3 is the degrees of freedom of the Z boson, and

ΓZ→χχ̄ =
1
3
αDε

2 tan θ2
WmZ

1 + 2
m2
χ

m2
Z


√

1 − 4
m2
χ

m2
Z

. (4.71)

4.B.2 Annihilation through the Z boson

In Eq. (4.17), we only show the amplitude for production through the photon. Here, we show the full
amplitude with the Z-boson in the CM frame:∫

dΩ |M|2 =
16π

3

(εeq f gD)2(s + 2m2
f )(s + 2m2

χ)

(s − m′2)2 + m′2Γ2
A′

+
4π
3

(ε tan θWgZgD)2s2(s + 2m2
χ)

[(
C f

V

)2 (
s + 2m2

f

)
+

(
C f

A

)2 (
s − 4m2

f

)]
(
(s − m′2)2 + m′2Γ2

A′
) (

(s − m2
Z)2 + m2

ZΓ2
Z

)
+

16π
3

(ε2 tan θWeq f gZC f
Vg

2
D)s(s + 2m2

χ)(s + 2m2
f )(s − m2

Z)(
(s − m′2)2 + m′2Γ2

A′
) (

(s − m2
Z)2 + m2

ZΓ2
Z

) , (4.72)
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where θW is the weak mixing angle, gZ = e
cos θW sin θW

, C f
V = T3, f −2q f sin2 θ, C f

A = T3, f , ΓZ ' 2.5 GeV
is the decay width of the Z-boson and T3, f is the weak isospin of the incoming fermion.

4.C Compton-like Processes

In the Compton-like process a + b → 1 + 2 + 3 we have an incoming photon and electron, a and b,
respectively, and an outgoing electron and dark matter pair, labeled 1, 2, and 3. For the evaluation of
the phase space, which is derived following [329], it is useful to define the following invariants

s = (Pa + Pb)2 = (P1 + P2 + P3)2 (4.73)

s1 = (P1 + P2)2 = (Pa + Pb − P3)2 (4.74)

s2 = (P2 + P3)2 = (Pa + Pb − P1)2 (4.75)

t1 = (Pa − P1)2 = (P2 + P3 − Pb)2 (4.76)

t2 = (Pb − P3)2 = (P1 + P2 − Pa)2 . (4.77)

In terms of these variables the three body phase space reduces to∫
d3 p1

(2π)32E1

d3 p2

(2π)32E2

d3 p3

(2π)32E3
(2π)4δ(4)(Pa + Pb − P1 − P2 − P3)

=
1

29π4

1
λ1/2(s,m2

a,m2
b)

∫
dt1ds2dt2ds1

(−∆4)1/2 . (4.78)

In this expression, λ(x,y,z) = x2 + y2 + z2 − 2xy − 2xz − 2yz and ∆4 is the Gram determinant of any
of the four independent four-vectors. In our case it can be expressed as

∆4 = −
1

16

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

0 m2
χ s2 t1 m2

e 1
m2
χ 0 m2

χ t2 s1 1
s2 m2

χ 0 m2
e s 1

t1 t2 m2
e 0 0 1

m2
e s1 s 0 0 1

1 1 1 1 1 0

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
. (4.79)

The boundary of the integrals is fixed by the requirement ∆4 < 0, restricting the phase space to the
physically allowed region.

For the different models considered in this work, the squared matrix elements averaged over the
initial states and summed over all final states are given by∑

|M|
2 =

e4

4(t1 − m2
e)2

Tr
[
(/P1 + me)γµ(/P1 − /Pa + me)γν(/Pb + me)γβ(/P1 − /Pa + me)γµ

]
Xνβ

+
e4

4(s − m2
e)2

Tr
[
(/P1 + me)γν(/Pa + /Pb + me)γµ(/Pb + me)γµ(/Pa + /Pb + me)γβ

]
Xνβ

+
e4

2(t1 − m2
e)(s − m2

e)
Tr

[
(/P1 + me)γµ(/P1 − /Pa + me)γν(/Pb + me)γµ(/Pa + /Pb + me)γβ

]
Xνβ

(4.80)
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with X:

Xνβ =



(εgD)2 −ηνρ+KνKρ/m′2

K2−m′2+m′ΓA′

−ηβσ+KβKσ/m′2

K2−m′2+m′ΓA′
Tr

[
(/P2 + mχ)γρ(/P3 − mχ)γσ

]
, dark photon + fermion

(εgD)2 −ηνρ+KνKρ/m′2

K2−m′2+m′ΓA′

−ηβσ+KβKσ/m′2

K2−m′2+m′ΓA′
(P2 − P3)ρ(P2 − P3)σ , dark photon + scalar

d2
χ

K4 Tr
[
(/P2 + mχ)γ5( /Kγν − Kν)(/P3 − mχ)(γβ /K − Kβ)γ5

]
, dark matter with EDM

µ2
χ

K4 Tr
[
(/P2 + mχ)( /Kγν − Kν)(/P3 − mχ)(γβ /K − Kβ)

]
, dark matter with MDM

(4.81)

with K = P2 +P3 the four-vector of the intermediate (dark) photon. The traces can easily be evaluated
using FeynCalc [348, 349] and expressed in terms of the invariant variables s, s1, s2, t1, and t2.
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CHAPTER 5

Conclusion

In this work, we have studied different aspects of astrophysics and cosmology that are relevant for
indirect and direct dark matter searches. To begin with, in Chap. 2, we investigated a claimed excess
in the cosmic ray antiproton spectrum. Thereby, we focused on the systematic uncertainties that
underlie cosmic ray propagation and the background determination. Cosmic ray anti-matter and
other nuclei, that are not produced in stellar objects, come from secondary production due to cosmic
ray nuclei scattering on interstellar matter. We described cosmic ray propagation within a two-zone
diffusion model, and used secondary to primary ratios and positron data to narrow down the parameter
space. A modification of the force-field method allowed us to describe charge-sign dependent effects
of solar modulation that are relevant for the interpretation of low energy cosmic ray data. Another
source of uncertainties are the secondary production cross sections that we have improved by bringing
together data from various experiments. Still, nuclear cross sections are measured with precision
only up to a few GeV, and so new experimental data are urgently required. In our final analysis, we
have developed a method to take the uncertainties of the parameters as well as their correlations into
account. This allowed us to robustly constrain even subdominant dark matter signals through their
spectral properties. For a standard NFW dark matter profile, we are able to exclude thermal WIMPs
that annihilate into bottom quarks upto masses of 570 GeV. While we confirmed a reported excess in
the antiproton spectrum that is compatible with dark matter of mass around 80 GeV, its local (global)
significance only reaches 2.2σ (1.1σ) in our analysis.

However, our analysis cannot capture one of the biggest systematic uncertainties of indirect dark
matter searches: the question about the propagation model itself. Homogeneous diffusion models are
a self-consistent framework that aim to fit the locally observed cosmic ray data into a simple global
picture of galactic cosmic rays. These models consider cosmic ray transport on multi-kpc scales,
covering the entire galactic cosmic ray halo which is taken to be in a time-independent steady-state.
However, the local interstellar medium, on distance scales below ∼ 1 kpc, is not at all in steady-
state equilibrium; rather it changes due to supernova shock waves and the formation and collision of
clouds, on timescales ranging from 104 to 107 years. Global diffusion models assume that the relativ-
istic cosmic rays form a stationary and near-homogeneous ambient density distribution that hangs in
the background of the turbulent interstellar medium, without being affected by it. Still, these models
seem to give suitable descriptions for stable cosmic ray nuclei. However, these particle species – that
are used to calibrate the parameters of the model – are not sensitive to the propagation time scale.
This is not the case for electrons and positrons: due to synchrotron radiation and Compton scattering,
they loose energy – the longer they stay within the propagation region, the more the loss. The case is
similar for radioactive cosmic nuclei; if the decay time is of the order of the propagation time, meas-
urements can help to resolve the degeneracy. So far, the only available limit (from the measurement
of Be/B) constrains the propagation time to roughly 10 Myr at a rigidity of R ∼ 10 GV [15]. Towards
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Chapter 5 Conclusion

higher energies, measurements are difficult since it is hard to find purely secondary radioactive cosmic
nuclei with a suitable lifetime. In addition, the nuclear production cross sections are not measured
with the required precision. Fortunately, the cosmic ray electron and positron spectra may actually
carry important information about the particles’ residence time in the galaxy.

In Chap. 3, we investigated the origin of the high energy e− + e+ spectrum, and found that different
interpretations differ in the corresponding escape time at TeV energies. On the one hand, within typ-
ical homogeneous diffusion models, cosmic rays spend tens of Myr within the galactic halo, leaving
and returning to the galactic disc multiple times. Accordingly, e± are strongly affected by energy
losses, and thus there is a commonly expressed opinion in the literature that cosmic-ray e+ come from
a primary source which could be dark matter or pulsars. We have noted some new evidence to the
contrary– namely, that e+ are of purely secondary origin. We have shown that recent measurements
of the total e− + e+ flux at E & 3 TeV are in good agreement with the predicted flux of secondary
e− + e+ that one would obtain if radiative energy losses during cosmic ray propagation do not play
an important role. If the agreement is not accidental, then the requirement of small radiative losses
implies a short propagation time for high energy cosmic rays: tesc . 105 yr at R & 3 TV. Such
short propagation history suggests that recent, near-by source(s) dominate the cosmic rays at these
energies. We checked this hypothesis with various astrophysical measurements, and found that short
escape time together with the measured grammage implies that high energy secondary cosmic rays
must originate from an overdense region with 〈nISM〉 ≈ (3.5± 1.5) cm−3 at R = 3 TV. To the contrary,
it is observed that the next 50 to 100 pc around the solar system are occupied by the local bubble,
which has a very low density. However, if, for example, the local bubble was formed through a su-
pernova explosion in a molecular cloud, there may actually be sufficiently dense regions at its edge.
Starlight extinction maps support this hypothesis, but further clarification is required. As a proof of
concept, we have presented a leaky box and a diffusion model with rigidity dependent propagation
volume that can describe these scenarios, i.e., the positrons from secondary origin together with the
cosmic ray nuclei.

We conclude that the answer to the positron puzzle has important implications for the general
understanding of cosmic rays. Either, the measured e+ are secondary up to some TeV, and then all TeV
cosmic rays are of recent and local origin. In this case, the indirect detection of dark matter signals
is limited to γ−ray analyses since the charged cosmic rays that may be produced in the galactic halo
from dark matter annihilation or decay would hardly reach our detectors. Or, high energy e+ come
from an extra primary source and cosmic rays may propagate in the galactic halo for a long time and
long distances. In this case, signals from dark matter can potentially be explored and constrained. e+

measurements up to a few TeV can help to clarify the picture: if the data keep following the upper
bound discussed in Sec. 3.2 (see Fig. 3.1), it would support the secondary interpretation.

In the last part of this work, Chap. 4, we addressed the dark matter problem from a different per-
spective. We considered different dark matter models that have a feeble interaction with light. Firstly,
we looked at a dark fermion or scalar coupled to the visible sector through a massive, kinetically
mixed dark photon. We further considered the case where a dark matter fermion has an electric or
magnetic dipole moment, where these effective operators can be induced through the couplings to
some heavy, charged particles. For masses below a few MeV and couplings sufficiently large such
that chemical equilibrium was attained at some point in the thermal history of the universe, these
models are typically excluded by the number of relativistic degrees of freedom during big bang nuc-
leosynthesis. However, for very small couplings, the dark matter can be produced out of equilibrium
through standard model particles that decay or annihilate into the dark sector. This process is known
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as the ‘freeze-in’ mechanism and allows for dark matter masses down to ∼ 1 keV. We have derived
the parameters that reproduce the observed relic dark matter abundance. We have also computed con-
straints from the cooling of red giant stars, horizontal branch stars, and the Sun, carefully evaluating
the thermal processes as well as the Compton scattering that dominates for masses above the plasma
frequency. The strongest limits arise from the cooling argument for the red giant stars. They exclude
the freeze-in scenario with the dark photon mediator below some tens of keV, depending on the value
of the dark gauge coupling constant. For dark matter with an electric or magnetic dipole moment,
the parameters needed for the freeze-in production are smaller than the ones constrained from stellar
cooling losses. However, in this case, the freeze-in parameters for masses larger than the reheating
temperature can potentially be probed by future direct detection experiments.

Overall, we have seen that the question about the nature of dark matter can be addressed from
various perspectives. Future measurements of nuclear cross sections, precision measurements of the
electron and positron spectrum at TeV energies, astronomical observations of photons over a broad
range of frequencies, and upcoming direct detection experiments may illuminate the discussion.
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