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Abstract

It is now well established that some form of Dark Matter (DM) makes a sizeable
contribution to the total matter-energy abundance of the Universe, yet DM still
evades detection and its particle properties remain unknown. Indirect detection
provides an important probe of some of these fundamental properties. DM self-
annihilation throughout the Universe is expected to lead to an observable signal of
standard model particles at Earth, and any observed flux of standard model particles
from a particular region acts as an upper limit on the annihilation signal from that
region.

In Chapter 1, we give an introduction to our current knowledge of DM. We begin
with the historic and recent evidence for the existence of DM based on its gravi-
tational effects, before describing our current knowledge of DM formation history
and abundance. We then describe and compare a number of competing DM den-
sity profiles for our galaxy, highlighting the large uncertainties towards the Galactic
center. There are currently a large number of DM candidates, sometimes called the
‘Candidate Zoo’. We briefly introduce several of the most popular candidates, de-
scribing their history and motivation. We then move on to describe current searches
for DM, focusing on indirect detection, which aims to detect DM via an observable
flux of its SM annihilation products. We detail the major constraints on the DM
self-annihilation cross section, and examine some potential signals from DM annihila-
tion. We also describe constraints on DM from direct detection and collider searches.

Finally, we introduce bremsstrahlung processes in the context of DM annihilation,




where a particle such as a gamma-ray is radiated from one of the DM annihilation

products at the Feynman diagram level.

In Chapter 2, we use gamma-ray data from observations of the Milky Way, An-
dromeda (M31), and the cosmic background to calculate robust upper limits on the
dark matter self-annihilation cross section to monoenergetic gamma rays, (Vo) ,
over a wide range of dark matter masses. We do this in a model-independent and
conservative way, such that our results are valid across a broad spectrum of DM
models and astrophysical assumptions. In fact, over most of this range, our results
are unchanged if one considers just the branching ratio to gamma rays with energies
within a factor of a few of the endpoint at the dark matter mass. If the final-state
branching ratio to gamma rays, Br(vyy), were known, then (vo).,/Br(yy) would

define an upper limit on the total cross section.

In Chapter 3, we take advantage of the fact that annihilation to charged lep-
tons will inevitably be accompanied by gamma rays due to radiative corrections to
place similar limits on the the annihilation cross section to an electron-positron pair,
(V0)o+o—. Photon bremsstrahlung from the final state particles occurs at the Feyn-
man diagram level, yet the gamma-ray spectrum per annihilation is approximately
model independent, such that our analysis applies to a broad class of DM models.
We compare the expected annihilation signal with the observed gamma-ray flux from
the Galactic Center, and place conservative upper limits on the annihilation rate to
an electron-positron pair. We also constrain annihilation to muon and tau lepton
pairs. We again make conservative choices in the uncertain dark matter density pro-
files, and note that our constraints would only be strengthened if the density were
more tightly constrained. The spectrum per annihilation produces hard gamma rays
near the kinematic cutoff, and we find that the constraints on (vo).+.- are weaker
than those on (vo),, only by a factor of ~ 1072, as expected since the 2 — 3 process

is suppressed relative to the 2 — 2 process.

Annihilation to leptons will also be accompanied by massive gauge bosons due
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to electroweak radiative corrections. In Chapter 4 we examine a case where DM
annihilates exclusively to neutrinos at the 2 — 2 level, and gamma rays, leptons
and hadrons will inevitably be produced due to electroweak bremsstrahlung. We
explicitly calculate the ratio of the rate for the three electroweak bremsstrahlung
modes xx — viZ, et vW ™ e W™ to the rate for the 2 — 2 process yx — vi.

Electroweak bremsstrahlung plays a larger role in the special case where the
annihilation rate to leptonic modes suffers helicity suppression. While it has long
been known that photon bremsstrahlung can lift the helicity suppression, we show
in Chapter 5 that electroweak bremsstrahlung is also capable of lifting this sup-
pression, such that the branching ratio to the 3-body electroweak bremsstrahlung
final states can greatly exceed the branching ratio to an electron-positron or neu-
trino pair. We explicitly calculate the electroweak bremsstrahlung cross section in a
typical leptophilic model.

In Chapter 6 we examine observational signatures of dark matter annihilation in
the Milky Way arising from these electroweak bremsstrahlung contributions to the
annihilation cross section. Here we calculate the spectra of stable annihilation prod-
ucts produced via /W /Z-bremsstrahlung. After modifying the fluxes to account for
the propagation through the Galaxy, we set upper bounds on the annihilation cross
section via a comparison with observational data. We show that stringent cosmic
ray antiproton limits preclude a sizable dark matter contribution to observed cosmic
ray positron fluxes in the class of models for which the bremsstrahlung processes

dominate.
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Preface

This thesis is comprised of seven main chapters (not including supplementary ma-
terials such as the bibliography and appendices). Chapter 1 is an original literature
review. Chapters 2, 3, 4 and 6 are based on Publications 1, 3, 2 and 5 respectively,
while Chapter 5 is based on Publications 4 and 6 (see Page 141 for the publication
list). Chapter 7 is the conclusion.

These publications were done in collaboration with N. Bell (Publications 1, 2, 3,
4, 5,6), J. Dent and T. Weiler (Publications 2, 4, 5 and 6), J. Beacom, G. Mack
and H. Yuksel (Publication 1), A. Galea and L. Krauss (Publication 6). While J.
Beacom, N. Bell and T. Weiler are responsible for the original inspiration for many
of these publications, all calculations, results and analyses are my own work, with
the exception of Section 5.2 and Appendices A, B and C, where T. Weiler made a

significant contribution.
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Introduction to Dark Matter

It is now well established that the Universe consists of more than the observable
baryonic matter. The identity of the dark component is one of the greatest mysteries
in physics. At present, it is believed that the Universe is primarily made up of
some form of dark energy or cosmological constant, responsible for the present day
accelerating expansion of the Universe, while the matter content consists mostly
of some unknown Dark Matter (DM), the focus of this thesis, with baryonic matter

contributing only a small fraction to the total matter-energy content of the Universe.

1.1 Evidence, Abundance and Structure

1.1.1 Rotation Curves

Some of the most convincing evidence for the existence of DM comes from observa-
tions of the rotation curves of nearby galaxies. The rotational velocity at radius r is

related to the mass enclosed within that radius M(r),

o= G M)
T

where Gy = 6.67 x 10" " m3kg 's~2. The rotational velocity as a function of

radius is usually measured via redshift of the neutral Hydrogen 21 cm line [3], and

1




CHAPTER 1. INTRODUCTION TO DARK MATTER

<Mp> = —20.5

V(R)/V(Ropt)

Figure 1.1: Best fits to the universal rotation curve from Ref. [1], for galaxies within
a luminosity bin centered on (M) = —20.5. Dotted line shows contribution from

the luminous disk, dashed line from the dark halo.

compared with the velocity expected from observation of the distribution of luminous
matter. Ref. [1] has calculated rotation curves for a compilation of hundreds of spiral
galaxies, and confirms the strong evidence for a non-luminous component to the
galactic mass. If there were no DM, the rotational velocity would fall beyond R,
defined as the radius containing the bulk of the luminosity of the galaxy. Instead,
the rotational velocity becomes roughly constant beyond R, implying that there is
a dark component to the mass, contributing to a total mass proportional to r. The
rotation curve for a compilation of galaxies falling into the (M) = —20.5 luminosity

bin is shown in Fig. 1.1 from Ref. [1].
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1.1. EVIDENCE, ABUNDANCE AND STRUCTURE

1.1.2 Mass to Light Ratio of Clusters

The first evidence for the existence of DM came from observations of the Coma
cluster of galaxies by Fritz Zwicky in 1933 [4, 5|. The virial theorem relates the
kinetic energy Ex of a system with the potential energy V),,;. In an idealized system,
Ex = —%Vpgt, and this is used in conjunction with measurements of the dispersion
of the radial velocities of galaxies within the cluster to derive the total mass. Zwicky
compared this with the mass derived from observation of the total luminosity, finding
a mass-to-light ratio of some 400 solar masses per solar luminosity, well above that

expected if the cluster were composed solely of baryonic matter.

1.1.3 Gravitational Lensing

According to Einstein’s theory of general relativity, light will propagate along geodesics
which become curved in the presence of large concentrations of mass. This results in
a lensing effect when there is a large mass between a light source and the observer,
with the angle of deflection proportional to the mass of the object causing the lens-
ing. For example, Ref. [6] uses data from the Hubble Space Telescope [7| to make
detailed maps of the mass distribution of the galaxy cluster 0024-+1654.

Observation of multiple images of the light source is called strong lensing, while
weak lensing is the distortion of the image of the light source. Microlensing is an
effect where no distortion is seen, but a background star briefly appears brighter due
to the passing of a transient lensing object. For a review of the theory of gravitational
lensing, see e.g. Ref. [8].

Recent observations of the pair of colliding galaxy clusters 1E0657-558, known
colloquially as the Bullet Cluster, have provided some of the best observational
evidence yet for dark matter [9]. Observations by the Chandra X-ray observatory
[10] show that the intergalactic hot gas which makes up the bulk of the luminous
baryonic matter of the clusters collided and interacted as the clusters passed through

each other. However, gravitational lensing calculations performed using 5 optical
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CHAPTER 1. INTRODUCTION TO DARK MATTER

image data sets show that the vast bulk of the mass of these clusters is no longer
coincident with the luminous matter to a significance of 8¢, and did not interact as
the cluster collided. This is, by definition, dark matter: non-luminous matter that is
only weakly interacting. This is the first conclusive observation of a structure that
has had its luminous matter stripped from the bulk of the mass, allowing separate
observations of the two regions. Observations of other colliding clusters have since

provided further evidence for the existence of DM [11, 12].

Microlensing has been used to constrain the prevalence of MACHOs (Massive
Compact Halo Objects), which had been proposed as a DM candidate. These are
small astrophysical objects such as planets or dead stars that emit little or no light.
The prevalence of MACHOs, and their potential as a DM candidate, have been
mostly ruled out by searches in the Magellanic Clouds. Only a few lensing events

were seen, and MACHOs can only account for a tiny fraction of the DM [13, 14].

1.1.4 Cosmic Microwave Background

The best measurements of the DM abundance and the composition of the Universe
come from observations of the cosmic microwave background (CMB), a remnant of
the thermal plasma of the early Universe. Before recombination of electrons and
protons into neutral hydrogen, electromagnetic interactions coupled photons and
baryons into a fluid. Since recombination at 7' ~ 3000K ~ 1eV, the CMB photons
have been freely propagating throughout the Universe.

It is relatively easy to convert between the photon spectrum from the era of re-
combination and the CMB now. The CMB spectrum is remarkably close to a black-
body of temperature 2.726 K, and is isotropic at the level of 107°. However, recent
high-precision observations of the CMB, such as those by the Wilkinson Microwave
Anisotropy probe (WMAP), detail anisotropies or fluctuations in the temperature
and polarisation, which provide a good determination of several cosmological param-

eters [15, 16].
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1.1. EVIDENCE, ABUNDANCE AND STRUCTURE

Quantum fluctuations of the inflaton field lead to fluctuations in the photon and
matter distributions. This in turn leads to temperature and polarisation anisotropies
in the CMB today, as photons in deeper gravitational potential wells will have less
energy today than those escaping areas of lower gravity.

Anisotropies in the CMB are measured via the angular power spectra of the
temperature and polarization maps. These spectra shows a number of peaks, the
location of which are strongly dependent on the cosmological matter and energy
abundances. In combination with data from the Sloan Digital Sky Survey [17] and
the Hubble Space Telescope [7], WMAP provides precise determination of these

quantities [16, 18|

Q% = 0.02260 + 0.00053, Qarh® = 0.133415:00%2,

Q= 07287000 Qe — L0023,

where Q; = p;/p. is the abundance in units of the critical density, p., which cor-
responds to a geometrically flat Universe, the Hubble parameter is defined as h =
Hy/(100kms~'Mpc™!) = 0.704*_‘8:83 [16], and Qp, Qar, Qa, Qior are the baryonic,
total matter, dark energy and total matter-energy abundances respectively.

The DM makes up the difference between the baryon and total matter abun-
dances, showing that DM dominates the matter content of the Universe. Note that

these measurements suggest a flat or very nearly flat universe, ot >~ 1.

1.1.5 Thermal Relic Dark Matter

If DM is produced thermally in the early universe, it is called a thermal relic, and
its formation history is well understood. At high temperatures T° > m,, when the
annihilation rate of dark matter is sufficiently large compared with the expansion
rate of the universe, the dark matter has a thermal distribution, and thus has an
abundance roughly equal to that of photons. The annihilation rate matches the pro-

duction rate, and the DM remains in thermal equilibrium. As the universe expands,
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the temperature drops below the DM mass, so that the abundance of DM becomes
Boltzmann suppressed, by a factor proportional to e~ mx/T

Eventually the annihilation rate cannot keep up with the expansion of the uni-
verse, thermal equilibrium cannot be maintained, and the particle is said to be decou-
pled; Annihilation drops dramatically and the abundance stabilises. This is known
as freezeout, and the abundance and cross section of DM at freezeout determines the
relic abundance today.

The relic density (density today of a thermal relic) can then be calculated using
the annihilation cross section and entropy considerations, with the final result from

c.g. [19, 20, 21]

3x 10 %"cm3 s !
Qpuh® ~ ) (1.3)

where we define o as the self-annihilation cross section, ¢ = 04, unless otherwise

stated, and (vo) is the thermal average of the product of the DM self-annihilation
cross-section and velocity. If the DM has a thermal distribution, this thermal average
can be performed in the non-relativistic limit using the formula [19]

3 0
(v0) = - (7Y /O oo v/ee ™/ T de,

T

where T is the temperature of the DM thermal distribution, m, is the DM mass,
e = v2,/(1 —v2)) and vy is the relative velocity of the DM particles. Note that
(vo) # vo and they should not be used interchangeably. For brevity, we describe
both as ‘the cross section’, although it should be clear from context which we are
referring to.

Using current measurements of Qparh? ~ 0.11 (see Section 1.1.4), the cross
section required for dark matter to be a thermal relic is (vo) ~ 3 x 1072° cm? s71.

It is not certain that dark matter is indeed a thermal relic, and there are effects
that could lead to a thermal relic dark matter having a higher or lower cross section,

so this is by no means a definitive statement of the dark matter cross section. For

example, Kaplinghat, Knox and Turner [22] propose a very high cross section, and
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suggest ways that the dark matter could remain a thermal relic. The first sugges-
tion is that dark matter is produced late, from decays or annihilations of a heavier
particle. This places constraints on the lifetime and mass of the heavier particle,
to ensure that the decay products do not effect the matter/radiation energy den-
sity ratio of the universe. The second proposal is that the mass of dark matter or
its annihilation products changes over time, so that if the dark matter were to rise
above some threshold, or the mass of the annihilation product were to drop below
the threshold, annihilation would move from being impossible to possible, modifying

the relic density calculations.

Formulae used throughout this work to determine the DM annihilation signal
assume equal abundances of DM and its antiparticle (or alternatively, the existence
of Majorana DM, which is its own antiparticle.) However, there are scenarios where
this is not the case, for example if a matter-antimatter asymmetry was established
in the dark sector in the early universe. Since these models have a large matter-

antimatter asymmetry, prospects for indirect detection are greatly reduced.

1.1.6 Large Scale Structure

A standard paradigm for large scale structure formation has emerged in the form of
ACDM, which incorporates dark energy, cold DM, and inflation. The early structure
of the universe appears to be remarkably uniform, based on the isotropy of the
CMB down to a level of 107 [18]. After the radiation-dominated epoch ends and
matter density overtakes radiation density, gravity amplifies the small anisotropies
in the matter distribution, causing small structures to form. As objects grow, this
process accelerates, leading to highly overdense and underdense regions, and causing
structure on all scales from planets and solar systems to filaments of clusters of
galaxies.

Unfortunately, complete predictions for the evolution of structure cannot cur-

rently be tested analytically. Instead, we rely on numerical N-body simulations that
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use theoretical initial conditions for structure formation and measurements from the
CMB (see Section 1.1.4) as input, and simulate the clustering of gravitationally in-
teracting DM over time. For example, the Millennium-II Simulation 23] simulates
approximately 10 DM particles in a box with sides of length 100 A~ Mpc, and is
remarkably consistent with observations by large scale sky surveys.

Conversely, models of Hot Dark Matter (HDM) where the DM is composed of
relativistic particles are inconsistent with observations and current models of struc-
ture formation. HDM suppresses structures in the early universe which are smaller
than the free streaming length L ~ 40 Mpc (m, /30eV), as they quickly move from
overdense regions [24]. This is the ‘top-down’ approach to structure formation, where
largest scale structure forms first, eventually fragmenting to greater levels of structure

on smaller scales, which is inconsistent with observations of high redshift galaxies.

1.1.7 Within Galaxies

There is still a great deal of uncertainty in the dark matter density profile of galaxies,

particularly toward the center. However, one common parameterization has emerged:

T\ p
p(’l“) - <?> [1 + (r/rs;)a](ﬁ—y)/a ’

The parameters for the commonly adopted Isothermal [25, 26|, Kravtsov [27], Navarro

Frenk and White (NFW) [28], and Moore [29] profiles are given in Table 1.1. The
parameters (o, 3,7) are standard across galaxies, while 7, is given for the Milky
Way. The scale radius rs is the radius at which the slope of the profile changes.
The normalization factor pg is chosen to give the correct local density, po = p(Rsc),
where Rz, = 8.5 kpc is the distance from the solar system to the center of the Milky
Way. In Chapters 2 and 3, we adopt the normalisation from Ref. [2], specifically
po = 0.27 GeV cm™? for the Moore profile, po, = 0.3 GeV cm ™2 for the NFW profile,
and py = 0.37GeVem ™ for the Kravtsov profile. In all other cases we adopt a
universal normalization, pe = 0.39 GeV cm ™3 from Ref. [30], but this could be a

factor of ~ 2 higher or lower [31, 32, 33]. In addition, the Einasto profile |34, 35]
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Profile a | B| v | rsin kpc

Isothermal | 2 | 2 0 5
Kravtsov 2 3104 10
NFW 1 |3 1 20

Moore 1.5 3|15 28

Table 1.1: Density Profile Parameters for the Milky Way. See text for description.

does not fit Eq. 1.5, and is instead given by

()

where « = 0.17, and the scale radius is uncertain, but approximately rs ~ 20 kpc.
These five density profiles are plotted in Fig. 1.2.

If there is any ‘canonical’ profile, it is the NF'W profile. This profile is based on
high-resolution N-body simulations of the formation of galactic structure using the
standard cold dark matter model, and goes like 1/r towards the galactic center. The
Einasto and Moore profiles are also based on N-body simulations. The Moore profile
has a much larger central cusp, and the Einasto profile is very similar to the NFW
profile at moderate to large radii, whilst flattening out and avoiding the cusp at very
small radii. Due to the singularity at the core, we specify a cut-off radius, below
which we set density to be constant, p(r < Teutoft) = P(Teutoft). Our calculations in
the following chapters do not focus on very small regions around the galactic center,
and are not sensitive to the precise location of the cutoff, which we set at 0.01 pc.

The Kravtsov profile is less commonly adopted. This profile is much shallower
towards the galactic center. It is based on observations of the rotation curves of Low
Surface Brightness (LSB) and Dwarf galaxies, whose mass is dominated by dark
matter (~ 85% of total mass is dark). This eliminates assumptions about the mass-
to-light ratio and contribution to the rotation curves of luminous matter, as they are
able to treat these contributions as negligible. These profiles were then compared

to N-body simulations of structure formation, and found to be consistent. The
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Figure 1.2: The DM density p(r) of the Milky Way, showing the Moore (solid), NFW
(dashed), Einasto (dotted), Kravtsov (dot-dashed) and Isothermal (dot-dot-dashed)

profiles described in the main text.
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Isothermal profile is an earlier ‘canonical’ empirical profile based on an isothermal

sphere with a flat central core, avoiding a singularity at small radii.

For large radii r > 7y, all five profiles scale with radius as 1/r% and are normalized
such that they coincide closely. However, the profiles diverge at small radii, scaling
as 1/r%4 1/r and 1/r' for the Kravtsov, NFW and Moore profiles respectively.
The steep Moore profile thus features a greatly enhanced density near the Galactic
Center, compared to the relatively flat Kravtsov and Isothermal profiles; the NFW

profile falls between the two.

There is an apparent discrepancy between the theory and observation of small-
scale power. Simulations such as “Via Lactea" [36] tend to predict large amounts of
small-scale structure, finding that dark matter will clump within galaxies, forming
mini-halos, galactic satellites and central cusps, while observations show a smoother
profile. There are several potential solutions to this problem. For example, warm
DM, an intermediate scenario between highly relativistic and non-relativistic DM,
can reduce small-scale power; see e.g. Ref [37| and references therin. Late-decaying
DM can boost the DM velocity, which can reduce the circular velocity of dwarf
haloes, bringing simulated numbers in line observations 38|, or heat haloes, reduc-
ing cusp size [39]. Alternatively, there may be an astrophysical explanation. For
example, tidal forces between luminous and dark matter could reduce the prevalence
of substructure [40|. Interestingly, Ref. [41] shows that direct detection constraints
(see Section 1.4.1) should be valid in the presence of substructure, even if analyses
assume a smooth halo profile.

The observed flux of DM annihilation products is proportional to the integral
along the line of sight of the DM density squared, and so it is useful to define such

an integral, along the line of sight at an angle ¢ from the Galactic Center,

brmaz
() = Jo / o (VRE ~ 2l Reccost + ) d.
0

where Jo = 1/[8.5kpc x (0.3 GeV cm™3)?] is an arbitrary normalization constant used
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Figure 1.3: The DM density parameter J () of the Milky Way, showing the Moore
(solid), NFW (dashed), Einasto (dotted), Kravtsov (dot-dashed) and Isothermal

(dot-dot-dashed) profiles described in the main text.

to make J (1)) dimensionless. The upper limit of the integration is given by

Lo = \/ (B2, — sin? YR2,) + Ry cos b,

where Ry is the radius of the dark matter halo. The density drops away at large
radii, so the integral is not sensitive to changes in Ry; above 20-30 kpc. We show
J () for the Milky Way, for the five density profiles listed earlier, in Fig. 1.3. We

can also calculate J for an external galaxy at some distance D from Earth,

‘gm(lw
j/(lb):Jo/g p? (\/D2—2€DCOS¢+£2) .

This is not sensitive to the value of the upper and lower limits of integration as long

as they cover most of the galaxy in question. We then define

AQ = m/o () sin ¢ dp, :
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Figure 1.4: The DM density parameter Jaq for the Milky Way, averaged over a cone

of solid angle AS2, as a function of the half-angle 1 of the cone. We show the Moore

(solid), NFW (dashed), Einasto (dotted), Kravtsov (dot-dashed) and Isothermal

(dot-dot-dashed) profiles described in the main text.

the average of J (1) over a conical observation region of solid angle A€, centered on
the galactic center. This is shown in Fig. 1.4, again for the five listed density profiles,
for the Milky Way.

1.2 Dark Matter Candidates

1.2.1 Neutralino and Gravitino

Supersymmetry (SUSY) is a well-motivated extension of the standard model with a
number of attractive features, including a solution to the hierarchy problem, and the
unification of gauge couplings. For reviews, see for example, Refs. |20, 42, 43, 44, 45,

46, 47, 48, 49, 50]. Within some SUSY models, several natural DM candidates arise,
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including possibly the most popular DM candidate, the neutralino. SUSY postulates
that each standard model fermion has a bosonic superpartner, and each boson has a
fermionic superpartner. SUSY also features an extended Higgs sector, with at least
two Higgs doublets. Supersymmetry must by necessity be broken, otherwise we would
observe SUSY particles with the same mass as their standard model partners. Many
SUSY models feature conservation of R-parity, a multiplicative quantum number
defined as R = (—1)38+5+2% where B is baryon number, L is lepton number and
s is spin. Since SM particles have R = 1 while SUSY particles have R = —1, the
lightest supersymmetric particle (LSP) must be stable and can only annihilate into

SM particles, and is hence a good DM candidate.

The hierarchy problem is one of the key outstanding issues with the SM. Radiative
corrections to the Higgs mass at the one-loop level are proportional to A2, where A
is the ultra-violet cutoff, the scale at which new physics arises. If this is taken
to be near the Planck scale, then these radiative corrections imply a Higgs mass
incompatible with constraints suggesting a Higgs mass at the electroweak symmetry
breaking scale. Contributions to the radiative corrections from bosons and fermions
have opposite signs, such that the divergence terms caused by SM particles and their

superpartners will cancel, solving the hierarchy problem.

Supersymmetry also unifies the gauge coupling strengths at the Grand Unified
Theory (GUT) scale. Measurements by LEP suggest that without some extension
of the standard model, the SU(3)c x SU(2)r x U(1l)y couplings do not converge
at any energy scale [51]; with the addition of SUSY at the TeV scale, they unify at
an energy of around 10'6 GeV [51]. Such unification of the gauge couplings is a key

requirement for the existence of some GUT.

The Minimal Supersymmetric Standard Model (MSSM) (see e.g. Ref. [50]) is a
SUSY scenario with the minimal field content required to reproduce the SM. The
MSSM pairs each SM particle with a superpartner, and adds a Higgs doublet. Despite

its name, the MSSM still has over 100 free parameters. This can be greatly reduced
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through some well motivated constraints on the soft SUSY breaking parameters,
leading to the Constrained MSSM (CMSSM; see e.g. Refs. [52, 49]). In the CMSSM,
all scalar quark and lepton masses are constrained to be universal at the cut-off
scale, as are the gaugino masses and trilinear couplings. This leaves just four free

parameters and one free sign,

) AO, tan 5, sign(,u),

mo, m

NI

where mg is the scalar quark and lepton mass, m 1 is the gaugino mass, Ag is the
trilinear soft SUSY breaking term, tan 3 is the ratio of Higgs field vacuum expectation
values, and p is the superpotential Higgs mass term, which has a fixed magnitude, but
is free to be either positive or negative. The CMSSM is often used as a benchmark
model, primarily because the reduced parameter space makes constraints on the
model feasible. The CMSSM and mSUGRA (minimal SUper GRAvity; see Ref. [53]
and references therein) share the same parameters, but mSUGRA breaks SUSY
through gravity mediation.

In the MSSM, the Neutralino x{ is a linear combination of the superpartners of

the W3 and B gauge bosons and the neutral Higgs bosons,
X = ZuWs + Z12B + Zi3H, + Z14Hy, 1.12

and is a spin—% Majorana fermion with weak interactions only. Where it appears as
the LSP, it can be an attractive DM candidate. In some regions of the parameter
space, the neutralino mass is of the order of the weak scale, leading to hope that it
may be produced at the LHC [46].

SUSY theories which include gravity also include the superpartner of the graviton,
known as the gravitino G, another promising DM candidate. Its interaction strength
is so weak that it is sometimes labelled a EWIP, or Extremely Weakly Interacting
Particle. The mass of the gravitino is only poorly constrained, and can range from

eV up to TeV [44].
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The CMSSM parameter space has been divided into four allowed regions. Out-
side of these regions, neutralinos would be overproduced in the early universe, vio-
lating WMAP constraints. (i) The co-annihilation region is so-called because in this
region, the neutralino and stau are near degenerate in mass, and thus underwent
co-annihilation in the early universe. This brought the neutralino relic density down
to the observed level. (ii) At low values of my and m 1 is the bulk region where many
supersymmetric particles are relatively light. (iii) In the A-funnel region, neutralinos
have a large annihilation cross section to bb in the s-channel via the A and H reso-
nances. (iv) In the focus-point region, the neutralino can have larger masses, and a
large higgsino component.

There are other constraints on these parameters, including constraints from
BaBar, Belle, the LHC, Tevatron and LEP colliders, (see Section 1.4.2), the require-
ment that the LSP be electrically neutral, and from direct detection experiments. In
particular, the A-funnel, focus point and bulk regions are currently being explored

by direct detection experiments, and will be tightly constrained in coming years [54].

1.2.2 Kaluza-Klein Particles

It is plausible that there are hidden extra dimensions in addition to the three spatial
and one temporal dimensions we observe. The idea was proposed by Kaluza [55]
as a way to unify electromagnetism and Einstein’s theory of gravity, and was later
developed by Klein [56]. In models with extra dimensions, for each field that prop-
agates in the extra dimensions, called the bulk, there will exist a set of states that
manifest themselves in the observed (3 + 1) dimensions, called a brane, as a ‘tower’
or stack of particles with definite mass and the same quantum numbers. These are
known as Kaluza-Klein particles. In many of these models, standard model particles
are confined to the brane. However, models of Universal Extra Dimensions (UED)

allow all fields to travel through the bulk [57].

In UED models, the Lightest Kaluza-Klein particle (LKP) can be stable, neutral
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and colourless, and so is an excellent WIMP candidate. This stability is due to
the conservation of KK-parity, a consequence of the conservation of momentum in
the bulk. Much of the LKP parameter space will be explored at the Large Hadron
Collider and next generation direct detection experiments [58, 59| (see also Section

1.4), constraining or hopefully even confirming UED in the near future.

1.2.3 Neutrinos

“INeutrinos have| the undisputed virtue of being known to exist”

- Lars Bergstrom

Despite their virtuous nature, standard model neutrinos have been ruled out as a
leading component of the DM due to their light mass and low abundance. With their
extremely small mass and relativistic speeds, neutrinos are an example of hot dark
matter, which as we have seen in Section 1.1.6, wipes out small scale perturbations in
the early universe, and is incompatible with the formation of large scale structures.
Thus WMAP constraints on large scale structure, in combination with data from the
SDSS and Hubble telescope, strongly constrains the neutrino abundance. They find
Q, < 0.0062 at the 95% C.L., less than 1/30th of the total DM abundance [18|.

There is some evidence for the existence of additional neutrino species that do
not interact through the standard model; see e.g. Ref. [60] and refs. therin. These
‘sterile’ neutrinos are not subject to the abundance constraints mentioned above, and
were first proposed as a DM candidate by Ref. [61]. The allowed parameter space is

tightly constrained, but sterile neutrinos remain a viable DM candidate [62].

1.2.4 Axions

The axion arrives as a potential solution to a problem in Quantum Chromodynamics
(QCD). There is a term in the QCD Lagrangian proportional to a parameter 6,
which would lead to charge-parity symmetry violation. A consequence of this is a

large electric dipole moment (edm) of the neutron, expected to be of order 1071 e
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cm. However, measurements show an edm of order 1072° e cm, constraining 6 to be
remarkably small, |§] < 10710,

A potential solution to this problem was found through the Peccei-Quinn Mech-
anism [63], which promotes 6 to a field, adds a spontaneously broken symmetry to
the standard model, and leads to a vanishingly small value for 8. This introduces a
new light pseudoscalar particle, the axion [64, 65|. For a review of the axion, see e.g.
Refs. [66, 67].

The axion is limited to a very small mass, m4 < 10 meV [66], but its extremely
weak interactions mean it may not have been in thermal equilibrium in the early
universe, making limits on the relic abundance, analogous to those mentioned above
for the neutrino, uncertain. Although the axion is extremely difficult to detect,

experimental efforts are underway [68].

1.3 Indirect Detection of Dark Matter

Indirect detection efforts aim to detect dark matter via the observable flux of stan-
dard model particles produced in DM self-annihilation or decay both within the
Galaxy and throughout the wider Universe. The DM lifetime has been constrained,
for example in a model-independent way as described in Section 1.3.2, in a stringent
way for a variety of possible final states [69], and from CMB observations which
generally require the DM lifetime to be longer than the current age of the Universe
[70]. However, we focus here on the annihilation signal.

This annihilation or disappearance rate is governed by the thermally averaged
self annihilation cross section, (vo) (see Section 1.1.5 for explanation of the thermal
average), and the dark matter density, p. If DM is a Majorana particle and thus
its own antiparticle, or if there is an equal abundance of dark matter and dark

antimatter, then the disappearance rate per unit volume is

2
dn__ 1{vo)p” 1.13
avde 2 m?

where the factor of 1/2 only appears if DM is a Majorana particle.
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If DM is the lightest stable beyond-standard-model particle, it will annihilate
exclusively to SM particles. In principle, this will lead to an observable flux of SM
particles at Earth. This flux will depend on the model-dependent spectrum of SM
particles produced per annihilation event. In addition, each species of annihilation
product will undergo different interactions with the interstellar medium. Expressions
for the flux of gamma rays due to nearby and cosmic annihilations are derived in
Sections 2.2.1 and 2.2.2 respectively. Expressions for the flux of electrons/positrons,

(anti)protons, and (anti)neutrinos are given in Section 6.5.

Indirect detection techniques can be used to constrain the DM self-annihilation
cross section. The observed flux acts as an upper limit on the signal from DM
annihilation, and this can be converted into an upper limit on the annihilation cross
section, as done in Chapters 2, 3 and 6. It is hoped that indirect detection will
one day detect DM through its annihilation signature, manifest as an excess in the
observed flux of standard model particles. To qualify as a candidate DM signal,
such an excess should have no clear astrophysical explanation, but should be able
to be reproduced by annihilation in a specific DM model. Several excesses have
been observed, although many are most likely astrophysical in origin, and it is very

difficult to conclusively prove that an excess is caused by DM annihilation.

In this section we describe some model-independent constraints on the DM self-
annihilation cross section, derived through indirect detection and other techniques.
We then introduce two experiments that are important to present-day indirect de-
tection efforts. We also describe a number of excesses that have been proposed as a

candidate signal from DM annihilation.

1.3.1 Unitarity

Ref. [71] derives a model-independent constraint on the annihilation cross section

based on unitarity considerations. In the low-velocity limit applicable today, this is
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given by
4
(vo) <—,
mav
GeV\? [ 300kms !
or (vo) §1.5><1013cm3sl< ° > < . > 1.14
My v

This assumes only unitarity of the scattering matrix STS = 1, and conservation of
energy and momentum, making this a powerful general upper bound on the cross
section. This bound is useful as a benchmark with which to compare constraints
derived through indirect detection techniques, although it is weaker than the neutrino
bounds described below across most of the overlapping mass range. This limit only
applies to the £ = 0 contribution to the partial-wave expansion of the cross section,
where £ is the angular momentum quantum number. In the small velocity limit, the
£ > 0 contributions will generally be negligible, but this is not universally true. For
example, the £ > 0 contribution may not be negligible if the DM is subject to long
range interactions [71]; see also Refs. |71, 72, 73] for other unusual circumstances
where this limit can be evaded. In these cases, limits based on unitarity arguments
are not avoided altogether, but may be weakened. This limit rules out the thermal
relic cross section (va) ~ 3 x 10726cm3s™! for masses above ~ 1000 TeV. Ref. [72]

performs a similar calculation for DM in the early universe.

1.3.2 Neutrino Limits

If we make the reasonable assumption that DM decay or annihilation products must
be Standard Model particles (i.e. we assume the dark matter is the lightest stable
particle in the beyond-Standard-Model sector) then it is possible to set a conserva-
tive upper bound on the total DM annihilation rate by looking for the annihilation
products which are the hardest to detect, namely, neutrinos [74]. By assuming the
branching ratio to neutrinos is 100%, the bound on annihilation to neutrinos be-
comes a bound on the total annihilation rate. In reality the branching ratio will

be less than 100%. However, all other final states will inevitably produce gamma
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rays, which lead to more stringent limits on the total cross section than are obtained
with neutrinos, as shown in Chapter 2. For example, quarks and gluons hadronize,
producing pions and thus photons via 7 — ~7; the decays of 7, W=, and Z°

0. Charged particles produce photons via electromagnetic radiative

also produce 7
corrections as described in Section 1.5, while energy loss processes for e such as in-
verse Compton scattering off the interstellar radiation field, or synchrotron radiation
due to the turbulent interstellar magnetic field, also produce photons [75, 76, 77].

Thus by assuming a branching ratio to neutrinos of 100%, one obtains the most

conservative and robust upper limits on the total annihilation cross section.

A number of groups have used this technique to constrain the DM annihilation
or decay rate. Ref. [74] calculate the cosmic diffuse neutrino flux, produced through
DM annihilation to a neutrino-antineutrino pair, considering DM annihilation in all
halos throughout the Universe. They compare this with the known diffuse neutrino
background to derive robust constraints on the total cross section over a large DM
mass range, from 100 MeV up to 100 TeV. This technique was applied to annihilation
within our own galaxy by Ref. [2|, and used to derive a comparable, and in some
cases stronger, limit than that obtained from cosmic annihilations only. Ref. [78] also
considered annihilation to neutrinos within our own galaxy, deriving bounds on MeV
scale DM, while Ref. [79] included substructure enhancement. These techniques have
also been used by Ref. [80] to place bounds on the DM lifetime. Ref. [81] considered
how DM decay to neutrinos would affect the cosmic expansion rate, and uses this
to place somewhat weaker limits on the decay rate to neutrinos. Since these limits
are extremely conservative, they form a good baseline with which to compare subse-
quent limits on DM annihilation or decay. See Chapter 2 for a comparison between
limits from [74], and limits on annihilation to a gamma-ray pair; see Chapter 3 for

comparison of these limits with limits on annihilation to charged lepton pairs.

These limits are indeed overly conservative, since DM can never annihilate to a

pure neutrino final state. Even in an unrealistic model with annihilation to neutrinos

21




CHAPTER 1. INTRODUCTION TO DARK MATTER

only, Chapter 4 shows that electroweak radiative corrections (emission of a W or Z)
will always lead to non-neutrino final states. Depending on the branching ratio for
this process, limits based on the non-neutrino annihilation products may be weaker
than, comparable to, or stronger than limits from neutrinos [82, 83, 84, 85|. The
model proposed by Ref. [86] is an example of a model intended to have a large
branching ratio to neutrinos-only final states. In Chapters 5 and 6 we show that
FElectroweak Radiative corrections play a large role, leading to branching ratios to

neutrinos orders of magnitude below 100%.

1.3.3 PAMELA

The PAMELA (Payload for Antimatter Matter Exploration and Light-nuclei Astro-
physics) satellite was launched in 2006, with the goal of studying cosmic rays with
energies between 100 MeV and several hundred GeV, in particular positrons and an-
tiprotons [87]. PAMELA consists of a number of components including a magnetic
spectrometer, time of flight indicator, and electromagnetic calorimeter. The mag-
netic spectrometer measures the sign of the charge, momentum divided by charge,
and path length of the cosmic rays. The path length is combined with data from
the time of flight to measure the velocity of incident particles. The electromagnetic
calorimeter is used to determine the energy of the electrons and positrons, and to

distinguish between electrons/positrons and protons/antiprotons.

In 2008, the PAMELA collaboration released results showing a large excess in
the ratio of positrons to electrons, above the astrophysical expectation from standard
cosmic ray production and propagation models, without an accompanying excess in
the flux of antiprotons. This has widely been interpreted as a potential signal from
DM annihilation. This is discussed in detail in the broader context of all available

cosmic ray data in Section 1.3.6.
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1.3.4 Fermi

The Fermi satellite, formerly known as GLAST [88], was launched in 2008 with
the primary purpose of studying high-energy gamma rays. The main instrument
is the LAT (Large Area Telescope) [89]. Gamma rays interact with tungsten sheets
within the LAT, producing an electron-positron pair, which are tracked to determine
the origin of the gamma-ray before entering the calorimeter which determines the
gamma-ray energy. An anti-coincidence detector rejects cosmic rays. The LAT has
a wide field of view of 2.4 steradians (whole sky = 47 sr), and observes gamma rays

with energies between 20 MeV and 300 GeV.

Fermi data has been used in a wide range of indirect detection efforts, thanks
to the improved energy range, resolution and sensitivity of the LAT compared with
older telescopes. For example, a number of DM annihilation channels have recently
been constrained using flux limits from nearby dwarf spheroidal galaxies [90, 91, 92,
93|. These are a promising source for indirect detection studies, as they have low
gamma-ray backgrounds and a large signal-to-noise ratio due to their small luminous
matter component and large ratio of DM to luminous matter In particular, Fermi
sets new bounds on the isotropic extragalactic gamma-ray background [94], one of
the candidates most likely to have an observable component due to DM annihilation
[95]. We make use of this flux data in Section 6.5.1. See also Section 2.4 for a

discussion of Fermi limits on the annihilation rate to a gamma-ray pair.

The design of the LAT allows measurement of the flux of electrons and positrons,
although this was not its primary purpose. The observed flux exceeds the expected
flux from conventional astrophysical processes, and it has been proposed that this
excess is due to DM annihilation. This is discussed in detail in Section 1.3.6, and

the flux data is used in Section 6.5.2.
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1.3.5 Photon Excesses
WMAP Haze

The Wilkinson Microwave Anisotropy Probe (WMAP) [96] shows an apparent excess
in the microwave spectrum, extending about 10 degrees and focused on the Galactic
center. This has come to be known as the “WMAP haze”, and is interpreted as
synchrotron emission from a hard electron population of unknown origin [97].

The morphology and spectrum of the haze has been shown to be consistent with
the signal expected from certain DM models e.g. [98, 99, 77|, and several models
are found to be a consistent explanation for both the haze and the positron excess
described in Section 1.3.6 e.g. [100].

There are a number of alternative explanations for the excess. For example, the
energetic electrons may have been accelerated by a supernova shock [101], or may
have been produced by pulsars [102]. Alternatively, using alternative foreground
subtraction techniques, it has been claimed that the excess is insignificant within
statistical uncertainties [103, 104].

Ref. [105] finds a Fermi gamma-ray counterpart to the WMAP Haze, which again

may be consistent with a signal from DM annihilation [106].

511keV Line

The INTEGRAL satellite observes a prominent gamma-ray line at 511 keV [107, 108,
109, 110], evidently produced by the annihilation of electrons and positrons at rest.
The morphology consists of a bulge with a 2-dimensional Gaussian shape, focused
on the Galactic center. There is no consensus on the source of the positrons required
to produce this line, and it is difficult to explain with standard astrophysical sources
e.g. [111, 112, 113, 114, 115, 116, 117] and references therin.

DM offers an appealing explanation for this excess, however this possibility is

tightly constrained. If the injected positron energy is greater than ~ 20 MeV, photon
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bremsstrahlung emission (see Section 1.5) would violate observational constraints on
gamma-ray emission [111]. If gamma rays from inflight annihilation are also taken
into account, the maximum injection energy is reduced to ~ 3 MeV [112]. For models

that can explain the excess, see e.g. Ref. [117] and references therin.

Egret excess

As a cautionary tale, it is interesting to note that the EGRET space telescope re-
ported an excess in the diffuse gamma-ray flux between 1 GeV and 10 GeV, above
the flux expected from standard astrophysical production mechanisms. At the time,
this was interpreted by many as a potential signal from DM annihilation; see e.g.
[118]. However, recent data from the Large Area Telescope (LAT) aboard the Fermi
satellite shows no such excess [94]. This discrepancy could be due to systematic
errors in the determination of the EGRET detector’s effective area at high energies

[119].

1.3.6 Positron Excess

Until recently, it was believed that the main source of cosmic ray positrons was sec-
ondary production, where these particles are produced via the interaction of cosmic
ray protons with the interstellar gas. The standard scenario predicts a falling com-
bined flux of electrons plus positrons, and also a falling ratio of positrons to electrons
plus positrons, e.g. [120].

There is now clear evidence for an excess in the observed flux of electrons and
positrons above that expected from conventional production models. The balloon-
borne ATIC (Advanced Thin Ionization Calorimeter) experiment has made several
flights over Antarctica, and reports a clear excess in the e* + ¢~ flux in the energy
range ~ 300 to 800 GeV [121], while another balloon-borne Antarctic experiment,
PPB-BETS, supports this to an extent with a more marginal excess [122]. The

H.E.S.S (High Energy Stereoscopic System) array, described in Section 2.3.2, shows
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a significant steepening in the e™ + e~ flux above ~ 1 TeV [123, 124], while high-
precision data from the Fermi satellite, described in Section 1.3.4, shows an excess
between ~ 20 GeV and 1 TeV [125]. Finally, PAMELA, described in Section 1.3.3,
reports a clear and dramatic excess in the positron fraction in the 1.5 GeV to 100
GeV energy range [126]. Although these individual data sets are in tension and there
is no agreement on the spectral shape or magnitude of the excess, together these
experiments build a clear picture of some form of excess above 100 GeV. However,
PAMELA reports no anomalies in the fraction of antiprotons to protons [127], a
critical consideration when examining the origins of the excess. Identifying a source
is complicated by the fact that electrons and positrons will undergo energy loss and
diffusion as they propagate from source to detector, such that observed electrons
and positrons in this energy range provide no useful directional information, and the
source energy spectrum will be different to the observed spectrum. In particular,
high energy electrons and positrons will undergo severe energy loss, primarily due to
synchrotron emission and inverse Compton scattering. Any source of high energy e*
must be within ~ 1 kpc, or the particles must reach us within ~ 10° years, in order
to be observed before losing most of their energy [128]. See Section 6.5.2 for a full

description of electron and positron energy loss and diffusion.

There are a number of potential explanations for this excess. Supernova remnants
(SNRs) constitute one of the main sources of primary electrons, whilst producing
few primary positrons; see e.g. [128, 129]. It has been proposed that a modification
of the conventional scenario could lead to a positron fraction consistent with data
[130, 131]. For example, if the assumption of a homogeneous distribution of SNRs
is relaxed for SNRs within a few kpc, then a lack of nearby high-energy sources
can cause the primary electron flux to fall to a level consistent with the PAMELA
positron fraction, while the e™ +e~ excess could be explained by nearby lower-energy

sources [130].

Alternatively, the excess could be due to nearby pulsars. Although pulsars are
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a well-known source of electrons and positrons, the theory governing the production
mechanisms within pulsars is not well understood. There are a number of production
models with varying predictions (e.g. [132, 133, 134, 135|), and there are large uncer-
tainties in the parameters within these models. However, by fitting the theoretical
et flux due to pulsars with the observational data, one can find models and regions
of the parameter space where the excess is consistent with production by one or more
nearby pulsars, such as Geminga or Vela [136, 137, 138, 135, 139, 140, 141, 142].

Another proposal is that the excess is caused by the acceleration of lower-energy
secondary e* in conventional cosmic ray sources such as SNRs. Standard models of
cosmic ray production only include acceleration of the primary particles produced
by the source [128]. If the secondary e are being produced through hadronic inter-
actions within the source, then they will also undergo acceleration, and this can lead
to the observed excess [143, 144, 145, 146].

It is also possible that the standard propagation prescription is in error. Refs. [147,
148, 149] describe models of cosmic ray propagation through the Galaxy that can
reproduce the observational data without invoking a new source of positrons or elec-

trons.

DM Interpretation

As an alternative to these astrophysical mechanisms, it has also been proposed that
the excess e™ and e~ are produced via dark matter annihilation in the Galactic halo,
and a large number of DM models have been proposed with this goal in mind.
Many popular models feature suppressed annihilation to leptons, and are thus
unable to reproduce the positron excess without violating constraints on the antipro-
ton fraction. For example, for large regions of the parameter space, annihilation of
supersymmetric DM would overproduce antiprotons through the production and de-
cay of massive gauge bosons, and subsequent hadronization of the decay products.

Emission of a gamma-ray from one of the final state particles can lift this suppression
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(see Section 1.5 such that models with suppressed annihilation channels may still be
a viable explanation. However, electromagnetic radiative corrections, i.e. emission of
a massive gauge boson, must also be taken into account and can drastically alter the
phenomenology of a model. Chapter 4 introduces electroweak radiative corrections;
Chapter 5 applies this to suppressed models, and discusses suppression in detail;

Chapter 6 discusses implications for indirect detection.

This has led to the proposal of a large number of ‘leptophilic’ models, where
DM annihilates predominantly into leptons, such as the model of Arakani-Hamed et
al. [150] who propose that the DM annihilates into a new force carrier with light
mass, which subsequently decays dominantly into leptons. For an overview of some
other models proposed to explain the excess, see e.g. Refs. [151, 152, 153|. Even
when annihilation is not suppressed, these models generally need an annihilation rate
larger than the (vo) ~ 3 x 10726 cm? s71 expected for thermal relic DM in order to
reproduce the excess. For most annihilation channels and DM masses, boost factors
of order 10% to 10* are required [154]. Clumpiness of DM due to substructure within
halos can enhance the annihilation rate. However, in conventional scenarios, the
boost factor is only of order 10 [155]. The so-called Sommerfeld enhancement |[156]
of the annihilation rate has received much attention. This is an enhancement of the
annihilation cross section for non-relativistic particles in the presence of a long-range
potential. If there is a new force in the dark sector, the Sommerfeld effect can greatly
enhance the annihilation rate at low DM velocities [157, 158, 159, 160, 150, 161]|. The
enhancement factor is tightly constrained by direct detection results and thermal
freezeout calculations, and may not be sufficient to explain the excess, although

there may be ways around this [162, 163, 164, 165, 166].

As mentioned in Section 1.1.5, DM may not have been thermally produced, in
which case the annihilation cross section is not required to be the thermal relic rate

of (vo) ~ 3 x 10726 cm3 s7!, and no boost factor is necessary.
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1.4 Other Searches for Dark Matter

1.4.1 Direct Detection

WIMP dark matter is expected to scatter off ordinary matter, even if the interac-
tion rate is tiny. Direct detection experiments aim to observe these rare events by
measuring the recoil energy F, transferred to the nucleon.

The differential interaction rate dR/dE, depends on the differential scattering
cross section do/d|q]?, the local dark matter density po and mass m,, and the local
dark matter velocity distribution f(v), normalised to [ f(v)dv = 1. The rate can be

expressed as
drR _ [* do 2py
dE, v A% My

vf(v)dv, 1.15

where vy, is the minimum WIMP speed needed to transfer a recoil energy F,.. Note
that f(v) varies with time, to take into account the motion of the Earth around the

Sun. It is useful to rewrite the scattering cross section as

do Ox—N 9
— = ———=F(FE 1.16
d|lq1?  4m2e? (Er)",

where m, = (m,mny)/(my +mn), and expressions for the form factor F(E,) can be
found in e.g. Ref. [43]. This isolates terms in the cross section that depend on the
variables v, E,., m,, my, and allows constraints to be placed on the WIMP-Nucleus
cross section parameter oy, which is the total cross section for a transfer of zero
momentum.

There are two contributions to the scattering cross section. Spin dependent
scattering occurs when the DM interacts with the target through an axial-vector
coupling. In this case scattering strength depends on the spin of the target. Con-
versely, scalar or vector couplings lead to spin independent scattering. This type of
interaction is more sensitive to the number of nucleons in the target, and generally
provides a larger signal in modern heavy-atom experiments. The scattering process

can be either elastic or inelastic. Elastic scattering is the standard interaction where
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DM scatters off a nucleus, transferring some recoil energy. Inelastic scattering occurs
when the DM either ionizes the target, or leaves the nucleus or orbital electrons in an

excited state. This process leads to emission of a photon shortly after the interaction.

The event rate is expected to be low, less than one event per day per kilogram
of detector material, so minimizing and discriminating the background is essential.
Detectors are located deep underground to avoid cosmic rays, and shielding is used to
avoid background radiation from the environment, although some background from
cosmic ray muons and background radiation is inevitable. Signal can be distinguished
from background by searching for an annual modulation in the signal due to the
Earth’s motion around the Sun [167], a directional anisotropy in the signal due to
the Earth’s motion relative to the Galactic rest frame [167, 168, 169, 170], or by using
a detector with complementary detection techniques. For example, the XENON100
experiment measures both the scintillation signal and the ionization of the target
when an event takes place. Background events and DM events can be distinguished

from the relative strength of these two signals [171].

The DAMA /LIBRA collaboration reports an annual modulation in the observed
signal, and claim this as detection of dark matter [172, 173]. This appears to be in
tension with the strongest constraints on the scattering cross section, from CDMS-II
[174] and XENON100 [175], which report null results, and place upper limits on the
WIMP-nucleon cross section. Both the detection and null results may be consistent
in certain models or if certain effects such as channeling are taken into account; e.g.
[176, 177, 178]. The CoGeNT collaboration reports the hint of a signal consistent
with scattering of light dark matter (m, ~ 5 to 10 GeV). Intriguingly, this is also
consistent with the modulation seen by DAMA /LIBRA [176], but there is not yet
sufficient data to call the CoGeNT result a detection [179]. As CoGeNT and other
detectors continue to take data, hopefully a clearer picture will emerge in the near

future.
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1.4.2 Colliders

When searching for DM production at a collider experiment, the main signature is
missing energy, since the DM escapes the collider undetected. As of yet there is no
evidence for the production of DM at a collider. However, there are many Stan-
dard Model (SM) processes that could be affected by the existence of beyond-SM
physics. For example, precision measurements of the branching fraction b — sv
by BaBar, CLEO and Belle would be affected by a number of potential beyond-
SM processes, and the LEP collider has placed strong constraints on properties of
beyond-SM charged particles [180], while the Tevatron, as a p — p collider, efficiently
constrains properties of beyond-SM colored particles [181, 182|. Together these and
other measurements place strong constraints on parameters in SUSY and other mod-
els e.g. [183, 184, 185|, however these constraints are highly model-dependent, and
do not constrain a generic DM particle.

The LHC is currently probing the largest center of mass energy ever reached by a
collider, and is already strengthening the constraints on models such as SUSY [186,
187, 188, 189|. The reach of the LHC should be great enough to either find evidence
for a beyond-SM theory like SUSY or extra dimensions, or to rule out large regions of
the parameter space [183, 184, 185]. In the longer term, the proposed International
Linear Collider (ILC) working in combination with the LHC has excellent prospects

for the detection and identification of beyond-SM physics [190].

1.5 Bremsstrahlung Processes

Dark matter annihilation to charged particles will always be accompanied by a form
of radiative correction called photon bremsstrahlung where a gamma-ray is emitted
from one of the final state particles at the Feynman diagram level [111, 191, 192,
193, 194], as shown in Figure 1.5. In some models, emission from the propagator is
also possible. For emission from the final state particles, the gamma-ray spectrum

generally does not depend on the unknown interactions of the DM particle, such that
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Figure 1.5: The lowest order tree level process xyx — eTe™ (left) is accompanied by

photon bremsstrahlung processes (right).

a single gamma-ray spectrum per annihilation to an electron-positron pair is valid

across a broad range of models (see Chapter 3 for a full discussion).

This is an important channel to consider, especially in models designed to produce
electrons and positrons without overproducing other particles. For example, as men-
tioned in Section 1.3.5, Ref. [111] found that the cross section to an electron-positron
pair required to explain the 511 keV line would generally lead to an overproduction
of photons, violating observational constraints on the gamma-ray flux. As mentioned
in Section 1.3.6, leptophilic models with large annihilation rates have been proposed
as an explanation for the observed positron excess. In light of this, constraints on
the annihilation rate to an electron-positron pair are particularly interesting. We
calculate such constraints in Chapter 3 using the gamma-ray signal from photon

bremsstrahlung.

However, this is only one class of radiative correction. Dark matter annihilation to
leptons will also inevitably be accompanied by electroweak bremsstrahlung processes
where massive W+ and Z gauge bosons are radiated in place of photons. This
channel clearly has important phenomenological consequences, as the decay of the
W/Z’s will lead to production of photons, hadrons and leptons, regardless of the
direct couplings of the DM particle. Even if the dark matter annihilates only into

neutrinos at the 2 — 2 level, hadrons and gamma rays are impossible to avoid. In
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Chapter 4 we consider such a model, and calculate the ratio of the annihilation rate

to electroweak bremsstrahlung final states to the 2 — 2 rate.

Electroweak radiative corrections in the context of DM annihilation or decay have
been studied by a number of groups. Ref. [195] calculates the branching ratio for
the Zvv final state relative to the vv final state for superheavy DM, and studies
the consequences of the subsequent EW cascade. Ref. [82] presents the same ratio
for a handful of (smaller) DM masses without assuming superheavy DM, and uses
the resulting gamma-rays from Z decay to constrain the annihilation cross section.
Ref. [83] updates this work and finds results in agreement with our results presented
in Chapter 4. Ref. [83] also constrains the DM annihilation cross section in this model
by examining the multi-messenger annihilation signal of both primary annihilation
products and secondary W¥*/Z decay products, including an analysis of the proton
and antiproton fluxes. Ref. [196] performs a similar calculation of the electroweak
bremsstrahlung branching ratio at a higher DM mass scale. Ref. [85] shows that
such a neutrinos-only model will inevitably produce primary charged particles via
higher-order tree and loop diagrams. Ref. [197] calculates approximately model-
independent spectra of stable particles (e*, p, v and their antiparticles, plus v) due
to EW radiative corrections in DM annihilation or decay. The work in Ref. [198] is
complementary to our work, confirming some of the results presented in Chapter 5,
and showing the effect of diffusion on the resulting fluxes of W/Z decay products as

would be observed at Earth.

In certain cases, photon bremsstrahlung plays an especially important role. Many
dark matter models suffer from a heavy helicity suppression of the annihilation rate
into light fermions. It has long been known that in certain models, photon brem-
sstrahlung can lift this suppression such that the 2 — 3 annihilation rate to the
photon bremsstrahlung final state is much larger than the 2 — 2 annihilation rate
[192, 193, 194, 199, 200, 201]. In Chapter 5 we link this idea with electroweak brem-

sstrahlung, and show that massive gauge bosons can play the same role as photons
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in lifting helicity suppression.

Electroweak bremsstrahlung is especially important in the context of leptophilic
models designed to explain the positron excess since annihilation to antiprotons
is severely restricted by the lack of an observed antiproton excess. It is vital to
consider all possible avenues of hadron production in these leptophilic models, since
even a small branching ratio to hadronic final states has the potential to overproduce
antiprotons and rule out an otherwise feasible model as an explanation of the excess.
In Chapter 6, this is explored in the context of a typical leptophilic model where

helicity suppression can be lifted by electroweak bremsstrahlung.
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Constraints on Dark Matter Annihilation into

Gamma Rays

2.1 Introduction

Here we calculate the constraints that can be placed on the dark matter self annihi-
lation cross section using gamma rays, the most detectable final states, over a wide
range of dark matter masses. We first focus on the ~ final state, as it would be a very
clean signature of dark matter annihilation, with E, = m,, e.g., Refs. [202, 203, 204,
205, 206, 207, 208]. Unfortunately, this is typically small, Br(yy) ~ 10~% —1073, al-
though it can be much larger, even larger than 0.1 [209, 210, 211, 212]. Since gamma
rays will be ubiquitously produced, directly in SM final states, or through radiative
corrections and energy-loss processes, we also consider more general outcomes, in

which the gamma-ray energies are in a broader range below m,.

We consider constraints on the dark matter annihilation cross section over a large
mass range of 107 — 10° GeV. At all but the highest energies, gamma-ray data is
available to test the annihilation cross section, provided that we combine constraints
defined using the Milky Way halo, the Andromeda halo, and all the halos in the

universe. (Modern data, especially those from observations of the Milky Way and
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Andromeda, are significantly more constraining than those that were available ear-
lier.) Using our upper limits on the dark matter annihilation cross section to gamma
rays, and a conservative assumption about the branching ratio to monoenergetic
gamma rays, we define upper limits on the total cross section and compare to other

constraints.

Since the dark matter annihilation rate scales with density squared and the den-
sity profiles are uncertain, we are mindful of how our constraints on the cross section
are affected by astrophysical uncertainties. We are conservative in our input choices
and analysis methods, and we show how our results depend on these. In light of
these considerations, we do not consider corrections that would affect the results by
less than a factor of ~ 2, which also allows some simplifications. Our upper bounds
on the annihilation cross section to gamma rays would only be improved by more

optimistic assumptions.

2.2 Calculation of Dark Matter Signals

The dark matter annihilation rate depends on the square of the dark matter number
density p/m,, which is written in terms of the unknown mass m, and the uncer-
tain dark matter mass density p. Not coincidentally, where the density is largest,
at the centers of halos, the uncertainties are the largest; these regions contribute
relatively little to the gravitationally-measured mass of a halo. To cover as large of
an energy range as possible, we have to consider gamma-ray data for the Milky Way,
Andromeda, and all of the dark matter halos in the universe. In all cases, though the
astrophysical and analysis uncertainties vary in their severity, we make conservative
choices for the dark matter density and hence the cross section limits (smaller choices

for the density mean larger upper limits on the cross section).
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2.2.1 Milky Way and Andromeda Signals

We first consider the signal from DM annihilation in our own galaxy. The flux of

gamma rays per steradian, along the line-of-sight [, is

do, (vo) »dN,
_ Ny 2.1)
iz = ) Ygemzr TGO GE

where [ is at an angle ¥ to the Galactic center, and p(r) is the dark matter density.
The dark matter density profile of the galaxy is described in detail in Section 1.1.7.
It is useful to divide this into a part that depends only on particle physics, and a
part labelled J, introduced in Section 1.1.7, that depends only on astrophysics. This
allows us to contain all astrophysical uncertainties in a single parameter, which we

recall is defined as

llnax
TW) = JO/ 0 (\/Rgc IR cos + z2) dl,
0

where Rg., Jy and {4, are given in Section 1.1.7. With these definitions, the

annihilation signal per steradian in the direction ¢ is

Aoy (vo) J(¥)dN
= — 2,
dE 8mm2 Jy dE

We wish to compare this signal with an observed flux averaged over a viewing
region of solid angle AS). Making use of Jaq defined in Eqn. 1.10, the annihilation

signal per steradian averaged over such a region is

o, (vo) Taq dN
= — 2.4
dE  8mmi Jy dE .

We also define the total signal for a region of solid angle A as

doy _d®y \ (v0) JaAQ 1 dN,

dE — dE 2 Jo 4mm2 dE

As can be seen in Figure 1.2, there are considerable uncertainties in the dark
matter density profile of the galactic halo, particularly in the central region where

the density, and hence the annihilation rate, is largest. Uncertainties in the density
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of the DM halo translate into uncertainties in the DM annihilation signal. In order to
minimize these uncertainties, wherever possible we examine the signal from a large
angular region around the Galactic center: While the uncertainties scale several
orders of magnitude for small angular scales close to the Galactic Center, they are
mild for large angular regions of the galaxy, as shown in Figs. 1.3 and 1.4. In order
to place conservative upper limits on the DM annihilation cross section, we focus on
a profile with a very conservative dark matter density, namely the Kravtsov profile.
For the NFW, Einasto and Moore profiles, smaller values of (vo) are needed to

reproduce the same flux, and hence lead to stronger (less conservative) limits.

This formulation of the annihilation signal is valid for any source with a spheri-
cally symmetric DM density profile, if the source is sufficiently close that attenuation
and redshift of the annihilation products are negligible. Thus, we also use Eqn. 2.5
to calculate the signal from the nearby M31 Galaxy, also known as Andromeda.
To find Jaq, we replace Ry in Eqn. 2.2 with Dyz; >~ 700 Mpc. There does not
appear to be a consensus on the values of the halo parameters for Andromeda; for
example, compare the NFW profiles in Ref. [213] with Ref. [214], where both py and
rs are quite different. Thus we have chosen to model Andromeda using the Milky
Way parameters, as an appropriate compromise between competing extremes. For
external galaxies, there is little dependence on I,y in Eqn. 2.2, as long as we cover
most of the galaxy. For extragalactic dark matter sources, the annihilation signals
will include a contribution from the dark matter in our own galaxy along the line of
sight. However, in the case of an external galaxy like Andromeda, this contribution
will be eliminated if there is a subtraction of the background intensity from a region

close to the source, as is often done in observational analyses.

DM annihilation rates may be enhanced due to substructure in the halo, e.g.,
Refs. |36, 215, 216, 217], or mini-spikes around intermediate-mass black holes [218,
219] This can be included either in a modified Jaq, or as a ‘boost factor’ B in

Eqn. 2.4. In typical scenarios, substructure can boost the annihilation signal by a

38




2.2. CALCULATION OF DARK MATTER SIGNALS

factor of order 10 [155]. Including substructure could only strengthen our results; In

order to remain conservative, we do not take substructure into account.

Spectrum per annihilation

For annihilation to a pair of monoenergetic gamma rays, the spectrum per annihila-
tion is dN/dE, = 2§(m, — E,). In reality, the spectrum would be smeared in the
detector, since the energy resolution will never be perfect. However, in all cases where
this could be an issue, we have integrated the annihilation signal over an energy bin,
wide enough to include the smeared spectrum per annihilation. In other words, our
energy bins are sufficiently broad that they are not sensitive to the smearing of the
annihilation, since we will always capture the two gamma rays in our integration of
the signal spectrum.

Although we nominally assume a monoenergetic annihilation spectrum, much of
our analysis is effectively valid for any annihilation spectrum where we capture at

least two gamma rays in our energy bin. This is discussed in Section 2.4.

2.2.2 Cosmic Diffuse Signal

The calculation of the cosmic diffuse annihilation signal is detailed, for example, in
Refs. [220, 221], where the cosmological flux of annihilation products from external
galaxies was calculated taking the clustering of dark matter into account. The cosmic
diffuse flux, arising from dark matter annihilation in halos throughout the Universe,

is

ad, dN,
dE — dAdQdtydE
—7(2.E) d dN-
c e n
= — —— [ dM—(M T(E(1 M (2.6)
47'(' ZHOh(Z) / dM( ?Z) dE/( ( +Z)’ ?Z) 6

where Hp = 70 km s~! Mpc~! is the Hubble parameter, dn/dM describes the dis-

tribution of bound halos, and dN,/dE is the production rate of gamma rays due
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to dark matter annihilation in a halo at redshift z and of mass M, which we can
safely regard as pointlike. We assume a flat universe, with Qpyr = 0.3, Qp = 0.7,
h(z) = [(1 4 2)°Qpar + Qa]V/2.

The optical depth 7(z, F') takes into account absorption of gamma rays, primarily
through electron-positron pair production as they interact with the extragalactic
optical and infrared background. Attenuation is a modest effect in the energy and
redshift ranges we consider; For sources at redshift z ~ 0.1, absorption becomes
important for observed energies above around 1 TeV. There are a number of detailed
studies of this effect, involving calculation of the background low-energy photon
density through simulations of galaxy formation and comparison with observational
data. See, for example, [222, 223, 224, 225]. We follow [220, 221, 222, 224| and use

the parameterisation

. B\ 08
(2, E) = , Zmax = 3.3 (10 GeV> .

zmax

Expressions for dN, /dE and dn/dM are presented in [220, 221], and lead to a final

expression
& _ (vo) ¢ QQDMpgrit
dFE 2 AmHy m2
o f(2)(1+2)2 ANL(E') _ .
=)y 2.8
x /0 h(z) dE ¢ ‘ (28

The factor f(z) in Eq. (2.8) accounts for the average increase in density squared due
to the fact that dark matter is clustered into halos rather than uniformly distributed,
and the evolution with redshift of the halo number density. This gives an enhance-
ment of the signal relative to that of a homogeneous distribution. (The A2 factor in
[74] is equal to f(2)(1 + 2)3). Redshift dependence of f(z) is well established and
has little dependence on uncertain parameters mentioned below. Following [2]|, we
use the parameterization log;,(f(2)/fo) = 0.9[exp(—0.92) — 1] — 0.16z. However,
there is a great deal of uncertainty in the overall normalization factor fy, which
depends on the halo profile and assumptions on the concentration parameter and

substructure formation |2, 95, 221, 23, 226, 227, 228|. We follow [2, 228] and adopt
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fo =~ 2(5) x 10* for the Kravtsov (NFW) profile. This is a conservative choice for
f(z), and inclusion of enhancements due to subhalos would only strengthen our re-
sults. For example, our choice of f(z) closely matches the most conservative case

8, %l;;z)g, can be larger by three

described in [95], where the integrand of Eq. 2.
orders of magnitude in the most optimistic (high clumping) case. Gamma rays that
are produced with energy E’ are observed with redshifted energy E = E'/(1 + z).

For annihilation into monoenergetic gamma rays, the delta function source spectrum

is modified by redshift as

aN _ N 25 (eo (M
S =20n — ) == 5 (- (B2 - 1)),

which shows that the observed flux at an energy FE is contributed by sources at

redshift % — 1.

2.3 Specific Observations and Derived Annihilation Con-

straints

We have collected gamma-ray flux measurements and limits from a wide variety of
experiments, spanning an extensive energy range from 20 keV to 10 TeV. In most
of the observations, the energy spectra are given in log-spaced energy intervals. We
calculate annihilation gamma-ray fluxes for the Galactic, Andromeda, and cosmic
dark matter sources, using the methods outlined in Section 2.2 above. These are
integrated over an energy range, conveniently chosen as 10_0'4mx — m,y, that is
comparable to or larger than the energy resolution and bin size of the experiments.
This is compared with observational data integrated over an energy bin. If only
upper limits on the flux are given, we instead compare our predictions directly with
these upper limits.

Our constraints on the dark matter annihilation rate are conservatively deter-
mined by demanding that the annihilation flux be smaller than 100% of the ob-

served (presumably not produced only by dark matter) gamma-ray background flux

41




CHAPTER 2. CONSTRAINTS ON DARK MATTER ANNIHILATION
INTO GAMMA RAYS

at the corresponding energy range. In Fig. 2.1, we show the Galactic center and
cosmic diffuse signals from dark matter annihilations which fulfill this criterion, su-

perimposed upon the Galactic and extragalactic spectra, respectively, as measured

by COMPTEL and EGRET.

The experiments report their results as either intensity (as in Eq. 2.4), which
requires that we calculate Jaq, or flux from a given angular region (as in Eq. 2.5), for
which we need JanA. We present the values of these parameters which correspond
to the Kravtsov profile, as this results in conservative upper limits on the annihilation
cross section. Our limits on the dark matter annihilation cross section are reported
in Fig. 2.2, where we also show how our results would change if the NF'W profile were
adopted instead. The details of the experiments and our analyses are summarized

below for each observation.

2.3.1 COMPTEL and EGRET

COMPTEL |[229], the imaging COMPton TELescope aboard the Compton Gamma
Ray Observatory (CGRO) satellite, measured gamma rays in the energy range 1-30
MeV. EGRET [230], the Energetic Gamma Ray Experiment Telescope, also aboard
the CGRO, measured gamma rays in the energy range 30 MeV to nearly 100 GeV. For
both COMPTEL and EGRET, the full sky was studied with an angular resolution of
at worst a few degrees (for the large regions we consider, this makes no difference).
The energy resolution was modest, and the data were given in a few logarithmically-

spaced bins per decade in energy.

Both COMPTEL and EGRET observed the Galactic Center region, and the
measured gamma-ray intensity energy spectra are reported in Ref. [231, 232] for
the region —30° < I < 30° and —5° < b < 5° (Galactic longitude and latitude,
respectively). The disk-like morphology of the emission region makes it clear that
nearly all of this emission is due to ordinary astrophysical sources; to be conservative,

we do not attempt to define a limit on the small component of this that could be due
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Example dark matter annihilation signals, shown superimposed on

the Galactic and extragalactic gamma-ray spectra measured by COMPTEL and

EGRET. In each case, the cross section is chosen so that the signals are normalized

according to our conservative detection criteria, namely, that the signal be 100% of

the size of the background when integrated in the energy range chosen (0.4 in log;, F,

shown by horizontal arrows). The narrow signal on the right is the Galactic Center

flux due to annihilation into monoenergetic gamma rays, for m, = 1 GeV; the signal

is smeared as appropriate for a detection with finite energy resolution. The broad

feature on the left is the cosmic diffuse signal for annihilation into monoenergetic

gamma rays at m, = 0.1 GeV, smeared by redshift.
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to centrally-concentrated dark matter, and simply use the total observed intensity
to bound any dark matter contribution. Also, we evaluate the dark matter signal
as if from a circular region of ¢ = 30°; accounting for the rectangular shape of the
region would lead to a higher value than the Jaq ~ 13 that we adopt. Using a
less conservative set of assumptions than we employ, stronger limits on (vo)., were

derived from the EGRET data in Ref. [204].

2.3.2 H.E.S.S.

H.E.S.S. (High Energy Stereoscopic System), a system of multiple atmospheric Cerenkov
telescopes, is presently in operation in Namibia [233|. H.E.S.S. observed the Galac-
tic Center region in the energy range 0.3—15 TeV. An apparent point source at the
Galactic Center was observed, as was an extended source (~ 1°) known as the Galac-
tic Center Ridge [234]. While the origin of the point source is unknown, the Ridge
emission is almost certainly astrophysical, and is consistent with being caused by
cosmic rays colliding with a gas cloud (again, we do not attempt to account for this,

and will simply bound any dark matter contribution by the total observed intensity).

Since the uncertainties in the dark matter profile increase for smaller angular
regions around the Galactic Center, it is more robust to define our results using the
extended region instead of the point source. The Ridge emission was observed in
an angular region —0.8° < I < 0.8° and —0.3° < b < 0.3° in Galactic coordinates,
and the resulting flux reported by H.E.S.S. reflected a background subtraction from a
nearby region (—0.8° < [ < 0.8° and 0.8° < b < 1.5°) to help account for cosmic rays.
Thus, we have to consider not the whole dark matter signal, but just its contrast
between the central and adjacent regions by accounting for this subtraction in our
analysis. We approximate the intensity from the rectangular region of the Galactic

Center Ridge with a circle of radius 0.8°.
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Background Subtraction

We must account for the fact that the flux data is for the foreground region, and the
subtracted background may have a component from dark matter annihilation. The
most conservative way to do this is to assume the entirety of the background flux
comes from dark matter annihilation. We also maximise [J for the background, i.e,

we assume ¢ = 0.8° for the entire background region. Then,

d(b/dEforeground — d(b/dEtotal - dq)/dEbackground 2.10
simplifies to
2t 0.8°
Tso=7g [ (W)~ TO)sinvds =3,
0

which is the value of Jaq we use to calculate the foreground annihilation signal,
which we compare to the observed foreground flux. Had we not made this subtraction
correction, our limits on the cross section would be stronger by about an order of

magnitude.

2.3.3 INTEGRAL

The space-borne INTEGRAL (INTErnational Gamma-Ray Astrophysics Labora-
tory) observatory [235| has searched for gamma-ray emission in the Milky Way over
the energy range 20-8000 keV, using the SPectrometer on INTEGRAL (SPI). Teegar-
den and Watanabe [236] presented results of an INTEGRAL search for gamma-ray
line emission from the Galactic Center region (we use their zero-intrinsic-width re-
sults, as appropriate for the low dark matter velocities of the halo). Other than the
expected positron annihilation [112] and 26Al decay [237] signatures, no evidence of
other line emission was found.

To reduce backgrounds and improve the sensitivity of the line search, the mea-
sured intensity from large angular radii ( > 30°) was subtracted from that in the

Galactic Center region ( < 13°), resulting in a 3.5-0 constraint on the flux of very
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2 571 in the energy range 20-8000 keV. Our calcula-

roughly < 10~* photons cm™
tions must reflect this subtraction, which will somewhat weaken the sensitivity to
the dark matter signal. A similar correction was used in Ref. [238|. We use the same

technique as we used with the H.E.S.S. signal, and implement this as
13°
TAaAQ = 277/ (T (W) = T(>30°))sinpdy ~ 2. 2.12
0

Due to the decreasing trend of the dark matter profile, the intensity outside the
Galactic Center region will be largest at 30°, and accordingly we choose this value
to be as conservative as possible (a larger subtraction leads to a weaker upper limit
on (vo)). Had we not made this correction, our limits on the cross section would be
stronger by about a factor of 2.

In the case of the INTEGRAL data, we do not need to integrate the calculated
signal over an energy bin, since the data set we are comparing with is a gamma-ray
line search. This reduces the background, leading to stronger constraints in this

energy range.

2.3.4 Andromeda Halo Results

The Andromeda galaxy (M31) has been observed by several gamma-ray experiments,
all of which placed upper limits on the flux. EGRET, CELESTE, and HEGRA all
observed Andromeda, each encompassing a respectively smaller angular region of
that extended object. As the results were reported as flux limits from specified
angular regions, we compare to these using JanAS2, which is an input to Eq. (2.5).

EGRET viewed Andromeda with an angular radius of 0.5° and set a 2-0 upper
limit on the gamma-ray flux of 1.6 x 10~8 photons cm™2 s~! from 0.1 GeV to 2 GeV,
since no signal was seen [239]|. For the angular region of this observation, the flux

will be proportional to

0.5°
TraAQ = 27 T (W) sintpdyp ~ 2 x 1073 2.13
0
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CELESTE (CErenkOV Low Energy Sampling and Timing Experiment) is an at-
mospheric Cerenkov telescope in the French Pyrenees, which studies gamma rays
with energies greater than 50 GeV [240|. It viewed Andromeda in the energy range
of 50-700 GeV, and again no signal was seen [241]. A 2-o upper limit on the energy-

2 —1

integrated flux from Andromeda was reported as < 107!° photons cm™2 s~!; em-

ploying an angular radius of fops = 0.29° yields JaoAQ ~ 1 x 1073,

HEGRA (High Energy Gamma Ray Astronomy experiment) was an atmospheric
Cerenkov telescope, located in La Palma in the Canary Islands [242]. It took data in
the range 0.5-10 TeV, with better energy resolution than that of CELESTE [243]. It
used an even smaller angular radius of 8y, = 0.105°, which yields JaqAQ ~ 2x 1074,
HEGRA reported 99% C.L. upper limits for the gamma-ray line flux, and these can

be used directly.

2.3.5 Cosmic Diffuse Results

INTEGRAL [244], COMPTEL [245] and EGRET [246] have all made measurements
of the gamma-ray flux at high latitudes, and these can be used to set a limit on the
cosmic dark matter annihilation signal. The INTEGRAL data used here were those
collected in broad energy bins, much like those of COMPTEL and EGRET. The
cosmic gammarray background was also measured by the Gamma-Ray Spectrometer
aboard the Solar Maximum Mission (SMM) [247] over the energy range 0.3 — 8 MeV,

for a field of view of 135° in the direction of the Sun [248], and we include this data.

For the cosmic diffuse analysis, the framework detailed in Section 2.2.2 can be
applied. Note that for simplicity we calculate only the true cosmic diffuse dark
matter signal, neglecting any Galactic contribution along the lines of sight. This
contribution from the Galactic halo (which would add to the signal and thus make
our limits stronger) is significant for NEFW or steeper profiles and can even dominate

over the true cosmic dark matter signal; see YHBA and Ref. [249].
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Figure 2.2: The limits on the partial cross section, (vo),,, derived from the various
gamma-ray data. Our overall limit is shown as the dark shaded exclusion region.
For comparison, the light-shaded region shows the corresponding limits for the NF'W

(rather than the Kravtsov) profile.

2.4 Discussion and Conclusions

2.4.1 Limits on the Cross Section to Gamma Rays

In Fig. 2.2, we combine all of the upper limits on the partial cross section to monoen-
ergetic gamma rays, choosing the strongest limit for each value of the dark matter
mass. The shaded exclusion region shows our combined bound. These searches for
dark matter signals are limited by astrophysical backgrounds, and the general trend
of how the limits vary with mass follows from how these backgrounds vary with en-

ergy. We can estimate how the cross section limit should scale with mass, and how
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it should depend on the assumed spectrum of final-state gamma rays and the choice

of density profile.

Recall that we conservatively require the signal to be as large as the full mea-
sured background in an energy bin. The gamma-ray number flux of the signal inte-
grated in a logarithmic energy bin A(ln F) scales as Ed®/dE A(In E) ~ <v0>/mi,
provided that the bin is wide enough to contain the full signal. The gamma-ray
number flux of the background integrated in the same logarithmic energy bin scales
as Ed®/dEA(InE) ~ E/E* A(In E), for a background spectrum d®/dE ~ 1/E“.
For a narrow bin, the evaluation point is &' ~ m, . We then expect the upper limit on
the cross section to scale as (Vo) ~ mf’(“ A(ln E). For example, for the EGRET
diffuse data, « is slightly greater than 2, and so the cross section limits in this energy

range scale slightly less rapidly than as (vo)jimie ~ M.

Most of these experiments had modest energy resolution. To be conservative,
we assume an analysis bin with a logarithmic energy width of 0.4 in log;, E (i.e.,
A(ln E) ~ 1) for the Galactic and cosmic diffuse analyses; this is at least as wide
as the energy bins reported by the experiments. That is, even though we nominally
assume two monoenergetic gamma rays at £, = m,, our results have not taken
advantage of this fact. In effect, our results are what one would obtain for an
annihilation gamma-ray spectrum as wide as 0.4 in log;y E. The exception is the
INTEGRAL line search, where the excellent energy resolution is what leads to this

limit being stronger than expected from the general trend in Fig. 2.2.

Due to radiative corrections [111, 191] (see Section 1.5) or energy-loss processes 75,
76, 77|, there should be some gamma rays near the endpoint, and our results can
be scaled if the assumed branching ratio is less than the 100% used in Fig. 2.2. For
example, for charged-particle final states, the branching ratio to internal bremsstr-
ahlung gamma rays near the endpoint is Br(y) ~ a ~ 1072, See also Chapter 3,
where we use these internal bremsstrahlung gamma rays to place constraints on the

annihilation rate to charged particles. For neutral final states, there will typically be
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gamma rays or neutrinos near the endpoint. To be conservative about these details,
we chose a nominal minimum branching ratio to gamma rays near the endpoint of

10~*, as outlined in Section 2.4.2.

How would our results change if we considered an even broader annihilation
gamma-ray spectrum? We emphasize that the results shown in Fig. 2.2, which are
based on direct numerical integration, are already valid for spectra as wide as our
analysis bins. First, we should take into account the increase in the logarithmic
bin width. Second, to be more precise, the evaluation point for the background
spectrum should not be E' = m,, but rather £ = m, /a, with a > 1. This increases
the estimate of the integrated background, and hence the cross section limit, by a

factor ~ a® 1.

Thus, if we took the annihilation gamma-ray spectrum to be as
much as one order of magnitude wide, then our limits in Fig. 2.2 would be weakened
by at most a factor of several, depending on the background spectrum. (For the

INTEGRAL line search, the correction would be much larger.)

Given the large range on the axes in Fig. 2.2, and our intention to define approxi-
mate and conservative limits, this shows that our results are much more general than
they first appear. Similarly, the results in BBM [74| and YHBA [2| do not have a

strong dependence on assumed annihilation neutrino spectrum.

How sensitive are our limits to the choice of density profile? As noted, we chose
the rather shallow Kravtsov profile to be conservative. If we were to adopt an NFW
profile, which increases much more rapidly toward the Galactic Center (scaling with

radius as r~! rather than r—%%)

the annihilation rates would be larger and the cross
section limits correspondingly stronger. In Fig. 2.2, we show how our results would
change if we had used an NFW profile instead of the Kravtsov profile. At most
energies, the changes are modest, and illustrative of the potential uncertainties. The
only significant change to the combined gamma-ray limit is for the H.E.S.S. Galactic

Center Ridge case, which is based on small angular radii. In the NFW case, the

steeper profile gives an overall larger intensity and a smaller signal cancelation when
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Figure 2.3: The gamma-ray and neutrino limits on the total annihilation cross sec-
tion, selecting Br(yy) = 107* as a conservative value. The unitarity and KKT
bounds are also shown. The overall bound on the total cross section at a given mass

is determined by the strongest of the various upper limits.

the background is subtracted. A fuller discussion of how the annihilation signals

depend on the choice of dark matter density profile is given in YHBA.

Subsequent to publication of Ref. [250] which this chapter is based on, Refs. [251,
252] used data from Fermi to perform a gamma-ray line search between 1 and 400
GeV. As expected, the improved sensitivity of Fermi and a dedicated line search
analysis of the data leads to strong upper limits over this energy range, although
unlike our constraints, the upper limits will not apply to channels with broader

annihilation spectra.
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2.4.2 Limits on the Total Cross Section

Unsurprisingly, the cross section bounds derived under the assumption of monoen-
ergetic gamma rays are substantially stronger than those defined similarly for final-
state neutrinos in Refs. [74, 2]. (At the highest masses, near 10* GeV, this is no
longer true, first because of how the values of the signal-to-background work out,
and then because we do not presently have good gamma-ray data or limits at higher
energies.) Indeed, this was an assertion in those two works that we have now justified
in more detail than before.

It is unrealistic to have Br(yy) = 100%, of course, if one is trying to set a limit
on the total cross section. If Br(y7) is known, then a limit on the total cross section
can be determined by dividing the limit on the partial cross section to that final

state by the branching ratio:

2.14

<vo->total =

In typical models, this process occurs via a loop diagram, with a branching ratio of
1073 or smaller [20, 42, 43]. To be conservative, we must just choose a value such
that it is implausible that the true branching ratio could be smaller. We therefore
assume Br(yy) = 1074, but this choice could be debated. As noted, our analysis uses
wide logarithmic energy bins, and so, at the very least, would capture the gamma
rays near the endpoint due to internal bremsstrahlung from charged particles [111,
191]. (Similarly, as a general point, limits on the total cross section defined by
assuming only WW ™ final states [253] would have to be corrected by dividing by
Br(W*Tw™).)

Figure 2.3 summarizes various limits on the total cross section, including the
one just described, the unitarity bound described in Section 1.3.1, and the neutrino
bound described in Section 1.3.2 (based on the Milky Way signal and the Kravtsov
profile). The constraint labelled ‘KKT’ comes from the requirement that annihilation

does not drastically alter the density profiles of dark matter halos in the Universe
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today. In the model of Ref. [22], a large self-annihilation cross section was invoked
in order to reconcile predicted cuspy density profiles with the flatter ones inferred

from observation, requiring

(OAV)KKT =~ (3 x 107" e¢m? sfl) [%} . 2.15

We re-interpret this result as an approximate upper bound, beyond which halo den-
sity profiles would be significantly distorted by dark matter annihilation. Note that
this limit is very weak for all but the lightest masses. The standard cross section for
a thermal relic is also shown. Note that our limits bound (ve) directly, independent
of whether o is s-wave or p-wave dominated. These results, combined with those in
our Fig. 2.2, strongly constrain the possibilities for large dark matter annihilation
signals, e.g., as assumed in Ref. [254].

When shown in this way, it becomes clear how surprisingly strong the neutrino
bound on the total cross section is, as it is comparable to the bound obtained using the
gamma-ray flux limits and a reasonable assumption about the minimum branching
ratio to gamma rays. It is very important to emphasize that while the gamma-ray
bound on the partial cross section had to be divided by a realistic Br(y7), this is
not the case for the neutrino bound, as explained above. If we assume only SM final
states, then all final states besides neutrinos lead to appreciable fluxes of gamma
rays, and hence are more strongly excluded. Of course, the gamma-ray and neutrino
cross section limits can both be weakened by assuming an appreciable branching

ratio to new and truly sterile particles.

2.4.3 Conclusions and Prospects

Using gamma-ray data from a variety of experiments, we have calculated upper limits
on the dark matter annihilation cross section to gamma rays over a wide range of
masses. These limits are conservatively defined, in terms of our analysis criteria, our
assumptions about the uncertain dark matter density profiles, and the gamma-ray

spectrum. While our results were nominally defined for monoenergetic gamma rays
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with E, = m,, we have shown that all of our results except the INTEGRAL line
flux limit are only weakly dependent on this assumption. The limits obtained for
more general gamma-ray spectra would only be somewhat less stringent.

There are good prospects for improved sensitivity with present and upcoming
gamma-ray experiments, particularly as Fermi and H.E.S.S. data continues to be
released. As shown by Refs. [251, 252], detailed searches and analyses by the exper-
imental collaborations themselves does also lead to improvements. These searches
for dark matter signals are already background-limited, which will limit the possi-
ble improvements. Future experiments should be able to make reductions in the
backgrounds by taking advantage of better energy and angular resolution, and by
reducing the residual diffuse emission by subtracting astrophysical components and
resolving individual sources.

Using a conservative choice on the branching ratio to gamma rays, namely Br(y7)
10, we defined an upper limit on the total dark matter annihilation cross section
by dividing our limits on the partial cross section to gamma rays by this branching
ratio. At intermediate energies, the upper limit on the total cross section defined
this way is comparable to previous upper limits defined using neutrinos |74, 2, 78|.
The combined limit is considerably stronger than the unitarity bound |71, 72|, or
the cross section of Ref. [22], which would lead to substantial modifications of dark
matter halos. For the relatively large cross sections considered here, the dark matter
could not be a thermal relic; additional work is needed to push the sensitivity of these

and other techniques down to the expected cross section scale for thermal relics.
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Photon Bremsstrahlung Constraints on Dark

Matter Annihilation into Charged Particles

3.1 Introduction

We focus here on the process xx — eTe™ in which DM annihilates to an electron-
positron pair, though we shall also look at the other charged leptons. Although the
branching ratio to this particular final state is model-dependent, it is a significant
channel in a wide range of models. For example, while annihilation to fermions is
often helicity suppressed as described in Chapter 5, Kaluza-Klein DM features large
(unsuppressed) annihilation rates to leptons [255, 256, 257|, as does the Dirac DM
model of Ref. [258]. Due to recent observations of an excess in the positron flux,
numerous authors have proposed models in which annihilation to charged leptons is
significantly enhanced, as discussed in detail in Section 1.3.6. This recent interest
makes upper limits on the cross section to these annihilation products particularly
interesting. In addition, various other SM final states, such as WW~ and ZZ,
produce [T1~ via their decays and hence a flux of charged leptons is of generic

interest in a large variety of DM models.

Several techniques may be used to constrain the production of eTe™ within galac-
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tic halos, many of which rely on the fact the charged particles inevitably produce
photons. Signals considered include electrons, positrons, gamma rays, X-rays, mi-
crowaves and radio waves. Electrons and positrons undergo diffusion and energy
loss processes between production and observation, introducing large uncertainties
into the calculation. Photons are produced by the various energy loss processes that
charged particles undergo in a galactic halo, examples of which include synchrotron
radiation due to the propagation of e* in galactic magnetic fields, and inverse Comp-
ton scattering of electrons from interstellar radiation fields, e.g., [75, 76, 77, 259, 98,
253, 260, 261, 262, 263|. The drawback of these techniques is a significant depen-
dence on astrophysical inputs, some of which are poorly known. Uncertainties in
magnetic field strengths, radiation backgrounds, and electron diffusion scales all en-
ter the calculations in an involved fashion. See Chapter 6 for a detailed discussion

of diffusion.

Charged particles also produce photons via electromagnetic radiative corrections,
introduced in Section 1.5; see also Refs. [111, 191, 192, 193, 194, 199, 264, 265, 266.
The lowest order dark matter annihilation process xx — e*e™ is necessarily accom-

Te~~. This is an internal bremsstrahlung

panied by the radiative correction yy — e
(IB) process, also known as final state radiation (FSR), meaning that the photon
arises at the Feynman diagram level and is not due to interaction of charged par-
ticles in a medium. Importantly, for a given annihilation cross section, (vo)g+.—,
the accompanying flux of IB photons can be determined without knowledge of the
new underlying particle physics which mediates the DM annihilation. Moreover, 1B
suffers none the drawbacks of the competing inverse Compton and synchrotron tech-
niques outlined above. While inverse Compton and synchrotron fluxes are dependent

on conditions of the astrophysical environment, the IB flux is always present and its

normalization and spectrum are pre-determined.

In this chapter we use IB emission to derive robust upper limits on the dark matter

annihilation cross section to electron-positron pairs, (vo).+.-, over a wide DM mass

ete
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range spanning ~ 1073 — 10* GeV. We calculate DM annihilation fluxes produced
in the Galactic halo, and compare with the gamma-ray backgrounds reported by
COMPTEL, EGRET and H.E.S.S. We also look at data for the M31 (Andromeda)
Galaxy, to fill a gap between the energy ranges covered by EGRET and H.E.S.S. We
explicitly demonstrate how our limits vary according to the assumed DM halo profile
(our one source of uncertainty) and also compare our limit on the annihilation cross

section to eTe™ with corresponding bounds on the ~+y and vv final states.

3.2 Internal Bremsstrahlung

If DM annihilates to produce charged particles, the lowest order processes will always
be subject to electromagnetic radiative corrections, resulting in the production of
real photons. In particular, the annihilation yx — eTe™ will be accompanied by
the internal bremsstrahlung process xx — e"e~ 7. A photon may be emitted from
either the final state et or e~, with a cross-section proportional to o =~ 1/137.
See Refs. [267, 264, 111, 191] for a detailed discussion. Following Ref. [111], we
use the cross section for the process e™e™ — pt ™, with emission from the final
state muons only, as an analog for the similar process xy — ete 7y, replacing the
electron and muon masses with the DM and electron masses respectively. From
Refs. [111, 268, 269], the differential cross section for this process is
2
@ = G) [ ()

2

where E is the photon energy, s = 4my,

s' = 4dmy(m, — E), and oy is the tree-
level cross section for xxy — eTe™. Note that o factors from the IB cross-section.
This important feature implies that the IB spectrum is independent of the unknown
physics which mediates the lowest order annihilation process [111] (See also Chapter

6 of |267]). The photon spectrum per yx — e*e™ annihilation is therefore given by

AN, 1 dop
= —, ..2
dFE Otot, dEfy 3
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Figure 3.1: Internal bremsstrahlung gamma-ray spectra per xy — ete™ annihilation,

for m, = 100 GeV, 200 GeV, 500 GeV, 1000 GeV.

This spectrum is shown in Fig. 3.1 for various choices of the DM mass, where a sharp
edge in the spectrum at £ = m, is evident.

Note that we consider only radiation from the final state particles, and not from
any internal propagators. In some supersymmetric scenarios in which annihilation
to fermions is helicity suppressed, bremsstrahlung from internal propagators can be
particularly important as it can circumvent this suppression; see Refs. [192, 193, 194,
199] and Chapter 5. We do not consider these model-dependent processes. Note,
however, that the presence of such emission would only increase the gamma-ray flux

we calculate, and hence strengthen the cross section limits derived.

3.3 Analysis of Annihilation flux

Our analysis technique is similar to that followed in Chapter 2. Recall that the
gamma-ray flux per steradian due to DM annihilation in an observation region of

angular size AS) is

dd, (vo) Jaq dN,
— = -3.3
dE 2 4mm2Jy dE
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where dN., /dE is the gamma-ray spectrum per annihilation, and all other parameters
are defined in Section 2.2.1. For the IB emission associated with annihilation to e*,
we must replace (vo) with (vo)+.- = (vo) x Br(ete™), while dN,/dE is given by
Eq. 3.2.

In order to ensure our upper limits on the annihilation cross section are robust,
we again adopt the conservative Kravtsov profile. We also show how results are
strengthened by using the Moore or NFW profiles.

We use Galactic gamma-ray data from COMPTEL [229], EGRET [230] and
H.E.S.S. [233], together spanning the broad energy range 1072 — 10* GeV. As there
is a small gap between the energy ranges covered by EGRET and H.E.S.S., we use the
observations of the M31 (Andromeda) galaxy made by CELESTE [240] to calculate
constraints for this energy interval.

The Galactic gamma-ray background measurements reported by COMPTEL,
EGRET and H.E.S.S. are given in approximately log-spaced energy intervals, with
energy bins of size ranging from from Alog E ~ 0.2 — 0.6. We calculate the IB
gamma-ray flux for the observation regions viewed by these experiments, using the
methods outlined above and in Section 2.2.1, and compare with the observational

data. Upper limits on (vo).+.- are determined by requiring that the IB flux due

ete
to DM annihilation be lower than 100% of the observed gamma-ray background
flux in each of the experimental energy bins. Given that a large fraction of the
observed gamma-ray background is likely to be astrophysical in origin, and not due
to DM annihilation, taking the total background flux to be an upper limit on the
DM annihilation signal is an extremely conservative approach.

For each energy bin, we take the DM mass to be equal to the upper energy limit
of the bin, and integrate the IB flux over the width of the bin. Fig. 3.2 shows the

quantity

mx dNA/ o 1 X dorg
/ g = /Emm e F

Erin Otot

which is the number of photons per annihilation as a function of bin size, for 1B
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emission from e*, and my = 1000 GeV. (Since m,, enters Eq. 3.1 via a logarithm,
variation with m,, is only very mild.) This indicates how the size of the energy bins
affects our results. For comparison, the number of photons per annihilation for the
process xx — v (for which dN, /dE = 26(m, — E)) is also shown. Note that the
IB cross section is proportional to 1/E, so for sufficiently low photon energy the
IB probability becomes large and one must account for multiple photon emission.
However, we are not working in this regime, and in fact obtain our limits using the
flux near the endpoint of the spectrum. Despite the fact that the IB flux is small,
we have enough hard gamma rays near the endpoint to result in strong bounds. For
typical parameters, the IB flux per annihilation to e* is smaller than the photon
flux per annihilation for yx — v by a factor of 102. This is expected, given that
the IB cross section is suppressed by a factor of a with respect to the tree level DM
annihilation process.

We compare the flux from COMPTEL, EGRET, H.E.S.S. and CELESTE with
the IB signal calculated for an energy bin of size 10_0'4mX — m,. This is extremely
conservative, as we are constraining the cross section by requiring that the annihila-
tion flux in a small bin be less than or equal to the observed flux in a much larger

bin.

3.4 Discussion

In Fig. 3.3 we show the upper limits on (vo).+.- as a function of DM mass, using
the observational data described above. We give the Galactic Center results for the
conservative Kravtsov profile, the more commonly-adopted NFW profile, and the
steep Moore profile. For the CELESTE observation of M31, differences between these
profiles are expected to have a modest effect on the results, as a large portion of the
galaxy is within the field of view; in Fig. 3.3 we show the CELESTE constraint using
only the Kravtsov profile. As discussed in Section 2.2.1 and shown in Figure 1.2, while

the Kravtsov, NF'W and Moore profiles diverge towards the center of the Galaxy,
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Figure 3.2: Number of gamma rays per DM annihilation (fEmm dE dN,/dE) as a
function of the lower limit of integration, for IB emission from xx — eTe™ (solid).
A typical bin size used in the analysis is shown. The DM mass used is 1000 GeV;
variation with m, is very small. Shown for comparison is the number of photons per
annihilation for the process xx — 77 (dashed) in which the photons are always at

the endpoint.

they are similar at large radii. This leads to large variations in Jaq between profiles
for small observation regions around the Galactic center, and modest variations for
large regions, as shown in Figure 1.4. This is manifest in our results. As the EGRET
and COMPTEL observations encompass relatively large angular scales, the density
profile changes have a modest effect. On the other hand, the H.E.S.S. constraints
correspond to a much smaller angular region toward the Galactic Center, and vary
by orders of magnitude depending on the profile adopted. As in Chapter 2, to
be conservative, we do not consider the possibility that DM annihilation rates are
enhanced due to substructure; such enhanced annihilation signals would result in

stronger upper bounds on the cross section.

We can estimate the way that the cross section bounds scale with the DM mass.
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Figure 3.3: Upper limit on (vo).+.~ as a function of DM mass for the Kravtsov

(solid), NFW (dashed) and Moore (dot-dashed) profiles.

The spectrum of the galactic gamma-ray background falls off with energy as d®/dE ~
E~% where, e.g., « is slightly larger than 2 in the EGRET and HESS energy ranges.
The IB signal scales approximately as d®/dE ~ (vo)m > E~" (where accounting the
full energy dependence in Eq. 3.1 has only a small effect on this scaling). Given this
scaling with F, it is clear that the strongest constraints arise from the endpoint of
the spectrum. In addition, small bin size is optimal for obtaining strong constraints.
If we integrate the flux over an energy bin of width xm, to m,, the IB flux within
the energy bin is proportional to <va>m;2 (ignoring logarithmic corrections) while
the background flux is proportional to m;, o+l (for fixed ). The cross section limits

[e7

then scale with m, as (vo) ~ mg’(_ and thus rise as m, if o ~ 2.

In Fig. 3.4 we show the upper bounds on the annihilation cross sections into
ete”, uTpu~, and 7777, based upon the IB emission from each final state (all use
the conservative Kravtsov profile). As the mass of the charged lepton increases, the

rate of IB emission decreases and thus the upper bounds on the cross sections become
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Figure 3.4: Upper limits on the partial cross sections Br(ii) X (vo)otq for various final
states ii = eTe™ (solid black; labelled), utu~ (thick dashed; labelled), 77~ (thick
dashed; labelled), v (red; labelled), and vv (blue; labelled), using the conservative
Kravtsov profile. Each of these partial cross section limits is independent, with no
relationship assumed between the branching ratios to particular final states. Also
shown are the KKT (thin dashed) and unitarity (thin dot-dashed) limits on the total
cross section described in the text, and the cross section for thermal relic DM (natural

scale). The v and pv limits are taken from Fig. 2.2 and Ref. [2], respectively.

63




CHAPTER 3. PHOTON BREMSSTRAHLUNG CONSTRAINTS ON
DARK MATTER ANNIHILATION INTO CHARGED PARTICLES

weaker. However, as the IB spectrum depends only logarithmically on the charged
lepton mass, this effect is mild, particularly for large DM mass. We have used Eq. 3.1
to calculate the IB flux over the entire mass range, and present limits which range
from high m, down to just above threshold. We expect modifications to Eq. 3.1
in the limit that the charged leptons are non-relativistic, but this will only affect a
small mass range close to threshold. In the case of annihilation to 7+, we have not
considered the gamma rays that arise from hadronic decay modes of the 7 leptons

(see e.g., Ref. [191]) which form a broad spectrum centered on the pion mass.

Using Fig. 3.4, we may compare the limit on the annihilation cross section into

et

e~ with that for vy from Fig. 2.2. As anticipated, the bound on (vo).+.~ from
IB is weaker than the bound on (vo),, by a factor of ~ 1072 ~ a. This difference
can be understood by comparing the number of hard gammas near the endpoint,
E., = m,. For annihilation to v, there are always two monoenergetic gamma rays
at the endpoint. The IB spectrum, integrated over a typical bin width (see Fig. 3.2)
results in a flux that is smaller than this by only a factor of less than 100. That IB

provides a limit this close to the ideal v channel illustrates the importance of the

IB technique.

We stress that our IB limits apply to the partial DM annihilation cross sections,
(vo);+;-, rather than the total annihilation cross section, (vo). The two are related
via (vo)y+;- = Br(IT17){vo). While the branching ratios are entirely dependent on
the choice of DM model, there are many scenarios which feature large branching
ratios for direct annihilation to leptons, such as Kaluza-Klein DM, or the models
reviewed in e.g. Refs. [151, 152, 153]. Our constraints can be readily applied to any
particular model, simply by dividing the (vo);+;- bounds by the relevant branching

ratios.

Also shown in Fig. 3.4 are a number of upper bounds on the total annihilation
cross-section: the unitarity limit (see Section 1.3.1), and the KKT limit described in

Section 2.4.2. Recall that the limit on annihilation to v also defines a strong bound
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on the total DM annihilation cross section, as shown in Section 1.3.2. If we assume
annihilation to only Standard Model final states, a conservative bound on the total
cross section is obtained by assuming the branching ratio to neutrinos (the least de-
tectable final state) is 100%. Any other assumption would lead to appreciable fluxes
of gamma rays and hence be more strongly constrained. Dark matter annihilation
into neutrinos was examined in Refs. [74] and [2]. The upper bound on (ve)y, shown
in Fig. 3.4 (taken from [2]) shows that the neutrino constraints are quite strong, par-
ticularly for large DM mass. In fact, due to electroweak bremsstrahlung (radiation
of W and Z bosons, rather than photons) neutrinos are also inevitably accompanied
by photons and other particles; See Chapters 4, 5 and Refs. [82, 83, 84, 85]. The
rate of this emission is model-dependent, and the resulting bounds can be weaker
or stronger than the bounds from neutrinos, as seen by comparing Chapter 6 with

Ref. [83].

If DM annihilates to e*, photons will be produced not only by IB, but also by
energy loss processes including inverse Compton scattering and synchrotron radia-
tion. In particular, radio wavelength signals produced via synchrotron emission have
been the focus of much recent attention, e.g., [98, 253, 260, 261, 262]. However, the
intensity of synchrotron radiation depends on a number of uncertain astrophysical
parameters, such as magnetic field strength, radiation field intensities, and electron
diffusion scales. By contrast, IB is free of these astrophysical uncertainties, and has
a fixed spectrum and normalization. Another key difference is the energy of the
photons. Synchrotron radiation produces generally low energy photons, while 1B
provides some hard gamma rays near the endpoint. Since the background flux falls
off with energy, these hard gamma rays are extremely useful. The sharp edge in the
IB spectrum at E' = m, can be used to diagnose the DM mass; this is not possible

with synchrotron radiation.

Nonetheless, it useful to take the synchrotron based cross section bounds as a

reference point to compare with our IB based bounds. Our conservative IB bound
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on (Vo ).+, is comparable to conservative bounds on (vo)y +y- obtained from syn-
chrotron radiation. For example, Ref. [262] obtains (vo)y - < 4 x 107 24cm3s™!
(4 x 107 Bcm3s™!) at 100 GeV (1 TeV) assuming an NFW profile and conservative
magnetic field choices (lower panel of Fig. 6 in Ref. [262]). This is to be compared
with our IB result of (v0),+.- <2 x 10723cm3s™! (4 x 10724cm3s™!) at 100 GeV (1
TeV), again assuming an NFW profile. (The results of Ref. [262] are very similar to
those of Ref. [260], though weaker than those of Ref. [253], in which less conservative
assumptions were made.) Note that these synchrotron studies assume annihilation
to WHTW ™ (or gq) which then decay to electrons, rather than direct annihilation
to ete~. Therefore, these electrons are not at the DM mass, and have instead a
broad distribution of energies centered on the W mass. The synchrotron analyses
in [262, 260, 253| thus serve only as an interesting reference point for our work, and
not as a direct comparison.

Many groups have recently proposed models in which DM annihilates directly to
charged leptons, with cross sections well above that expected for a thermal relic. This
may account for anomalies in cosmic ray spectra from Fermi, PAMELA and ATIC,
and microwave signals from WMAP; all of which seem to require more electrons and
positrons than can be explained otherwise; see Sections 1.3.5 and 1.3.6 for details.

Our bounds on (vo);+;- directly constrains the allowed parameter space for these

types of DM models.

3.5 Conclusions

Dark matter annihilation into charged particles will necessarily be accompanied by
gamma rays. Internal bremsstrahlung from final state charged particles can produce
hard gamma rays, close to the endpoint defined by E, = m,, with an approximately
model independent spectrum. Using Galactic gamma-ray data, we have calculated
upper limits on the dark matter annihilation cross section to ete™ and other charged

leptons. We have made conservative assumptions about the astrophysical inputs, and
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demonstrated how our derived bounds would be strengthened if the Galactic halo has
a steeper density profile than assumed. The upper bound on the annihilation cross
section into eTe™ is weaker than that for the ideal v final state by only a factor of
< 10%. For a wide range of masses, our upper bound on (vo).+.- is stronger than
the bound on the total cross section defined by neutrinos, the least detectable final
state. Compared with recent constraints on DM annihilation cross sections based
upon synchrotron radiation, the internal bremsstrahlung constraints on (vo)+.— are
broadly comparable in strength. However, synchrotron emission depends strongly
on poorly known astrophysical inputs, such as Galactic magnetic field strengths. In
comparison, the normalization and spectrum of IB radiation is fixed, independent of

any astrophysical inputs, and is thus an extremely clean technique.
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Electroweak Bremsstrahlung in Dark Matter

Annihilation into Neutrinos

4.1 Introduction

In Chapter 3 we have shown that dark matter annihilation to charged particles
will always be accompanied by gamma rays due to photon bremsstrahlung. In ad-
dition, electroweak bremsstrahlung of massive W* and Z gauge bosons, introduced
in Section 1.5, is important to consider. The decay of the W/Z’s will inevitably lead
to production of photons, hadrons and leptons, even if the dark matter annihilates

only into neutrinos at the 2 — 2 level. In this Chapter we consider such a model.

The general upper bound on the total DM annihilation cross section defined via
the limit on yx — v, described in Section 1.3.2, is surprisingly strong. (See Chap-
ter 2 for a comparison between photon-based and neutrino-based limits.) However,
as we have hinted, a scenario in which neutrinos alone are produced in the final
state is technically impossible. Even leaving aside the theoretical issue that a direct
coupling of DM to only neutrinos violates the SU (2)-invariance of the weak interac-
tion, electroweak radiative corrections imply indirect couplings to states other than

neutrinos. For example, for energies above myy z, electroweak bremsstrahlung of W
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X v X v(l™)

(a) (b)

Figure 4.1: The lowest order tree level process xx — vv (left) is accompanied by

electroweak bremsstrahlung processes (right).

or Z bosons can occur at sizeable rates [82, 83, 85, 195, 196, 197, 198] (see Fig. 4.1).
The hadronic decays of these gauge bosons produce neutral pions, which decay to
gamma rays. Even for energies below myy, processes involving virtual electroweak
gauge bosons will lead to particles with electromagnetic interactions, though the rate
for such processes is suppressed at low energy.

Kachelriess and Serpico have estimated the constraints on the cross section for
xXx — v (and hence on total DM annihilation cross section) by considering gamma
rays produced via the accompanying process xx — vvZ [82]. This was updated in
[83]. We present here an explicit calculation of the branching ratios for the elec-

troweak bremsstrahlung processes xx — vvZ and yyx — veW.

4.2 W-strahlung

We shall first consider DM annihilation to four body final states via W-strahlung,

Te~vv process shown in Fig. 4.2, and calculate

an example of which is the yxy — e
the ratio of the cross section for this process, to that for the lowest order tree level
process xx — vv. For simplicity, we will assume that the coupling between the
DM-current and the neutrino-current is mediated by a scalar boson “B”. Given

this scalar coupling, the terms in the matrix element involving the initial state ()

particles will factorize from the full matrix element. It is thus useful to consider the
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X e (k2)

X v(ky)

Figure 4.2: Feynman diagram for the W-strahlung process yx — e oWt —

ete v

matrix element for the decay of the virtual B*.

We will first discuss the phase space calculation, and begin by noting that it is
useful to treat the process shown in Fig. 4.2 as a sequence of three 1 — 2 particle
decays of a virtual particle, viz., B*(P) — v*(q) + v(k1), followed by v*(¢) —
W*H(Q) + e~ (kz), followed by W*t(Q) — v(lz) + et (l1). The four-body final state

Lorentz-Invariant Phase Space (LIPS) is given by

LIPS == 27‘1’ /dkﬁz/dkl/dlg/dll

X 54( —ll—lg—kl kQ

where dk = (2m) 3 d3k/2ko, etc. We integrate over the momenta of the virtual

particles by inserting

d'qd'Qs* (g — ks — Q) 61(Q — Iy — Io),

which ensures momentum conservation for the virtual processes. The phase space

then factorizes into a product of three separate two-body phase space factors con-
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volved over the two virtual particle momenta:

LIPSYW = / /dQ2 </ (2m)*et (P — q_kl)de/ﬂ)

X (/(277)454((1 —Q — k) dQ dk:2> (/(%)454(@ — 1y — o) dly dzg>
— / / dQ” / dLIPS®) (P? 4% k%)
% /dLIPS (¢, Q% k2) /dLIPS 2(Q%,12,13).

Each two-body differential phase space factor is easily evaluated in the respective

two-body center of momentum (CoM) frame, using the expression

1 VAz,y,2) (dQ
dLIPS® S AA L AR e 44
(z,9,2) 8 x A )’ (4.4)
which we derive as follows. We begin with
2lpl 1 (dQ
dLIPS®(E 2 = 4
S(Brtd) = oo (1)

from A.58 of [267], where df) is the CoM solid angle, and |p] = [pT™| = |pS™M|. We
can evaluate |p] in terms of the total energy of the system and the final state particle

four-momenta squared, p?, p3 (which for an on-shell particle is the mass squared),

p? = Ef-pi=E;-
— Ej = Ef—pi+ps.

Eliminating Fs from 4.6 using Foy = Fy + Eo,

E¢y — 2EcmEy + EY = EY —pl+ps
52 2 _ 9
B - oM tPiTPy
2EcMm

we find

Eg\+pi—p3 2

2
2|ﬁ| B 2\/E% —p% _ 2\/( 2Ecm ) P

Ecm Ecm Ecm
A(EZ g 11, 13)
_ .4.8
B
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where A(z,y, z) is the triangle function given by
Mz, y,2) = 22 +y* + 2% — 22y — 202 — 2yz.

We can then write the phase space in a form useful for our calculation,

11 P ¢ VP ¢t —2P2@2 [ dQ)
LIPS®W — / 2 / 2 r
5 6t ), ) 9 P2 A
y \/q4 + Q4 _ 2q2Q2 dﬁq
q? 4
11 [P ¢ P?— (¢ - Q*
(2m)* Jo 0 q
Q Q
x <d4—P> (%) / dLIPS(Q?,0,0). 4.10
7I8 7I8

Here and throughout, we neglect the masses of the leptons, hence k? = k3 = I? =
l% = 0. We next calculate the matrix element for B* — v,e " W* — p.e ve.et,

which is given by
g [ q+my
MW = gBE u(kg)’)’MPLmU(kl)

<fattapp o) (o + LEY (o ). (G

where we use the projection operator Py, = #, and the (non-standard) Brv and
(standard) Wwve couplings are gg and g/v/2 = e/v/2 sin 6, respectively. We have
expressed the matrix element in Eq. (4.11) in Unitary gauge, where we do not need
to include diagrams with unphysical Goldstone bosons. After squaring and summing

over spins, we find

D T = TG, P G T P

spins

X

rOV AOP
Tr [ys70 Yoo Pr] €40 (—g“” AL ) (—g”’ - %)

2
myy

The gauge boson momentum ) = 1 +1o, and so when contracted with the traces, the

Qm‘LQQ " and QT;QP terms are each proportional to I3 ,/m,. Recall that we neglect the
w w ’

mass of the [y o particles, and so we consider the g"” ¢ term only. We then evaluate
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the traces and perform the integration over the momenta [; and ls to obtain

o , 1 959"
/ ALIPSHQ0.0) ) IMwl = 5555 (@2 = miy)? + (mwTw)?]

spins

+[85(Q k)@ 0) + 45 Q% (z - ) — 8% (Q - k2)(@ - P) = 4Q%¢* (ks - P)|
= — 99" (s — ) (@ — QO)(¢® + 2Q?)

324 (2m) ¢4[(Q% — mZ)? + (mwlw)?]

where s = P? is the center of mass energy squared, and we have made use of the
identity

1
/ ALIPS (@2,0,0) {1} = - 20°Q° + @%"). 114
0
and the scalar products

(¢* = Q)P — ¢°)

ki-ky =
1 K2 1
2 2
7 —Q
2 2
¢t Q
q-Q = 5
P2_ 2
gk = 2q. 415

We now multiply this partial result by the remaining part of the phase space in

Eq. (4.10), and perform the integrations over dQ2p, d,, and ¢?, to obtain

2 4 s 1
dLIPS™ 2= 959 __ / dQ?
/ Z M| 3-28(2m)5s Jo @ (Q%? — m¥)? + (mwTw)?

spins w

@ (s — )2 (2 — Q)2 (A +2Q%) (dp\ [d
X/s A’ q" ( dmr > (47rq>

9125 94 B 2 1
9-28(2m)°s /0 dQ Q2 — m%,[,)2 + (mwTw)?
Q2

X <—s3+9Q232+9Q43— 17Q° +6Q*(Q*+35) In [—D

S
_ - iy s
T 9B@np Jy Y 2, (Tw)’
(yaw —1) +(m)

X (1+17y3—9y2—9y—(6y3+18y2) ln(y)), 4.16
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v(k2)

v(k1)

Figure 4.3: Feynman diagram for the process B* — vv

expressed in terms of dimensionless scaling variables y = Q*/s and zw = s/m3,.
We wish to compare this rate with that for the B* — .7, shown in Fig. 4.3. The

matrix element for this process is
M, = ﬂ(kg) gB U(/ﬁ), 4.17

where ki, ko are the momenta of the final state neutrinos. Evaluating in the CoM

frame, we find

2 377 J37
[aL1ps® ST 1M = [ k) 5P by — ) PR

" 47‘1’2 E1 E2
spins
2
R
= ZB° 4.18
4
The resulting expression for the ratio of rates for these two processes is
[dLIPS®™ > spins [Mw[? _ D(= e W = vepeete)
JALIPS®) Y o IMyp[? T(— vele)
4 Vo1 4+17y3 — 9y? — 9y — (6y° + 18y?)1
_ g x%V/dery y° =9y — (6y° + 184" ) In(y) 7=
32 27 (27’(’)4 0

(yaw — 1)+ (B)”

mw

In Fig. 4.4 we plot the integrand of Eq. (4.19) versus y = Q?/s, for the values
TWw = s/m%,v =0.9, 1.0. 1.1, 1.5, 2.0, and 5.0. The figure reveals that, for zy = 1.5,
i.e, for my ~ /s/2 Z 0.6myy, the rate I'(— vei.eTe™) is dominated by the on-shell

W-resonance. (Apparently, the ¢~* pole in Eq. (4.13) is effectively negated by the
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Figure 4.4: Integrand of Eq. 4.19 versus y = Q?/s; in ascending order of the curves,

the values of zw = s/m3, are 0.9, 1.0, 1.1, 1.5, 2.0, and 5.0.

vanishing of massless three-body phase space for v ete™ at ¢> = 0.) Thus, we are

justified in using the narrow width approximation (NWA) for the W-propagator

1 T

(@2 =21+ (TP~ MT

5(Q* — M?). 4.20

With this approximation, the cross section factorizes into the on-shell production
and subsequent decay of the W boson, and the contribution from virtual (off-shell)
W bosons is neglected. Using the NWA approximation, the integral in Eq. (4.19) is

easily evaluated. The resulting ratio of widths becomes

D(=% FWF = Al

I'(— vo)
4
g mw
= X)X R G Ty W

17 9 9 6 18
X 1—|—T—T——+ T+T hl(:ﬂw) .
Ty Ty Tw Ty Ty

Here we have dropped the flavor subscript on the (anti)neutrinos since this ratio
remains the same when flavors are summed, and multiplied by a prefactor of 2 x 9,

which we now explain. The “2” comes from adding the W~ -strahlung channel to
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the W™ channel. Note that the two amplitudes do not interfere since the charges
of the produced W’s, and therefore of the pairs they produce with invariant mass
M ~ myy, are distinguishable. The “9” comes from summing over all decay channels
available to the decaying W. We have three leptonic channels, and two quark flavor
channels, the latter multiplied by three for color channels.

We may also evaluate the W-width. At the level of our calculation, we have for
this quantity

2

g
T'w = (9 e . 422
w=( ) 8 481 mw

The “9” here is the same final state count that appeared in Eq. (4.21). Inputting this

width into Eq. (4.21) and using g? = 47a/ sin® f,,, we arrive at our final expression,

Ry = <74”§‘126w> (%) 423

17 9 9 6 18
X 1—|—T—T——+ T+T ln(xw)
Ty Ty Tw Ty Ty

We note that this expression may also be obtained by directly computing the pro-
duction of real (on-shell) gauge bosons.

For our numerical work, we will take sin?6,, = 0.231 (sin"26,, = 4.33), and
a = 1/128 as appropriate for physics at the electroweak scale. This latter choice is
especially appropriate in light of the accuracy of the NWA; ¢? of the virtual neutrino

will itself have a value near the threshold for on-shell W production, i.e., at ~ m%/v

4.3 Z-strahlung

The cross section for the Z-strahlung process, yx — vvZ* — All, may be calculated
similarly to that for W-strahlung. For a scalar coupling as assumed in Fig. 4.2, there
is no interference between diagrams in which the Z is radiated by the v and v. Thus
the cross section for the Z channel is simply obtained from that for the W channel
given in Eq. (4.23) by dividing by a factor of 2cos? fyy ~ 1.54, and replacing xyy

with 27 = s/m?%, viz.
1

Ry (vz) = 2 cos? Oy

Rw(.%'z) . 424
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Note that the eTe™Z coupling differs from the 7vZ coupling, such that there is
interference between the two contributing diagrams. Here we are interested in a toy
model with annihilation to a neutrino pair only at the two-body level, so we do not

calculate these interference terms.

4.4 Discussion

Figure 4.5 shows the ratios Ry and Rz as functions of m,. We choose to plot rates
versus m, rather than xy and xz to make the presentation more physical, and to
better illustrate the difference between the W and Z rates. To convert from the
scaling variables to m,, we have used the expressions zg = s/m% ~ 4(m§< /mZ),
G = W, Z, appropriate for non-relativistic dark matter. The curve for Rz may
be directly compared to the points from [82], which we show. Qualitative but not
quantitative agreement is evident. Our results agree with the later results from [83].

Let us discuss some general features of Rg, G = W, Z. At large s > m%, we
expect a leading term linear in the dimensionless variable zg = s/mé. The factor
of s arises from the ratio of 3-body to 2-body phase space, while the numerator is
provided by the only other dimensionful quantity in the process. From Fig. 4.5, we
see that the leading linear term indeed dominates above x ~ 10, which corresponds
to my 2 1.5mg. Thus, we may write a very simple expression for the width ratio
at xg 2 10. It is

« Tw
Ry = [ —2& <—) i > 10, 405
W <47T sin? 9w> 12 or WK

and likewise times (2 cos? fy)~! for Rz. It is unsurprising that the inequality s >

> 1.5m¢g has appeared twice, earlier to put the W or Z on-shell,

10 mé < my 2
and here to impose the dominance of the leading term in the expression for W- or
Z-strahlung process.

In the very large s (or equivalently, the very large m,) limit, the branching

ratio for multi W/Z production will become sizeable. We may estimate the onset of
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Figure 4.5: The ratios of rates for W-strahlung (solid red) and Z-strahlung (dotted
blue) to vv production are plotted versus the dark matter mass m,. Evident is
the the dominance of the leading linear term in Eq. 4.21 above xg ~ 10. Extrap-
olations beyond m, ~ TeV hold some uncertainty due to multiple bremsstrahlung,
to possible yet unknown new physics, and eventually to re-summation of infrared

near-singularities.

double-W/Z production. The general formula for n-body massless phase space is

1 5 \n—2 1
LIPS™ = — . 4.2
S 8m <1671'2) (n—1)!(n—2)! 0

Neglecting combinatoric factors, the perturbative expansion parameter for addi-
tional W/Z bosons is then (%)2 6~ ami/mQG. Thus, perturbation theory
becomes unreliable and multiple W/Z production occurs when zg ~ 27/a, or

My ~ a2 mg ~ TeV. Resummations in the very large s regime, involving ordered
In?(z¢) terms from emission of (nearly) massless or collinear W/Z’s, are discussed
in [195]. Co-emission of a hard photon will also occur, at a rate comparable to double

W/Z emission !.

“While unitarity of the DM annihilation cross-section does not directly impact the results in this
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Finally, we note that our results are easily applied to the DM decay process
X — v, where x is now a boson, with zg = s/mé — mi/mé Indeed, similar
expressions will hold for any neutrino production mechanism in which the invariant

mass of the vv exceeds myy.

4.5 Conclusions

The decay of W and Z bosons produced via electroweak bremsstrahlung will lead
to neutral pions and thus photons. One may constrain this DM annihilation signal
by considering its contribution to the Galactic or extragalactic diffuse gamma ray
background. This was considered in Refs. [82, 83|, where it was shown that the
contribution of the process o(xx — vrZ) to the galactic gamma ray background
imposed limits on the lowest order process, o(xx — ), comparable to those ob-
tained directly with neutrinos. The branching ratio expressions we have derived
differ quantitatively, through not qualitatively, from the cross-section estimates in
Ref. [82], and agree with those in Ref. [83]. Thus, our results lead to similar bounds.
Future analysis of Galactic gamma ray observations, such as those made by Fermi,
have the potential to somewhat reduce the diffuse backgrounds through better point
source identification, and to measure the background more precisely. In turn, this
will strengthen the electromagnetic constraint on DM annihilation, and increase the

utility of the quantitative results we have presented herein.

paper, we remind the reader of the unitarity constraints presented in Section 1.3.1. In terms of the

spinless B exchange model assumed in this work, the unitarity constraint becomes (for m% > m2)

2
(E—X) (F(Ji?xx)> (F(B];SM)) < 1, where SM refers to Standard Model final states. There is no
B B B

unitarity constraint on a decay width, a remark relevant for the case where DM decay dominates

DM annihilation.
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Electroweak Bremsstrahlung and the Lifting of

Helicity Suppression

5.1 Introduction

The dark matter annihilation cross section is often parametrized as (vo) = a+ bv? +
O(v*?), where (vo) is the thermally-averaged annihilation cross section. The constant
a comes from s-wave annihilation, while the velocity suppressed bv? term receives
both s-wave and p-wave contributions; the LY partial wave contribution to the
annihilation rate is suppressed as v?!. Given that v ~ 1073¢ in galactic halos, even
the p-wave contribution is highly suppressed and thus only the s-wave contribution is
expected to be significant in the Universe today. However, in many DM models the
s-wave annihilation into a fermion pair xx — ff is helicity suppressed by a factor
(mf/my)? (only — £t modes remain of interest, and then only for a certain range of
X mass).

When computing DM annihilation signals, it is normally assumed that only the
lowest order tree-level processes make a significant contribution. However, there
are important exceptions to this statement. As we have seen in Chapter 3, dark

matter annihilation into charged particles, xx — ff, is necessarily accompanied by
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the internal bremsstrahlung process xx — ff~, where the photon may be radiated
from one of the external particle legs (final state radiation, FSR) or, possibly, from
a virtual propagator (virtual internal bremsstrahlung, VIB). On the face of it, the
radiative rate is down by the usual QED coupling factor of a/m ~ 500. However,
and significantly, photon bremsstrahlung can lift the helicity suppression of the s-
wave process [192, 193, 194, 199, 200, 201] (see also Section 1.5), which more than
compensates for the extra coupling factor. Such a striking enhancement can arise
when a symmetry of the initial state xx is satisfied by the three body final state

ff~, but not by the two body final state ff.

In this Chapter we again examine electroweak bremsstrahlung of Z or W+ gauge
bosons to produce ffZ and fvW final states, and show that this can also lift suppres-
sion (see also [198]). In these scenarios for which the helicity suppression is removed,
the dominant annihilation channels are the set of bremsstrahlung processes, namely
v, W and Z bremsstrahlung. (If the dark matter annihilates to colored fermions,
radiation of gluons would also contribute). The phenomenology of W and Z brem-
sstrahlung is richer than that for photon bremsstrahlung alone. This is because the
W and Z bosons decay dominantly to hadronic final states, including antiprotons,

offering correlated “multi-messenger” signals. This is an important result for future

DM searches.

DM annihilation to charged leptons has been the subject of much recent at-
tention, due to recently measured cosmic ray anomalies which point to an excess
of cosmic ray positrons above those that may be attributed to conventional astro-
physical processes. The positron excess and possible interpretations are discussed
in detail in Section 1.3.6. To recap, PAMELA has observed a sharp excess in the
et /(e” +eT) fraction at energies beyond approximately 10 GeV [126], without a cor-
responding excess in the antiproton/proton data [127, 270|, while Fermi and HESS
have reported more modest excesses in the (e~ + eT) flux at energies of order 1

TeV [125]. These signals have led to a re-examination of positron production in
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nearby pulsars [136, 137, 138, 135, 139, 140, 146, 141, 142], emission from supernova
remnants [130, 131], acceleration of eTe™ in cosmic ray sources [143, 144, 145], and
propagation in conventional cosmic ray models [147, 148, 149]. As an alternative to
these astrophysical mechanisms, it has also been proposed that the excess e™ and e~
are produced via dark matter annihilation in the Galactic halo, with an abundance
of DM models proposed to accomplish this end. An overview of e*-excess data and

possible interpretations is available in [152].

However, some of the most popular models suffer from helicity or v?-suppression.
A prototypical example of suppressed production of Standard Model (SM) fermion
pairs is provided by supersymmetry: Majorana neutralinos annihilate into a pair of
SM fermions via t- and wu-channel exchange of SU(2)-doublet sfermions. To over-
come the suppression, proponents of these models have invoked large “boost” fac-
tors. These boost factors may be astrophysical in origin, as with postulated local
over-densities of dark matter, or they may arise from particle physics, as with the
Sommerfeld enhancement that arises from light scalar exchange between dark matter
particles. Although not ruled out, these factors do seem to be a contrivance designed

to overcome the innate suppression.

A further problem with suppressed models is the overproduction of antiprotons
from unsuppressed W/Z bremsstrahlung. Given that hadronic decay modes of the
W and Z bosons will lead to significant numbers of both antiprotons and gamma
rays, this will impact the viability of models that might otherwise have explained the
observed positron excess. Even in models which do not feature a suppression, bre-
msstrahlung has important phenomenological consequences, as the primary gamma
rays and decay products of the gauge bosons make a pure leptonic eTe™ signal im-

possible [83].

In Section 5.2 we discuss the circumstances under which dark matter annihilation
may be suppressed. In Section 5.3 we consider a representative model, and explicitly

calculate the cross sections for both the lowest order annihilation process, and for the
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W /Z bremsstrahlung process. We discuss implications of these results in Section 5.4.

5.2 Understanding Suppression using Fierz Transforma-

tions

5.2.1 Utility of Fierz Transformations

Fierz transformations are a valuable tool that allow us to assess the rate of the
2 — 2 process xYx — e'Te” on general grounds. Given a model with t/u channel
annihilation, the Fierz matrix transforms the amplitude into an s-channel-like sum

of initial state currents times final state currents. In general,

1
(F1)5(T2)d = 1 > Aa(ya)iT1yal2)s,

A
where v4 are the 16 basis Dirac gamma matrices listed in Table 5.1, and I'y, I'y are
some combination of Dirac gamma matrices. Multiplying by spinors I%, xp, X, ld,
we can see how a t- or u-channel current for DM annihilation to a lepton pair can

be expressed as a sum of s-channel currents,

_ 1 _
(IT1x)(XT2l) = ZEAAA(YVAX)(ZPWABZ)’

where A4 is a constant, given in Table 5.1 for all possible values of A. A full deriva-
tion and explanation of the Fierz transformation is given in Appendix B. There we
re-derive the standard Fierz transformation matrix, and then derive a Fierz trans-
formation matrix for chiral fields. In addition, and importantly, we present “higher-
order” formulas for Fierz transforming fermion currents which radiate bosons.
Helicity projection operators are essential in chiral gauge theories, so it is worth
considering the reformulation of Fierz transformations in the chiral basis [271]. (A
discussion of standard Fierz transformations may be found in, e.g. Ref. [272].) We

place hats above the generalized Dirac matrices constituting the chiral basis. These
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Table 5.1: Gamma Matrices

A YA Aa
1 1 +1
2737475 70,1,2,3 +17_17_17_1

6,7,8,9,10,11 | 010,20,30,12,23,31 | +1,+1,+1,-1,-1,-1

12713714715 7570,1,2,3 _17+17+17+1
16 o +1
matrices are
A 1
{FB} = {PR’ PLa PRr}/Ma PLWM’ 504“/} ; and
A 1
{'s} = A{Pr, P, PLyu, Pru, 3 O} s

where P = $(1+ 5) and P, = 1(1 — 75) are the usual helicity projectors. Notice
that the dual of Pry* is Pr7,, and the dual of P y* is Pr7,. The tensor matrices
in this basis contain factors of %: 7T = %0‘“’ and fT = %UW. These facts result
from the orthogonality and normalization properties of the chiral basis and its dual,

as explained in detail in Appendix B.

Using completeness of the basis (see Appendix B), one arrives at a master formula
which expands the outer product of two chiral matrices in terms of their Fierzed

forms:

(F7) [F] = { Tr[PP T Ty Ps] (F7] [Fe)

where the parentheses symbols are a convenient shorthand for matrix indices [273]

(see Appendix B for details). Evaluating the trace in Eq. 5.4 leads to the Fierz
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transformation matrix in the chiral-basis:

(Pr) [PrR] 2 0 1 1 (Pr] [PR)
(Pr) [PL] 0 2 1 -1 (PL} [PL)
(T) 1] 6 6 -2 0 (1] [T)

(v T) [T] 6 6 0 2 (s T] [T)
(Pr) [PrL] . l 0 2 (Pr] [PL)
(Pry®) [Pyl | 4 8 0 (Pry™] [Py
(Pr) [Pr] 0 2 (PL] [Pr)
(Pry*) [Prul 8 0 (Pry*] [Prvw)
(PrY") [PrY4] -4 0 (PrY*] [PRYW)
(PLy*) [Pryu] 0| —4 (PLA*] [Pryu)

Non-explicit matrix elements in Eq. 5.5 are zero, and we have introduced a shorthand
T for either I'T = %O"LW or fT = %JW.

The importance of this transformation for us is that it converts ¢-channel and
u-channel exchange graphs into s-channel form, for which it is straightforward to
evaluate the partial waves. The block-diagonal structures, delineated with horizontal
and vertical lines, show that “mixing” occurs only within the subsets { Pr ® Pr, Pr®
P, T@T, T ® T}, and {Pr ® P, Pry* @ Pr7,}. The Fierz transform matrix
is idempotent, meaning its square is equal to the identity matrix. This follows from
the fact that two Fierz rearrangements return the process to its initial ordering. A
consequence of the block-diagonal form is that each sub-block is itself idempotent.

In Eq. 5.5 we have included one non-member of the basis set, namely 5 T; it is

connected to T via the relation

v5 ot = %e“”aﬁaag .
Explicit use of 5 T in Eq. 5.5 is an efficient way to express the chiral Fierz transfor-
mation.
5.2.2 Origin of Suppression

One can use partial wave decomposition (see. e.g., the textbooks [267, 274, 275|, or

the convenient summary in the Appendix of [84]) to expand the scattering amplitudes
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as a sum of angular momentum components. Partial waves do not interfere, and the
L™ partial wave contribution to the total cross section vo is proportional to v2E.
The annihilating x particles are very non-relativistic today, so an unsuppressed s-
wave (L = 0), if present, will dominate the annihilation cross section. The DM virial

velocity within our Galaxy is about 1073 (in units of ¢), leading to a suppression of

v? ~ 1076 for p-wave processes.

On the other hand, the SM fermions produced in the 2 — 2 annihilation are
highly relativistic (except possibly for ¢ production). For many annihilation channels
the spin state of the fermion pair gives rise to a helicity suppression by a factor of

(my/my)?, where m is the fermion mass.

Unfortunately, many popular models for annihilation of Majorana dark matter to
charged leptons are subject to one or more of these two suppressions, the v? and/or
(my/ mx)2 suppressions. This includes some of the models proposed to accommodate
the positron and ete™ excesses observed in PAMELA, Fermi-LAT, and HESS data.
In Section 5.3, we show that in the class of models which have suppressed rates for
XX — £t~ the 2 — 3 graph obtained by adding a radiative W+ or Z to the final
state particles of the 2 — 2 graph can become unsuppressed, just as with emission of a
photon. The radiated W’s and Z’s will decay to, among other particles, antiprotons.

The consequences of this are discussed in Chapter 6.

5.2.3 Models with v? and Helicity Suppression

Consider products of s-channel bilinears of the form (Y T'yx)(l T'al). To further
address the question of which products of currents are suppressed and which are not,
we may set v? to zero in the y-current (appropriate for annihilation of non-relativistic
DM), and m? to zero in the lepton current (appropriate for the production of highly
relativistic fermions), and ask whether the product of currents is suppressed. If
the product of currents is non-zero in this limit, the corresponding amplitude is

unsuppressed. In Table 5.2 we give the results for the product of all standard Dirac
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s-channel bilinear WI'p ¥

v =0 limit

M = 0 limit

parallel spinors antiparallel spinors

parallel spinors | antiparallel spinors

H scalar ‘ VA H 0 ‘ 0 H Vs ‘ 0 H
H pseudo-scalar W jys U H —2iM ‘ 0 H —i\/s ‘ 0 H
axial-vector U540 2M 0 0 0
sy @ 0 0 0 Vs (£651 — idj2)
vector VR 0 0 0 0
U AJ F2M 63 —2M (61 F i6j2) 0 —V/5(0;1 Fidj2)
tensor U o% p F2iM b3 —2iM (01 £ 0j2) —i\/5 053 0
U oik g 0 0 /5 6;10k2 0
pseudo-tensor | W5 o% W 0 0 +iy/s0;3 0
T 45 07k T2M §j10k2 | —2M (852083 F i630k1) —/50;10k2 0

Table 5.2: Extreme non-relativistic and extreme relativistic limits for s-channel bi-

linears. In order for a term with an initial-state DM bilinear and a final-state lepton

bilinear to remain unsuppressed, the DM bilinear must have a non-zero entry in the

appropriate cell of the “v = 0 limit” columns, and the lepton bilinear must have a

non-zero term in the appropriate cell of the “M = 0 limit” columns. Otherwise, the

term is suppressed. (The tensor and pseudo-tensor are not independent, but rather

are related by ~y5 o = %e“” o 0a8-) We recall that antiparallel spinors correspond

to parallel particle spins (and antiparallel particle helicities for the M = 0 current),

and vice versa. Amplitudes are shown for uI'pv = [0 pu]|*. The two-fold + am-

biguities reflect the two-fold spin assignments for parallel spins, and separately for

antiparallel spins.
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bilinears. (The derivation of these results is outlined in Appendix C.) Suppressed

bilinears enter this table as zeroes.

One can read across rows of this table to discover that the only unsuppressed
s-channel products of bilinears for the 2 — 2 process are those of the pseudo-scalar,
vector, and tensor. (For completeness, we also show results for the pseudo-tensor
bilinears, although the pseudo-tensor is not independent of the tensor, as a result of
Eq. 5.6.) As a test of these results, we have calculated the cross sections for s-channel
scalar, pseudo-scalar and axial-vector annihilation processes in Appendix D, and find

they are consistent with the results in Table 5.2.

For t-channel and u-channel annihilation processes, one may simply use a Fierz
transform to convert the amplitudes to s-channel form, and then apply logic similar to
that given above. Any ¢-channel or u-channel diagram that Fierz’s to an s-channel
form containing a pseudoscalar coupling will have an unsuppressed L = 0 s-wave
amplitude. From the matrix in Eqn. 5.5, one deduces that such will be the case for
any t- or u~channel current product on the left side which finds a contribution in the
15t, 2nd 5th - or 7t columns of the right side. This constitutes the ¢- or u-channel
tensor, same-chirality scalar, and opposite chirality vector products (rows 1 through
4, and 6 and 8 on the left). On the other hand, the ¢- or u-channel opposite chirality
scalars or same-chirality vectors (rows 5, 7, 9, and 10 on the left) do not contain a

pseudoscalar coupling after Fierzing to s-channel form. Rather, it is the suppressed
axial-vector and vector that appears.

For Majorana dark matter, the vector and tensor bilinears are disallowed by
charge-conjugation arguments (See Appendix A). The proscription is absolute in the

four-Fermi limit where u- and ¢-channel propagators are identical. More generally,

Tt is seen that the only bilinears in the table without velocity-suppression are those of the

b component of the axial vector, and

pseudo-scalar, the three-vector part of the vector, the zero®
the time-space part of the tensor (or equivalently, the space-space part of the pseudotensor). It
is also seen that the only bilinears without fermion mass-suppression are the scalar, pseudoscalar,

three-vector parts of the vector and axial vector, and the tensor.
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when u and t are not negligible compared to the mass of the exchanged particle,
the cancellation between u- and ¢- channel graphs is incomplete, and the vector and

tensor couplings are suppressed but not forbidden.

Interestingly, a class of the most popular models for fermionic dark matter annihi-
lation to charged leptons, fall into this latter, suppressed, category. It is precisely the
opposite-chirality ¢- or u-channel scalar exchange that appears in these models, an
explicit example of which will be discussed below. Thus it is rows 5 and 7 in Eqn. 5.5
that categorize the model we will analyze. After Fierzing to s-channel form, it is
seen that the Dirac bilinears are opposite-chirality vectors (i.e., V or A). Dropping
the vector term from the y-current we see that the 2 — 2 process couples an axial
vector y-current to a relativistic SM fermion-current which is an equal mixture of
A and V. Accordingly, this model has an s-wave amplitude occurring only in the
L=0,J=1,5 =1 channel, with the spin flip from S = 0 to S = 1 (or equivalently,
the mismatch between zero net chirality and one unit of helicity) costing a fermion

. . 2 . .
mass-insertion and a (my/m,)* suppression in the rate.

Let us pause to explain why this ¢- or u-channel scalar exchange with opposite
fermion chiralities at the vertices is so common. It follows from a single popular
assumption, namely that the dark matter is a gauge-singlet Majorana fermion. As
a consequence of this assumption, annihilation to SM fermions, which are SU(2)
doublets or singlets, requires either an s-channel singlet boson or a ¢- or u-channel
singlet or doublet scalar that couples to x-f. In the first instance, there is no sym-
metry to forbid a new force between SM fermions, a disfavored possibility. In the
second instance, unitarity fixes the second vertex as the hermitian adjoint of the
first. Since the fermions of the SM are left-chiral doublets and right-chiral singlets,

one gets chiral-opposites for the two vertices of the ¢- or u-channel.

Supersymmetry provides an analog of such a model. In this case the dark matter
consists of Majorana neutralinos, which annihilate to SM fermions via the exchange

of (“right”™ and “left”-handed) SU(2)-doublet slepton fields. In fact, the implemen-

90




5.2. UNDERSTANDING SUPPRESSION USING FIERZ
TRANSFORMATIONS

tation in 1983 of supersymmetric photinos as dark matter provided the first explicit
calculation of s-wave suppressed Majorana dark matter [276, 277].2 However, the
class of models described above is more general than the class of supersymmetric

models.

5.2.4 Example of suppressed annihilation

To illustrate our arguments, we choose a simple example of the class of model under
discussion. This is provided by the leptophilic model proposed in Ref. [86] by Cao,
Ma and Shaughnessy. Here the DM consists of a gauge-singlet Majorana fermion x

which annihilates to leptons via the SU(2)-invariant interaction term

Jr
"
fve), e , | xthe= Fen® —Lon)x + hee.
1

where f is a coupling constant, ¢ is the 2 x 2 antisymmetric matrix, and (", n°)
form the new SU(2) doublet scalar. In this model, DM annihilation to fermions is
mediated by ¢ and u channel exchange of the 7 fields. (This model was originally
discussed in Ref. [279], and an expanded discussion of its cosmology may be found
in Ref. [280].)

An identical coupling occurs in supersymmetry if we identify x with a neutralino
and n with a sfermion doublet. Therefore, much of what we discuss below is also
relevant for neutralino annihilation to fermions via the exchange of sfermions. How-
ever, the class of models for which the 2 — 2 annihilation is helicity suppressed is
more general than the class of supersymmetric models.

As discussed above, the u- and t¢-channel amplitudes for DM annihilation to
leptons, of the form (YPprl) (IPrX), become pure (YPry"x) (IPr7,l) under the chiral

Fierz transformation. The product of the Majorana and fermion bilinears then leads

2A detailed calculation of the related amplitude ee™ — 3% involving two identical Majorana
particles is available in App. E (as well as a lucid and complete presentation of Feynman rules for
Majorana fermions in App. D) of Ref. [278]. Another lucid listing of Feynman rules for Majorana
fermions is available in Chapter 49 of Ref. [275].
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to an AA term and an AV term. However, reference to Table 5.2 shows that neither
of these terms leads to an unsuppressed amplitude: in all cases, either the lepton

bilinear is suppressed by my, the DM bilinear by v, or both are suppressed.

The cross section for the 2 — 2 process yx — ete™ or v is given by

vo = , 5.8
24w m? (14 p)* (58]

where m; ~ 0 and m,+ = m,o have been assumed, and p = m% / mi The suppres-

n

sions discussed above are apparent in Eqn. 5.8. The helicity suppressed s-wave term

is absent in the m; = 0 limit, and thus only the v2-suppressed term remains.

5.3 Lifting the suppression with electroweak bremsstrahl-

ung

Allowing the lepton bilinear to radiate a W or Z boson (as shown in Fig. 5.1) can
yield an unsuppressed amplitude, similar to the way in which emission of a photon
lifts suppression. In the rate, there will be the usual radiative suppression factor of
B~ 1073, But, this will be partially compensated by a 3-body phase space factor
~ (my/mw)?/87? relative to 2-body massless phase space, which exceeds unity for

dark matter masses exceeding ~TeV.

More importantly, the v? suppression for Majorana annihilation to 2-body final
states will be lifted by the 3-body W-bremsstrahlung process. In this section we show,
by explicit calculation, that the 2 — 3 radiative process that leads to antiprotons
dominates when the DM and scalar propagator are near degenerate in mass, for any

m, that allows the W to be produced on-shell, i.e., 2m, > my .
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x(k1) e (a1) _ v(p1) x(k1) e (aq1) v(p1)

x(k2) et (p2) x(k2) et (p2)

x(k1) v(p1) x(k1) v(p1)

X(k2)

x(k1)

X(k2)

Figure 5.1: The t-channel ((a),(c), and (e)) and u-channel ((b), (d) and (f)) Feynman
diagrams for yx — etvW ™. Note that t- and u-channel amplitudes are simply
related by the ki <+ ko interchange symmetry. All fermion momenta in the diagrams

flow with the arrow except po and qo, with ¢1 = p1 + Q, g2 = p2 + Q.

5.3.1 W-strahlung Matrix Elements

We shall take the limit m; ~ 0 and assume that Myt = Mypo. The matrix elements

for the six diagrams of Fig. 5.1 are given by

flg1l 1
Mo = "R g
% (0(ka) Pro(pa)) (@(py )7 Prg, u(kr))ed,
_ g1 1
My = Z\/iq%m—m%
x (0(k1) Pro(p2)) (@(pr)y" Prg, u(ks) e?, 5.10
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g1 1
_2—_7
V2 ¢3 ta —mj
% (0(k2) PLd,y"v(p2))(@(p1) Pru(ks))e
fg1 1
My = —iY—2—-—
‘ V2B u—m}
% (0(k1) P,y v(p2))(@(p1) Pru(ks))e?, 5.12
R 1
Me = T Rt —mi s —m?

X (v(k2) Pro(p2))(u(pr) Pru(k))
x((k1 —p1) + (k1 —p1 —Q))“GS, 5.13
g1 1
Z\/iul—m%uQ—m%
x (v(k1) Prv(p2))(a(p1) Pru(kz))

x((k2 = p1) + (k2 = p1 = Q)€ 5.14

M. =

where we define the usual helicity projectors Pg/;, = %(1 +75), and the Mandelstam

variables

t1 = (ki—q)?,
ta = (k1—p1)?

- 2
up = (ks —q1)7,
uy = (ks —p1)?

The vertex factors used in the matrix elements are as follows: the [vW vertex has
an %'WPLGS, the xnl vertex is if Py, and the coupling between the W~ and the
n+—n° is taken to be of the form —ig(p+p')/v/2 from Fig.72b on p. 221 of Ref. [278].

We have explicitly checked the gauge invariance of our set of Feynman diagrams.

Writing the matrix element as

M= M“eﬁ?, 5.15
the Ward identity
QuM" =0, 5.16
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is satisfied for the sum of the diagrams. The Ward identity takes the same form
as for photon bremsstrahlung provided we take the lepton masses to be zero, since
the axial vector current is conserved in this limit. Note that diagrams (a)-+(c)+(e)
form a gauge invariant subset, as do (b)+(d)+(f). The full amplitude is the sum of
the partial amplitudes, properly weighted by a minus sign when two fermions are

interchanged. Thus we have M = (M, + M.+ M.) — (My + My + Mjy).

In performing the sum over spins and polarizations, we note the standard polar-

ization sum,

Q.0 _ _ QuQy 517
€€ <9w/ - > , )

pol. w

can be replaced with —g,,, alone. The Ward identity of Eqn. 5.16 ensures the second
term in Eqn. 5.17 does not contribute once the contributions from all diagrams are

summed (and squared).

In addition, we find that the longitudinal polarization of the W also does not

contribute to the s-wave amplitude, i.e.
Q _
Mbef ,=0. 5.18

The W boson behaves as a massive transverse photon, with just two transverse
polarizations contributing. As a consequence, our calculation of W bremsstrahlung
must reduce to the known results for photon bremsstrahlung in the my — 0 limit,

modulo coupling constants. Below we will show that this happens.
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5.3.2 Fierz transformed matrix elements

Upon applying Eqn. 5.1 to Fierz transform the matrix elements of Eqns. 5.9-5.14 we

find

7 2

M, = \‘/g—fq 1m2;< (kQ)fYaPRu(kl))
x(a<p1>wqmam<m>)e§,
7 2
X(ﬁ(pl)v“q/w Pw(m))eﬁ,
—igf? 1 1

M. = \/gqf% m§<v(7€2)%PRU(/€1))
x <ﬁ(p1)7“%v“PLv(pz)>6ff7
—igf?

My = s (ki)
x <ﬁ(p1)7“%v“PLv(pz)>6ff7
—iqgf? - —

M. = 2\g/é (t(lzk_l mzz)lz; _QW):;) (0(k2)vaPru(k1))
x (w(p1)y* Pro(ps)) €2, 5.23
—igf? —

Mf _ z\g/Ji ( (2]4?2 mQQ)ZZLQ _QT):Q) (@(kQ)fyaPLU(kl))

n
x (w(p1)y* Pro(p2)) € - 5.24

We indeed confirm that Eqns. 5.19-5.24 lead to Eqn. 5.58, the same amplitude
squared as we found using the non-Fierzed matrix elements, Eqns. 5.9-5.14. Alter-
natively, we may apply Eqn. B.20 to transform Eqns. 5.9-5.14. After a bit of algebra
we get a pleasant factorized form for the bilinear currents. We show details for the
first one, and then summarize the results for current products of the other matrix

elements.

The current product in amplitude M, of Eqn. 5.9 is

(8(k2) Pro(p2) (a(p1)¢? Pugyulk)) - 5.25
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We write this current product in Takahashi notation and then use Eqn. B.20 to get

P (f9Pug,) = §TrIPTCfOPLg T (0] [Tc)

1
= ZTT[PLVQ;%QPLgnﬁ (Pry"] [PLa ) -

5.26

In going from the first equality to the second, we insert the only values for I'C and
I'p allowed by the helicity projectors in the string of gamma matrices. Finally, we
may invert the sequence in the trace, and remove the Takahashi notation to write

the result as
< Tr[Pr¢®Prd 7] x
(1) Pry0(p2) ) (0(k2) Prvau(k)) - 5.27

Amplitude M, is computed in a similar way. In addition, it is useful to use the

identity for a Majorana current
(0(k1)Pryau(ks)) = (v(k2) PrRyau(k1)) [Majorana | 5.28

to put the final result in a form similar to that for amplitude M,.
The other current products are reduced in a similar fashion. The final result for

the product of currents after Fierzing is

b @ka)Pyulky)) (a(pr) Parv(ps)) 5.29
Tr[Pr¢®¢v7a],  for Ma, M,
X TT[PL¢Q¢275’YQ] ) for MC7 Md
2008 » for Me, My .

In addition, the unspecified projector P in the first common factor is P, for am-
plitudes M,, M., M., and Pg for the amplitudes My, Mg, My derived from the
crossed graphs.

What can we learn from this exercise? For graphs M, and My the Fierzed

currents are the same as in the 2 — 2 case. This fact is not surprising since in these
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graphs the internal W emission does not perturb the form of the currents and their
product. However, for the other four graphs with W emission occurring on a fermion
leg, the form of the current product is quite different from the 2 — 2 case. With
2 — 3 scattering, the Lorentz index of each current need not contract directly with
the other. Referring to Table 1, one sees that unsuppressed Majorana annihilation
amplitudes become possible for the axial vector combination (v57°][y577 ), and for
the vector combination (73] [y7 ), providing the trace post-factors in Eqn. 5.29 do
not vanish. These combinations are at the heart of the unsuppression which we have
presented in this paper.

Also, for m% > t, u, the non-current factors in amplitudes M, and M, are the
same, as are the non-current factors in amplitudes M. and M. Then the subtraction
of one from the other leads to a pure axial vector coupling in the Majorana current.
This in term leads to an effectively pure axial vector coupling in the final state lepton
current. For values of ¢ and u which are non-negligible when compared to m%, there

is some residual vector coupling.

5.3.3 W-strahlung Cross Section

The cross section is given by

1 1 2 . 3
=— | = L .
vdo 25/4 E |M|* dLips 5.30

spin, pol.

where the i arises from averaging over the spins of the initial x pair, and v =
\/1— @ is the mean dark matter single-particle velocity in the center of mass
frame, which is equal to half the relative velocity, v = %vrel. (Note that some authors
define v = vy¢.) Informative discussions of the meaning of v are given in [281], and,
including thermal averaging, in Section 1.1.5.

The three-body Lorentz Invariant Phase Space is

&gy dPpy dPQ 4P —p1 —pa — Q)

dLips® = (27)*
s’ = ) S E S E, 9By (279
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and P = k; + k. This factorizes into the product of two two-body phase space

integrals, convolved with an integral over the fermion propagator momentum,

dLips® = [° dgi (g & 8 (P — q1 — pa)
p miy 21 \ 2E,, 2B, (2r)2

y <d3ﬁ1 &G (g - Q - p1)>

2E1 QEW (271')2

d¢® .
= Jma, 5 dLips*(P?,qi,p3) dLips*(qf, Q*, p})- 5.32

Evaluating the two-body phase space factors in their respective center of momentum

frames, and using p? = p3 = 0, we have

x2—y2@

dLips*(z*,y°,0) =
s (2597, 0) = ——5—

5.33

as shown in Section 4.2. This allows us to write the three-body phase space as

1 S
. 3 2
1 34
dLips 26(27 YA /m2 dqi >
w
N2 2
» (3 ql)(q21 Q )d¢dCOSHPdCOSHq7
Sqy

where ¢ is the angle of intersection of the plane defined by xx — ee* with that

defined by evW, and p and 6, are defined in P (CoM) and ¢ rest frames, as

Ky £ \/75|17|(sin Op cos ¢, sin @p sin ¢, cosOp), 5.35
b £ —%hﬂ(sinﬂp cos ¢, sin @p sin ¢, cos Op), 5.36
@ = (O’O’Eé))’
5y = (0,0,—ED), 5.38
51 £ E9(sinf,,0,cos6,),
0, Z —F{'(sinf,,0, cos b,), 5.40

where 2, £ denote evaluation in the lab and q1 rest frames respectively. We evaluate

the scalar products that arise in the amplitude squared in terms of the invariants q%,
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Q*=m,, s = 4mi/(1 — v?) and the angles 0p, 0, and ¢,

2k1- ko

2q-p2
2k1-q1
2kg- p2
2k1- p2
2ky @1
2p1-Q
2q1-Q
2q1-p1

ki-@Q

ka-@Q

P2 Q

k1-p1
ka- p1

p2-p1

s—2mi

s —qi
—t1+mi+q%
—t1 +m—+ x?
—u1+mi

—uy +mi +q7

qi — Q?
q + Q?
qi — Q?

8—;% [(s + ) (a? + Q%) — (s — a¥) (af — Q) cos 6]

% [2\/5\/ q%(q% — Q?%)sinfp sin 0, cos ¢
2.2 2N 2.2 2y .
—(s—q7)(gi + Q%) cosbp + (s + q7)(qi — Q%) cos O, cos Op]

8—;% [(s + ) (et + Q%) — (s — i) (af — Q) cos O]

% [Qﬁ\/g(q% — Q%) sinfpsin b, cos ¢
—(5 =)@ + Q) cosOp + (s + q})(q} — Q?) cos b, cos 0p)

2
: qgl [(5 + ) (@ + Q%) — (s — ) (¢ — Q?) cos Hq]

2
88 gl [(3 — )@+ Q%) - (s+¢) (g — Q%) cos Hq]
sq:

ki-q1 — k1-Q

ka-q1 — ka2 Q

P2-q1 — p2- Q7

oo @
~ ~ ~
w N =

o
~
o

o
~
(6]

o
~
(@)}

o o
I NN
o (N

o
o
O

5.50

!

55

o e @
o |o1] |oo
(&) D

o
o1
o
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ti = (ki —q1)” = (k2 —p2)® = k3 +p3 — 2k2-po
= mi— %(s—q%)(l —wvcosfp), 5.56
up = (k1 —p2)® = (k2 — 1) =m3 + p3 — 2k1- po
= mi— %(s—q%)(l—i—vcesﬁp). 5.57

Expanding in powers of the DM velocity v and keeping only the leading order (vV)

contribution, we find the amplitude squared to be

M[? = (cosby+1)(qf — 4m})(miy — af)
X [qi1 <q‘11 (cos 92 —2cos B, +5)+ 16 mi (cosf, — 1) — Smi qi (cos, — 1)2)
-2 m%/V 0 (16 mi (cos? 6, — 1)+ Smi q3 (cos 0y — cos? 0, +2)+ qi (cos 0, — 1)2>
+miy <4mi (cosf, + 1) — cos b, q7 + q%)Q]/
<q% (43 — Qm% — Qmi)2 (q% (4 cos b, mi —cosl, ¢} + 4m37 +q¢2)

2 2 o 2y)?
—myy (4mj (cos by + 1) — cos b, g7 + Ch)) 5.58

Finally, we calculate the cross section for W emission following the procedure
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outlined above. As expected, we have an unsuppressed cross section given by

4 2 2(p+1 +1
vo ~ awifg (p+1) |2~ LQ) — 2Li, malk +1) = miy
2567m2m2 6 4m3 p — my, 4m2,u mi,
m? m? mz(u — 1)
+2Liy <7W> — Liy <7W> — 2Liy W
2m2 (p + 1) m3 (p + 1) 2(m3 (p +1)% — miy,)
m
(

Am2 1 — m? 2
+21n y o <1 _ 27”7W>
2(p—1) 2m2 (u+1)

2m
m? —1)? m?
+1In <4(mi(/lj/-i(-ul)2 _)mIQ/V)> In <1 — W‘il)Q)]

(4p+3) miy (4m3 (p+1)(4p + 3) — (mfy, — 4m2)(u — 3))
(p+1) 16m3 (p +1)2
+m%V (4m (u+ 1)* = 2mdm2 (n + 1) (n + 3) —

Ami (pn+1)3 (m2(pn+1)2 —m3y,)
+1n< 2m3(p — 1) ) (p—1) (2m3 (u +1) — miy)
m3(u+1) — Ame (p+ 1)3(dm3 p — miy,) (m3(p +1)% — miy)
X (4m (4 1) (4 + 1) — mymiy (n+1)° Bu(p + 6) +7)

miy(p—1)) (m%v>

2
4mX

+2mimiy (p(p +4) +1) — mg‘v)} 5.59

where ayy = g?/(47) . The Spence function (or “dilogarithm”) is defined as Lis(2) =
d k
—fozfclnu_q = ZZL Z_2
If we take the limit my — 0 and replace ay with 2aem, then Eqn. 5.59 repro-

duces the cross section for bremsstrahlung of photons in this model, namely?3

4 2 1 1
vo o Cemd " {(u+1> [W__hg (i) oLi (&)]
128m*my, 6 2 2

443 4p? —3p—1 -1
pt3 A= 3 1H<M )}

5.60
pt1 20 1

The successful recovery of the photon bremsstrahlung result in the massless W limit
provides a check on the rather complicated expression for massive W bremsstrahlung
given above in Eqn. 5.59.

Since we are working in the limits v = 0 and my = 0, the nonzero results in

Eqns. 5.59 and 5.60 imply that the leading terms are neither helicity nor velocity

3Note that Eqn. 2 of Ref. [199] is larger by an overall factor of two, and also has the opposite

sign for the (1 + p)]...] term, while Eqn. 1 of Ref. [199] is consistent with our results.

102




5.3. LIFTING THE SUPPRESSION WITH ELECTROWEAK
BREMSSTRAHLUNG

m, =300 [GeV]

103
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R
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Figure 5.2: The ratio R = vo(xx — e"vW™)/vo(xx — eTe™) as a function of
p = (my/my)?, for my, = 300 GeV. We have used v = 1073¢, appropriate for the

Galactic halo.

suppressed. Not clear from the mathematical expressions is the sensible fact that
the cross sections fall monotonically with increasing m,, (or ). This monotonic fall
is shown in Fig. 5.2, where we plot the ratio of the W-strahlung cross section to that
of the lowest order process, R = vo(xx — e vW™)/va(xx — eTe™). The lowest

2 so the W-strahlung process falls as p~%. This latter

order process itself falls as u~
dependence is expected for processes with two propagators each off-shell by 1/pu.
Importantly, the effectiveness of the W-strahlung processes in lifting suppression
of the annihilation rate is evident in Fig. 5.2. The ratio is maximized for pu close
to 1, where m, and m, are nearly degenerate. However, the W-strahlung process
dominates over the tree level annihilation even if a mild hierarchy between m, and

my, is assumed. The ratio exceeds 100 for p < 2.

Fig. 5.3 illustrates that the ratio R is insensitive to the DM mass, except for
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Figure 5.3: The ratio R = vo(xx — e vW™)/vo(xx — ete”) as a function of
the DM mass m,, for p = 1.2 GeV. We have used v = 10~ 3¢, appropriate for the

Galactic halo.

low m, where the W mass significantly impacts phase space. From the figure one
gleans that for m, 2 3myy, the ratio R is already near to its asymptotic value.
Incidentally, the asymptotic value may be obtained analytically by dividing Eqn. 5.60
with Eqn. 5.8 and rescaling o, with ayy /2.

In Fig. 5.4 we compare the W-strahlung cross section with that for photon br-
emsstrahlung in this model. (Note that this is for a model where bremsstrahlung
lifts helicity suppression. This cross section differs from the general photon brem-
sstrahlung cross section used in Chapter 3). For high dark matter masses where
the W mass is negligible, the two cross sections are identical except for the overall
normalization, which is higher by a factor of 1/(2sin?fy,) = 2.17 for W-strahlung.
For lower DM mass, the available phase space is reduced due to W mass effects, and

thus the W-strahlung cross section falls below that for photons. This can be seen in
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u=12
10—27 =
—
Q -28 |
ma 10
QO
—
>
b 10729 -
10—30 »

200 400 600 800 1000

m,[GeV]

Figure 5.4: The cross sections for xy — etvW ™ (red) and xyx — eTe v (blue), for
1= 1.2 and coupling f = 1. For large DM mass, the cross sections differ by a factor
of 1/(2sin?Oy,) = 2.17 while for m, comparable to my the W bremsstrahlung cross

section is suppressed by phase space effects.

Fig. 5.4 for m, < 150 GeV (this number is fairly insensitive to p). Another factor of
two is gained for W-strahlung when the W mode is added to the W~ mode shown

here.

Nominally, the correct dark matter energy fraction is obtained for early-Universe
thermal decoupling with an annihilation cross section of 3 x 10720cm?3/s. It is seen
in Fig. 5.4 that the W-strahlung mode falls 2-3 orders of magnitude below this
value. Note that at the time of dark matter freeze-out in the early Universe, the
velocity suppression of the p-wave contribution is not as severe as it is for late-
Universe annihilation. Hence, radiative W-strahlung with its natural suppression
factor ayy /47 is probably not the dominant annihilation mode responsible for early-

Universe decoupling of Majorana dark matter.
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D THE

5.3.4 W and Lepton Spectra

To obtain the energy spectrum of the W, we need an expression for Eyy in terms of

the current integration variables. In the gy rest frame, the momenta p{'

related via

Pl = 1QM

B = g -,

and by conservation of energy,

and qu are

¢ = Bjy+ Bl =B+ (B2 -,
2 2
By = ql+7m2w 5.62
2+/qi
Performing a Lorentz boost, we find the W energy in the lab frame,
1
By = —— (s +¢) (@ +m¥y) — (s — ¢2)(¢? —m3)cosb,) , 5.63
i (s ada 4 mi) = (s = )(aF — miy)cost)
which allows us to make the transformation
_4 2
dcos(0y) — 5 \/25611 s~dEy . 5.64
(s —aqi)(gi — miy)
Using ¢"™™ = By /s(1+4/1 — m?,/E%,), we find
do aw f4 m%,[,
— = —— | (1 - — 5.65
dew 12872m3 (1= zw) + 4m?
2
2 miy 2 - 1
W —aw)?

2 2
ML (G D+ 1= 2mw) + ) (L
X

2
(0 D+ 1= 200) + 2) (1= + \fad, —md, /m3

— In

_ 3
2Au+1-aw) ,u,—l—l—m'w—\/m'%v—m%v/mi
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The energy spectrum of the the primary leptons is calculated in similar fashion. We

find

do Oéwf4 1
dx; 51272m2 (p — 1 + 2x;)?

2
{ (400 = ? g 1)+ 300+ 17 - T 43

1( 2m2 (u+ 1)(1 — z;) — mi, )
X In (

2m2 (p 41— 2a;) —miy,) (1 — )

x (4mi(1 — ;) —miy)
@2 (= a0+ 1) — ) (1 — a0

) [(1—=2)* (40 —2)® — m(p+ 1) + 3(u + 1)?)
4mi 8m§1<

m? m
ot (U= ) (o (p+11) — 4(p + 3) —ﬂfz—w]}- 5.66

The W spectrum per xx — evW event is given in Fig. 5.5. We use the scaling

The kinematic

1 ) do + yw—
Oetvw— de

variable zyw = Ew/my, and plot dN/dzw = (
range of zy is [”;L—V;, (1+ %)], with the lower limit corresponding to a W produced
at rest, and the upper limit corresponding to parallel lepton momenta balancing the
opposite W momentum. As evident in Fig. 5.5, the W boson spectrum has a broad
energy distribution, including a significant high energy component.

For the lepton energy spectrum, the range of the scaling variable z, = Ey/m,,

m2]

is [0, 1~ g%,

Both limits arise when one lepton has zero energy and the other
is produced back-to-back with the W. The lepton spectrum is shown in Fig. 5.6.
Note that this spectrum is valid for either the e™ or the v from the annihilation

xX — e"vW ™, and for either e~ or ¥ from the annihilation xy — e W™,

5.3.5 Z Emission

Consider the process producing the vvZ final state. The cross sections for the Z-
strahlung processes are related to those for W-strahlung in a simple way: The am-

plitudes producing vvZ arise from the same six graphs of Fig. 5.1, where e, W and
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m, = 300 [GeV]
u=12

00 02 04 0.6 0.8 1.0
XW:Ew/mX

Figure 5.5: The W spectrum per xx — evW annihilation for m, = 300 GeV and

w=1.2.

nT are replaced everywhere by v and Z and 1), respectively. The calculation of the
amplitudes, and their interferences, proceeds in an identical fashion. After making
the replacement my, — my, the cross section for the annihilation process xx — vvZ

differs from that for yx — eTvW ™ by only an overall normalization factor,

1
ey e X VOt
127 (2 cos2 GW) etvW S
~ 0.65 x vamw_‘ . 5.67
mw —myg

Consider now the ete™Z final state. Again, the amplitudes arise from the same
six basic graphs of Fig. 5.1. Since only the left-handed leptons couple to the dark
matter via the SU(2) doublet 7, only the left handed component of e~ participates

in the interaction with the Z. Therefore, the couplings of the charged leptons to Z
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m, = 300 [GeV]
L u=12 .

dN/dx;

00 0.2 04 0.6 0.8 10
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Figure 5.6: The primary lepton spectrum per xx — evW annihilation, for m, = 300
GeV and p = 1.2.

and W take the same form, up to a normalization constant. We thus find

2 (sin2 Oy — %)2 ‘
_ X _
VOetemz cos? Oy v oetvw My —my
~ 0.19 x vaemwf‘ . 5.68
mw —myg
Adding the four contributions to W/Zstrahlung, we find
U OW/Z—strahlung = 2.84 x v Oetyw— - 5.69

5.4 Discussion and Conclusions

In an attempt to explain recent anomalies in cosmic ray data in a dark matter
framework, various non-standard properties have been invoked such as dominant
annihilation to leptons in so-called leptophilic models. When the dark matter is Ma-

jorana in nature, such annihilations invariably are confronted by suppressions of such
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processes via either p-wave velocity suppression or helicity suppression. With the
aid of Fierz transformation technology, which we have presented in some detail, we
have elucidated the general circumstances where suppressions may be encountered.

It has been known for some time that photon bremsstrahlung may have a dra-
matic effect on such suppressions. We have shown that once one considers the inclu-
sion of three body final states due to electroweak bremsstrahlung, one may also lift
these suppressions.

There are clear advantages and disadvantages of seeking photon- versus W/Z-
bremsstrahlung as an indirect signature of dark matter. With photon bremsstrah-
lung, the photon itself is easily detected. Its energy spectrum may then be read-
ily compared to model predictions. With W-strahlung, it is the decay products
of the W decay which must be sought. Their spectra are less attributable to the
model of dark matter annihilation. However, the total rate for W/Z-strahlung
exceeds that of photon-strahlung. Photons couple with strength e, W’s couple
with strength g/v/2 = e/(v/2sinfy ), and Z’s couple to neutrinos with strength
g/(2cos by ) = e/(2cos Oy sin Oy ). Therefore in the high energy limit where the W
and Z masses can be neglected, we expect

1

mJeJﬁe—v = 2'17O-e+e*’y' 570

OetvW—

2 300GeV > myy, the total cross section

~

So, in the high energy limit where m,

becomes

Obrem, total = OetyW— 1T Ope—W+
‘Oz + Octe—z + Oete—n

= 7160+

Furthermore, the varied decay products of the W/Z allow more multi-messenger
experiments to engage in the dark matter search. Charged leptons, protons and
antiprotons, neutrinos, and even deuterons are expected, at calculable rates and with

predictable spectra. Importantly, hadronic decay products are unavoidable, despite
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a purely leptonic 2-body—2-body annihilation. The tens of millions of Z events
produced at CERN’s eTe™ collider show in detail what the branching fractions and
spectra are for each kind of decay product. In Chapter 6 we reveal the favorable
prospects for using W/Z-strahlung decay products as indirect signatures for dark
matter.

The lifting of the helicity suppression is most significant in the limit where the
mass of the boson mediating dark matter annihilation does not greatly exceed the
mass of the dark matter particle. This is true both for photon bremsstrahlung and for
W/ Z-bremsstrahlung. In this limit, we find the three body final state annihilation
channels can significantly dominate over two body annihilation channels. The region
of parameter space where x and 7 are approximately degenerate is of great interest
in many models, since it coincides with the co-annihilation region where both yy and
x7 annihilations are important in determining the relic dark matter density at the
time of freezeout in the early Universe, often a favored parameter region in SUSY

scenarios.
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Signals from Electroweak Bremsstrahlung

6.1 Introduction

Indirect DM detection has been the subject of much recent attention, due to mea-
sured cosmic ray excesses of positrons and electrons above those expected from con-
ventional astrophysical processes. It has been proposed the excess electrons and
positrons are not due to conventional astrophysics process, but arise instead from
dark matter annihilation or decay in the Galactic halo. A plethora of DM models

have been designed with this goal in mind, as discussed in detail in Section 1.3.6.

A viable resolution of the cosmic ray e data by means of DM annihilation
requires a large branching ratio to leptons. A large branching ratio to hadrons would
make a contribution to cosmic ray antiproton fluxes, for which stringent observational
bounds exist. Therefore, so called leptophilic models are preferred, in which DM
couples (at tree level) only to leptons. However, recall from Chapter 5 that for many
scenarios in which the DM particle is a Majorana fermion, annihilation to light
fermions is helicity suppressed (o mfc /s) in the s-wave contribution, and of course
velocity suppressed (o< v% as) in the p-wave contribution. This is the case for popular
DM candidates such as the neutralino of supersymmetric models, if /s ~ 2m,, is

below the WTW ™~ threshold; or Bino models with highly suppressed annihilation
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to WTW ™ and ZZ final states. Large boost factors would be required for such a

scenario to explain any observed positron excess.

In Chapter 5 we have shown that in addition to the well-known lifting of helicity
suppressions via emission of a gamma-ray, suppressions can also be lifted by the
bremsstrahlung of a W or Z gauge boson. Where a helicity suppression is lifted, the
cross sections for xx — €0y, xx — 0Z and xx — (vW can all greatly exceed that
for the lowest order process yx — ¢¢. The bremsstrahlung processes thus may allow
for the indirect detection of many DM models which would otherwise be helicity

suppressed.

Importantly, the decay of the W and Z gauge bosons inevitably leads to the pro-
duction of secondary annihilation products, including gamma rays, hadrons, charged
leptons and neutrinos, allowing multi-messenger searches. Note particularly, that
even for DM models designed to be leptophilic, production of hadrons is unavoid-
able. (In fact, even for models in which on-shell production of W or Z gauge bosons
is kinematically forbidden, some minimal hadron production is inescapable, due to

loop processes, or the exchange of off-shell W or Z bosons.)

In this Chapter we examine the simple example model we used in Chapter 5,
which has a helicity suppressed 2 — 2 cross section, provided by Ref. [86, 279].
We shall show that in this model, when electroweak bremsstrahlung lifts helicity
suppression, the cross section required to produce positrons in sufficient quantity
to account for the observed excess will lead to overproduction of antiprotons and
gamma rays, and as such is ruled out as an explanation of the observed positron
anomalies across most of the available parameter space. Though our calculation is
performed for the reference scenario of Ref. [86, 279], we expect this conclusion to
hold for all scenarios in which the dominant positron contributions arise from the

3-body W /Z-bremsstrahlung final states.

We calculate the spectra of both primary and secondary particles from unsup-

pressed electroweak—bremsstrahlung annihilation processes, and calculate the ex-
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pected spectra and fluxes at Earth for a given annihilation cross section. We com-
pare the Earthly fluxes with observational data to determine an upper limit on the
annihilation cross section. Whilst our analysis techniques are conservative, there
are large astrophysical uncertainties in the propagation of charged particles through
galactic magnetic fields, and in the dark matter density profile which probably con-
tains substructure. A rigorous treatment of these effects is beyond the scope of this
work. Consequently, our constraints are illustrative of the upper limit on the cross

section, but not robust.

6.2 Model

The example model we investigate is the Majorana DM version of the leptophilic
model proposed in [86], as used in Chapter 5, which we briefly review here. The DM
consists of a gauge-singlet Majorana fermion y which annihilates to leptons via the

interaction term

Jr
n
f (1/ E_)L € . X+ hc. = flopn’ — (o)X + hee.
n

where f is a coupling constant, € is the SU(2)-invariant antisymmetric matrix, and
(n*, n°) form the new SU(2) doublet scalar which mediates the annihilation. For
simplicity, we consider a coupling to the first generation of leptons only, and set f = 0
for coupling to the (v, 1), and (v 77 )1, doublets. As described in Chapter 5, the p-
wave contribution to the lowest order annihilation process yx — eTe™ is suppressed
by 1))2( ~ 107, while the s-wave contribution is proportional to (m;/m,)?. This cross
section is given in Eqn. 5.8. The helicity suppressed s-wave term is absent in the
my = 0 limit, leaving only the vi—suppressed p-wave term.

While it is well known that photon bremsstrahlung yx — e~ can lift this sup-
pression [201, 193, 192, 200, 199, 194], we have shown in Chapter 5 that this is also
the case for the electroweak bremsstrahlung channels yx — ete™Z, vt Z, e Tv, W,

e~ veWT. For both W/Z and ~ bremsstrahlung, the effect is most significant where
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the dark matter mass is nearly degenerate with the mass of the boson which medi-
ates the annihilation process. In the high energy limit where the W /Z masses are
negligible, the cross sections for W /Z bremsstrahlung reduce to that for v bremss-
trahlung, modulo different coupling constants. However, the respective sizes of the
electromagnetic and electroweak coupling constants imply that the W /Z-strahlung

cross section is a factor of several larger than that for ~-strahlung,

1
Octv.W— = Oe—pW+ = 9 5in2 Oy Oete—rys
1
Ov.v.7 N Octe— 6.3
vebe dcos? Oy sin® Oy ¢ ¢ -
1 2 2
(— — sin GW)
2
Opte—y = - Opto— ..6.4
cc cos2 Oy sin? Oy ¢ ¢
and thus
VOW/Z—strahlung — 6'16006‘*6_7'

At lower energies, the phase space for W /Z bremsstrahlung is somewhat reduced
due to the effects of the finite W /Z masses.

The bremsstrahlung cross section dominates over that for the lowest order 2 — 2
process, provided that m, does not greatly exceded m,. Recall that the ratio
Ry = voe+,w-/(v0e+.-) was plotted in Figs. 5.2 and 5.3, and is largest for
p = (my,/my)? = 1. However, the W-strahlung process dominates over the 2 — 2
annihilation even if a mild hierarchy between m, and m,, is assumed, with Ry, > 1
for 4 < 10. Therefore, when p < 10, production of mono-energetic leptons will
be subdominant to particles produced in the 3-body processes (both primary and
through gauge boson decay), a feature which must be accounted for when analysing
astrophysical signatures of these models.

We use the cross sections calculated in Chapter 5 and Refs. [199, 194] in combi-
nation with the PYTHIA code [282, 283] to determine the spectra of gamma rays,

electrons, protons, and their antiparticles, per annihilation to the five 3-body final
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states listed above (one electromagnetic bremsstrahlung and four electroweak br-
emsstrahlung processes). After accounting for propagation effects for the charged
particles, we constrain these cross sections by comparing the observed flux with the

calculated annihilation signal.

Although the spectra of annihilation products which we show are unique to the
particular model we have chosen, we expect the results to apply qualitatively to any
model where W/Z-bremsstrahlung is the dominant annihilation mode (i.e. where

helicity suppression of the 2 — 2 s-wave is lifted by electroweak bremsstrahlung).

6.3 Cross Section Channel

As previously mentioned, the model we look at is leptophilic in the 2 — 2 process,

and therefore has five 3-body bremsstrahlung channels,

X — eTe 7, v, eFUW T, e oW, eten,

which simultaneously contribute to the dark—matter annihilation fluxes. The cross
sections and spectra for the electroweak channels are specified in Eqns. 5.59, 5.66,
5.66, 5.67 and 5.68 while those for the electromagnetic channel are, from Refs. [199,
194],

dVoete—y @ (1—2) A+ +p—22) [1+p—2z
dE, © 64mPmd (1+p—2x)3 1+ p
4x 2x
+ - )
(14 )1+ p—22) (1+M—~"3)2>
dUO'e-re—A/ . dUO'e-re—A/_ (07 1
dE.+  dE.~  256m2m3 (2y + p— 1)2
T+np
X 401 —y)? —4y(1 4+ p) +3(1 + 2Ln[7}
((( y)? — 4y(1+ p) +3(1 + p)?) E—
2y
- (=g =y 3 ?) (L)),
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where y = (m,/my)?, & = E,/m, and y = E./m,. The total bremsstrahlung cross

section is given by the sum

VOBrem — UOgte—Zz +voupz

+ VOt W T U0+ + VO ete—ry- 6.10

The total bremsstrahlung cross section is a factor of ~ 7.2 larger than that for
photon bremsstrahlung alone, due to the four W /Z channels, which are governed
by somewhat larger coupling constants. We shall consider parameters for which the
bremsstrahlung channels dominate the total cross section, so that vogrem >~ VOtotal-
We define the “branching ratio” for an individual channel

i€{ete Z,veeZ, et v W, e v W T, ete vy} as

BRBrem(i) = 7

VO Brem

The spectrum per annihilation, for any given annihilation product,

ke {y, e ,e", v, v, p, p},is then given by

dN, dN,
0B |y, = 2 B Bpren® 5 612
k |Brem i k lper xx—i
Here, % is the spectrum per annihilation for a given channel. The spectra
k lper xx—i

for v,e*, v and 7 include primary annihilation products and secondary annihilation
products produced by gauge boson fragmentation. The spectra for p and p arise
exclusively from gauge boson fragmentation. The branching ratios and spectra de-
pend on the parameter p = (mn/mX)Q. However, as long as the 3-body final states
remain the dominant channel, the spectra (and thus the final results) have little de-
pendence on this parameter. We show results for u = (m,,/m,)? = 1.2, but results
remain qualitatively unchanged when bremsstrahlung channels dominate over 2 — 2
processes.

Finally, the flux of a given annihilation product is schematically

The detailed evaluation of these annihilation spectra is given below.
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6.4 Annihilation Spectra

In order to place constraints on the cross section, we need the spectrum of stable
particles (v,e~,p and their antiparticles, plus 7) produced per dark matter annihi-
lation. As an example, we describe how we determine the spectrum of antiprotons
per xx — veet W™ event; the technique is very similar for other secondary particles,
and other electroweak—bremsstrahlung annihilation channels. These partial spectra

Ni

d
are then summed to form ——
dEk Brem

We use the PYTHIA code [282, 283] to find the spectrum of antiprotons per W~
decay, dNp/dE|\gecy- We produce a W boson in its rest frame by colliding an
anti-muon with a muon neutrino, with center of mass energy myy, and turning off all
processes other than ,uiuu(ﬂu) — W, (Similarly, to produce the Z boson, we collide
a eTe™ pair at CoM energy my, leaving Z production as the only active process.)
Unstable W~ decay products (mainly pions) themselves decay, finally leaving only
neutrinos, electrons, protons and their antiparticles, plus gamma rays in the final
state. These stable particles are placed in 2000 logarithmically-spaced energy bins.
The final spectrum is found by averaging the PYTHIA spectra over 10,000 such
events.

We use this energy spectrum, in combination with the W~ (or Z) energy distri-
bution per annihilation, dNy /dy = (1/vo)(dvo/dy), where v = Ew /my, to find

the antiproton energy-spectrum per annihilation in the lab frame:

dN;(E) /1 dcos 6’ / dNyy
= d 6.14
dE 2 Ty
dN;
X /dE' dEI’) S(E — [yE" + Bvyp' cos]),

with p' = \/E”? —m2, 8y = \/7? — 1. The cos @’ integral is easily done, and one

gets

dNp(E) 1 /°° dy  dNw [P+ dE' dN; G
dE - 2 1 72 —1 d'}’ E" p/ dE' ’ -
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with /. = vE + Bvyp. Equivalently, we get
dN5(E) 1 /°° dE' dN; /’Y+ dy  dNy
/2 -1 dy ’

= , 6.16
dE 2 )m, P dE"J,
We have assumed the spectrum

with v+ = (EE' + pp/)/m2 and p = /E? —m2.
of antiprotons per W decay to be isotropic. If the W polarization is not neglected,
then the W decay amplitude includes Wigner functions d}“_ s (#), which introduce a
linear cos 6 or sin @ term into Eqn. 6.14.

As given, Eqn. 6.16 applies to any particle type in the W or Z’s final state. For
example, it could be used to calculate the positron spectrum from W production and
decay, if the spectrum of positrons per W decay were input in place of the antiproton
spectrum.

Figure 6.1 shows the total gamma-ray spectrum, as well as the relative contri-
butions from primary and secondary annihilation products, clearly showing that the
secondary gamma rays are subdominant, except at low energy. Figure 6.2 shows
the same information for the positron spectra, including the relative contributions
to the primary positron spectrum from photon bremsstrahlung and electroweak br-
emsstrahlung, as well as the secondary positrons produced via gauge boson decay.
In Figure 6.3 we show the total spectra per annihilation for electrons, neutrinos,
protons, and gamma rays. Note that the electron/positron spectra from W /Z and
photon bremsstrahlung have differing kinematic cutoffs due to the masses of the W=
and Z bosons, leading to a kink near the endpoint in the electron/positron spec-
tra. This feature is absent from the neutrino spectrum, as there is no contribution
from photon bremsstrahlung. The neutrino spectrum includes contributions from
primary electron neutrinos, and all flavors of secondary neutrinos from W*/Z de-
cay. (The flavor ratios of primary neutrino production are model-dependent, given
by f2: fﬁ : f2. We have assumed f, = f; = 0.)

It is illuminating to compare our spectra to those for annihilation to a pair of

gauge bosons. The photon spectrum for the WIMP annihilation channel yxy —

W*W ™, shown for example in Fig. 1 of Cembranos et al. [284], has a somewhat

120




6.4. ANNIHILATION SPECTRA

100

x
2
Z
©
0.01; AN
NS
o ~
0 ~
o ~
0.001——"— ‘ —
' 0.2 0.4 0.6 0.8 1.0
x=E/my

N,
Figure 6.1: Contributions to the gamma-ray spectrum per annihilation, d—Ej ,
Brem
from primary production in photon bremsstrahlung (dotted, orange), and W /Z de-
cay products (dashed, green), for m, = 300 GeV and (m,/m,)* = 1.2. The total

gamma-ray spectrum is shown as a solid curve (red).

softer gamma spectrum, while we have a somewhat harder spectrum with more higher
energy photons. This is to be expected, as gamma rays in Ref. [284] arise only from
decay of mono-energetic W bosons (Ew = m, ), while the photon bremsstrahlung
process contributes a harder primary gamma ray spectrum. The reverse holds true for
the proton spectra, as our 3-body W /Z-bremsstrahlung process results in a broad
distribution of W energies (the spectrum is shown in Fig. 5.5). In addition, the
electron and neutrino spectra resulting from the xyx — WTW ™ process would be
quite different to those for electroweak bremsstrahlung, given that for the latter it is
the primary leptons (not the secondaries from W /Z fragmentation) that make the
dominant contribution. Of course, the spectra of charged particles observed at Earth
will differ from that at production, due to the effect of energy loss processes during

propagation. We address these effects in the following section.
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Figure 6.2: Contributions to the positron spectrum per annihilation, 15 ,

Brem
from primary production in electroweak bremsstrahlung channels (dotted, orange),

primary production in the photon bremsstrahlung channel (dashed, green) and W /Z
decay products (dot-dashed, blue), for m, = 300 GeV and (m,/m,)* = 1.2. The
total positron spectrum is shown as a solid curve (red). Note that the positron spectra
from electroweak and photon bremsstrahlung have differing kinematic cutoffs due to

the masses of the W= and Z bosons.

6.5 Constraints

In this section, we place upper limits on the thermally-averaged self-annihilation cross
section, (VO)Brem = (V0 )totar as defined in Section 6.3 for the leptophilic model first
described in Section 5.2.3. We do this by following the same technique as in Chapter 2
for the case of gamma rays, and a similar technique to Refs. |83, 74, 2] for charged
particles and neutrinos. We compare the various predicted fluxes for a particular
dark matter annihilation channel with the relevant observational flux measurements.
We make the conservative assumption that the entire observed flux comes from

DM annihilation; in reality, astrophysical backgrounds are likely to contribute a
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Figure 6.3: Spectrum per annihilation of photons (solid, red), protons (dotted, or-

ange), electrons (dashed, green) and neutrinos (dot-dashed, blue), for m, = 300 GeV

and (my,/m,)? = 1.2. For protons, F is the kinetic energy. By CP-invariance, the

particle and antiparticle spectra are the same, and antiparticles are not included in

this figure. Note that the neutrino spectrum includes primary electron neutrinos,

and all flavors of secondary neutrinos.

large fraction of the observed fluxes. The upper limit on the cross section is then

determined such that the DM annihilation does not exceed any of the observed fluxes.

In calculating the constraints on (vo)prem, we utilise the isotropic extragalac-
tic gamma-ray flux measured by the Fermi collaboration [94], the positron fraction
from the PAMELA collaboration [126], the Fermi e™ + e~ flux [125], as well as the
antiproton flux and antiproton-to-proton ratio updated by the PAMELA collabora-
tion in Ref. [270]. Throughout, we use the commonly-adopted Navarro, Frenk and
White (NFW) dark matter density profile [28], defined in Section 1.1.7, with local
dark matter density given by ps = 0.39 GeV / cm? [30]. In previous chapters, we

used the Kravtsov profile, as our goal was to place robust, conservative upper limits.
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Conversely, our goal here is to place indicative upper limits comparable with the
limits produced by other groups, which motivates our adoption of the ‘canonical’
NFW profile. Wherever uncertainties in the flux are available, we use the 1-c upper

limit.

6.5.1 Gamma Rays

The isotropic diffuse gamma-ray flux will have contributions from both galactic and
extragalactic dark matter annihilation. Although the galactic signal is expected to
have a large directional dependence, there will be an underlying isotropic component,
equal to the halo signal looking directly away from the Galactic center, where the
J parameter defined in Eqn. 1.7 is lowest [2]. We include both contributions when
computing constraints, though the galactic flux dominates over the extragalactic for
the parameters of interest.

In order to calculate the cosmic annihilation signal, we follow the technique set
out in Section 2.2.2. The isotropic gamma-ray flux from DM annihilations through-
out the universe is given by Eqn. 2.8. As we are adopting the NF'W profile, the nor-
malization of the cosmic clustering parameter defined in Section 2.2.2 is fy ~ 5 x 10%.

For Galactic annihilation, we again follow the technique from Section 2.2.1. The
flux per steradian of gamma-rays from Galactic DM annihilation, in a direction at
an angle v from the Galactic Center, is given in Eqn. 2.4. Since we are calculating
the isotropic signal, we use the minimum value for J(¢), corresponding to J(180°),
shown in Fig. 1.3, once again adopting the NF'W profile. As usual, we do not include
the effects of any substructure.

The Extragalactic Gamma-Ray Background (EGB) reported by Fermi in [94] is
the isotropic component of the diffuse gamma-ray flux, with a number of potential
contributing sources. (See Section 1.3.4 for a description of the satellite). It is
obtained by subtracting the components of the gamma-ray flux with known origin

from the total flux, observed away from the galactic disk (Galactic latitude |b] > 10°).
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Hence, it is a likely flux to contain a contribution from either galactic or extragalactic
DM annihilation. We compare our calculated isotropic signal, from both cosmic and
Galactic annihilation, to this isotropic flux. We do this for each data energy bin,
integrating the signal over the width of each bin in turn. Our resulting upper limit

on (vo) is reported in Figure 6.4.

6.5.2 Electrons and Positrons

The flux of positrons (or electrons) at Earth from dark matter annihilation depends
both on the propagation of the positrons through the turbulent galactic magnetic
fields, and energy losses of the particles. This is governed by the diffusion-energy
loss equation,

0

K(E)-V2f = - (o(E)) = @, 617

or _
ot

where f is the number density of positrons per unit energy, K(FE) is the diffusion
parameter which governs transport through the magnetic fields, b(F) is the net

energy loss rate, and @ is the source function,

1/ p\?, .dN.
=—|— . 6.18
©=3 (mx> o) g
The flux per steradian at Earth is related to the positron number density at Earth
fo via
dq)e Ve f@
= 1
dE 4’ 0.19

where v, >~ ¢ in the energy regime we consider.

There are several alternative methods to finding f. Omne option is the GAL-
PROP code, [285, 286], which solves Eqn. 6.17 numerically using a Crank-Nicholson
method [285]. We instead opt for a semi-analytic solution to Eqn. 6.17, as done in
e.g. Refs. [287, 288, 289]. To do this, simplifying assumptions have to be made. We
adopt the same notation and set of assumptions as e.g. Ref [207]. It is reasonable to
assume that the positron density is currently in equilibrium, and so the term 9 /0t is

dropped from Eqn. 6.17. The diffusion parameter is assumed to be constant in space
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within the diffusion zone, but to follow a power law in energy, K (E) = Ko(E/GeV)°.
The energy loss of the positrons is mainly due to synchrotron radiation due to inter-
action with the interstellar magnetic field, and inverse Compton scattering off the
cosmic microwave background and diffuse infrared starlight. With an average energy
density of the Galactic magnetic field, cosmic microwave background, and diffuse

starlight of 0.2, 0.3 and 0.6 eV cm ™3 respectively, the loss rate is [287]
b(E) ~ 107 (E/GeV)?GeVs™L. 6.20

The diffusion zone of the Galaxy is generally modelled as a slab-like cylinder of radius
R = 20 kpc and thickness 2L, where L is commonly taken to be a value between 2
and 15 kpc.

The semi-analytic solution to the diffusion-energy loss equation, converted into

a flux of positrons at Earth using Eqn. 6.19, can then be parameterised as [207]

d(E) _ (1)0'>p%c e dNe /
i ey R O (. F),

E
where I (Ap (E, E")) is the “halo function”, Ap (E, E’) is the diffusion length between

two energies F, E’, and we recall pg is the local DM density. The “halo function”
I(Ap (E,E'")) is an astrophysical parameter which encodes the dependence of the
flux on the dark matter density profile, and on the model of positron diffusion and

propagation. We use the numerical fit to I (Ap (E, E")) from [207],

I (Ap (E,E") = ag + a1 tanh (bl — €> [a2 exp <—w> + CL3:| . (6.22

C1 C2

where ¢ = log;y (Ap/kpc). There is a degree of uncertainty in this function. Table 6.1
shows three choices of diffusion parameters from Ref. [288], where the ‘min’ and
‘max’ sets lead to smaller and larger fluxes respectively, and the ‘med’ set leads to
an intermediate flux. The table also shows the fit parameters for use in Eqn. 6.22,
corresponding to these three diffusion scenarios for the NFW DM density profile,
from Ref [207]. We focus on the ‘med’ diffusion parameter set, and as usual, the
NFW DM density profile, while while also showing results in the ‘min’ and ‘max’

scenarios.
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MIN MED | MAX
L [kpc| 1 4 15

0 0.55 0.70 0.46
Ko [kpe? / Myr| || 0.00595 | 0.0112 | 0.0765
aop 0.500 0.502 | 0.502
ay 0.774 0.621 | 0.756
as -0.448 | 0.688 | 1.533
as 0.649 0.806 | 0.672
b1 0.096 0.891 | 1.205
bo 192.8 0.721 | 0.799
c1 0.211 0.143 | 0.155
c2 33.88 0.071 | 0.067

Table 6.1: Electron/positron diffusion parameters for use in Eqn. 6.22.

Our signal is then compared with the total et 4+ e~ flux reported by the Fermi
collaboration [125] to find an upper limit on (vo), by demanding the signal integrated

over the width of an energy bin be less than the total observed flux in that bin,

(Bt + @, )Enal = 2 Ve < obs 6.23

We can also combine our positron flux with the Fermi data to find the positron frac-
tion from dark matter annihilation. We compare this with the PAMELA data [126]
for the positron fraction (f.+) to find an alternative upper limit on (vo) by demand-
ing
D+
Ppobs

et+e—

< for . 6.24

See Section 1.3.3 for a description of the PAMELA satellite, and Section 1.3.6 for
a discussion of the PAMELA and Fermi positron data, and possible interpretations.
We compare the DM-related positron fraction with the observed PAMELA fraction

in each of the four energy bins where the Fermi energy range overlaps the PAMELA
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energy range, integrating the DM-signal and observed Fermi fluxes over the width
of the PAMELA energy bins. For this, we use the simple power-law fit to the Fermi
data, valid between around 20 GeV and 1 TeV [140],

doobs
ZT” = (175.40 £ 6.09) x 10~* (GeV cm?ssr) !

% (E/Gev)(—3.045:|:0.008) ) 6.25

Results using the ‘min’, ‘med’ and ‘max’ diffusion parameter sets are reported in

Figs. 6.4, 6.5 and 6.6 respectively.

6.5.3 Protons and Antiprotons

The antiproton (or proton) flux at Earth has a similar functional form to that for
positrons, except that the energy losses for the antiprotons as they propagate to Earth
are negligible, since m,, > m.. Because the energy for the antiprotons is the same
as the injection energy, there is no need for an integral over energies at production.
We do not include the effect of energy loss due to scattering interactions, or the solar
modulation effect, both of which are only relevant at low energies. We again use the
semi-analytic function from [207| to calculate the proton and antiproton signals at
Earth from DM annihilation,

d®,(K) _ (vo) ppv

dK 87Tm§<

R(K) 6.26

where K is the kinetic energy of the (anti)-proton, and R(K) is an astrophysics
parametrization playing a similar role to I (Ap (E, E')) from Section 6.5.2. Ref. [207]
provides a numerical fit to R(K) for several sets of propagation parameters from
Ref. [290],

log[R(K)/Myr] = ag 4+ a1 7+ aa 7° + a3 7> + as 74, 6.27

where 7 = log[K/GeV] and diffusion parameters are shown in Table 6.2. We again
focus on the ‘med’ parameter set, with the NFW DM density profile, while also

showing results using the ‘min’ and ‘max’ sets.
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MIN MED MAX

L [kpc] 1 4 15

) 0.85 0.70 0.46

Ko [kpc? / Myt] || 0.0016 | 0.0112 | 0.0765

Veonv |km/s] 13.5 12 5
ag 0.913 1.860 2.740
ay 0.601 0.517 -0.127
as -0.309 | -0.293 | -0.113
as -0.036 | -0.0089 | 0.0169
ay 0.0122 | 0.0070 | -0.0009

Table 6.2: (anti)proton diffusion parameters for use in Eqn. 6.27.

We compare our antiproton flux with the total antiproton flux reported by
the PAMELA collaboration [270], energy bin by energy bin. We can also con-
strain the cross section by demanding the ratio p/p due to antiprotons from DM
annihilation not exceed the PAMELA p/p ratio [127, 270]. This comparison re-
quires the observed proton flux. Following [83], we use the nucleon flux from [291],

obs
di% ~ 0.79 x 1.8(E/GeV)™27 (cm? s GeV) ™!, where 0.79 is the proton fraction of

the total nucleon flux. We then simply demand @5/ @;bs S fp/p» Where fi, is the
PAMELA antiproton/proton flux ratio given in [270]. Energy bins have been han-
dled in the same way as the positron case, giving us the upper limit on (vo) shown

in Figs. 6.4, 6.5 and 6.6.

6.5.4 Neutrinos

As with the gamma-ray flux, the isotropic neutrino flux will include a contribution
from both cosmic and galactic dark matter annihilation. We make the approximation

that 1/3 of all produced neutrinos will be observed as muon neutrinos,
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dN,, 1dN,

= ) 2
dE 3 dE 0.28

Note that the neutrino spectrum in Fig. 6.3 includes primary electron neutrinos, and
all flavors of secondary neutrinos. We then compare the v, + 7, signal from dark
matter annihilation with the atmospheric v, + 7, flux, using the same technique as
Ref. [2]. The calculation of the neutrino signal is the same as for gamma rays, except
neutrinos do not suffer from attenuation in the energy range we consider, so that the

cosmic flux becomes

de,  (vo) ¢ @
dE 2 4mHom?
o f(2)(1 +2)* N, (E')
dz . 6.29
“ h(z) dE -

We compare the signal with the observed flux, integrating both over an energy bin
width of Alog F = 0.3. As expected, the resulting upper limit on the cross section,
(vo) < O(1072%) em3s™!, is significantly weaker than those for the other annihi-
lation products considered, and is thus not reported in Fig. 6.4. Accordingly, the

assumptions we made in this subsection concerning neutrino flavors are moot.

6.6 Discussion

Fig. 6.4 collects our upper limits on the bremsstrahlung cross section (vo)Brem, as
calculated in the previous sections. The constraint from the antiproton ratio is
stronger than that from the positron data by a factor of ~ 5. Nature provides
a unique value for (vo). Therefore, if the bremsstrahlung process saturates the
allowed antiproton limit, then the same process produces positrons at a rate down
from the observed value by about a factor of 5.1 Conversely, if the observed positron
fraction were attributed to the bremsstrahlung process, then the same process would

overproduce antiprotons by about a factor of 5.

Note that we have not compared the spectral shapes of the DM signals with those of the

observed fluxes, nor tried to fit the data.
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Figure 6.4: Upper limits on (vo)prem using the ‘med’ diffusion parameter set. Shown
are constraints based on gamma rays (solid, red), et + e~ flux (dots, orange),
et /(et + e7) ratio (dashes, green), p flux (dash-dots, blue), and p/p ratio (dot-
dot-dashes, purple). Flux data are from Fermi, PAMELA and the PDG. Also
shown for comparison is the expected cross section for thermal relic dark matter,

3 x 10720 cm? /s (dash-dash-dots, black).

It is important to note that the observed antiproton flux and ratio are well re-
produced by standard astrophysical processes, leaving little room for a dark matter
contribution.? We have not attempted to model this standard background, so con-

straints from antiprotons are likely to be significantly stronger than presented here.

Annihilation to gt~ or 777~ is not as helicity suppressed as to electrons.
Even so, the helicity factors which suppress the s-wave are (m, Jmy)? ~ 1077 x

(M /300 GeV) 2 and (mT/mX)2 ~ 3 x 1075 x (m, /300 GeV)~2, which are compa-

*Reference [292] notes that a highly anisotropic diffusion model, as might be invoked to accom-
modate galactic winds, may suppress the antiproton flux to a value possibly below the PAMELA

flux. We do not consider anisotropic diffusion in this work.

131




CHAPTER 6. SIGNALS FROM ELECTROWEAK
BREMSSTRAHLUNG

10722

_1)

n

1023

—

<
N
~

VO >grem(CM®

10—25 L il
Thermal Relic

1 0—26 | | |
100 200 500 1000 2000 5000

M, (GeV)

Figure 6.5: As for Fig. 6.4, using the ‘min’ diffusion parameter sets.

rable to the factor by which the p-wave is velocity suppressed, v ~ 1075, Since
bremsstrahlung overcomes both suppressions, it can also be important for annihi-
lation to muons and taus. (And, of course, any helicity suppression is especially
stringent for annihilation to v, and v;, as m, ~ 0.) In the case of relatively light
dark matter annihilating to taus, the helicity suppression is not as pronounced. Fur-
thermore, W /Z bremsstrahlung may be kinematically forbidden. In any case, we
note that annihilation to 7 can never be purely leptophilic, as the 7 has significant

hadronic decay modes.

Note that in the model we consider, emission of photons or massive gauge bosons
will lift helicity suppression only if the dark matter and scalar exchange parti-
cles, x and 7, are nearly degenerate in mass (such as the co-annihilation region
of mSUGRA). In the present work we consider such a region of parameter space.
Specifically, we present results for p = (mn/mx)2 = 1.2, though our conclusions
remain valid for any value of y where the bremsstrahlung processes dominate the

2 to 2 body processes. As we saw in Section 5.3, the rates for these two processes
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Figure 6.6: As for Fig. 6.4, using the ‘max’ diffusion parameter sets.

become comparable at p ~ 10.

Consider now scenarios where dark matter annihilation to a lepton pair is not
helicity suppressed. As examples, one may have Majorana dark matter annihilating
via an exchange of a pseudoscalar or scalar (the latter is still velocity suppressed
at the dark matter vertex) or Dirac dark matter annihilating via the exchange of a
vector, or one may have scalar dark matter annihilations. In these cases, there will
still be a signal from electroweak bremsstrahlung emission (83, 84, 197|, although
it will no longer be the dominant channel. Even so, the W/Z decay products can
still lead to restrictive constraints. Ref. [83] considered an example (exchange of a
scalar) where EW bremsstrahlung makes only a subdominant contribution to the
total dark matter annihilation rate. In this model, the main contribution to the an-
nihilation rate comes from the 2-body annihilation channels, thus the monoenergetic
et and neutrino fluxes dwarf the gauge boson fragmentation products. Nonetheless,
Ref. [83] found that the antiproton data still provide the most stringent cross sec-

tion constraints for certain parameters. Note however, that the models of [83, 84]
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explicitly break gauge invariance. A detailed, model-independent, treatment of weak

corrections may be found in Ref. [197].

It should be noted that the results presented here are not due to an exhaustive
survey of all possible dark matter profiles and parameters. Uncertainties arise from
the various choices made in order to present illustrative results. In most cases,
we have made conservative choices for these parameters such that alterations to
these selections should strengthen the results. In calculating the flux of protons,
antiprotons, electrons and positrons, all the astrophysical parameters are encoded
into a numerically-fit function [207] with propagation parameters which are consistent
with a ‘median’ flux [290]. However, by assuming alternate parameters, e.g. from
the ‘max’ or ‘min’ flux scenarios, our results may be strengthened or weakened by
up to an order of magnitude, as shown in Figs. 6.5 and 6.6. Our conclusions hold
in all cases considered, but for the extreme choice of ‘min’ diffusion parameter set,
where the e /(et + e7) limits become comparable to those for p/p and the e™ + ¢~

limits become comparable to those for gamma rays.

Obviously, the choice of profile can have a large effect on the parameter ranges,
and we have adopted the NFW profile with ps = 0.39 GeV/cm ™3 throughout this
work. If one considers non-spherical profiles or dark discs then the uncertainty in
the value of the local dark matter density may be expanded to accommodate a
value between 0.2 GeV/cm ™ and 0.7 GeV/cm~3[31]. Note, however, that changes
to the DM profile would move all the predicted fluxes, and thus the corresponding
cross section constraints, in the same direction. As discussed in Section 2.2.2, for
the calculation of the extragalactic fluxes, the cosmic source clustering factor can
vary by an order of magnitude depending on the profile and inclusion or exclusion of

subhalos. This would lead to tighter constraints coming from the gamma-ray signals.

We have also neglected the signals produced by inverse Compton scattering
(gamma rays) and synchrotron radiation (radiowaves) of the electrons and positrons

as they propagate in the galaxy (see, e.g., Ref. [293, 294]). Note, however, that these
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effects are properly included in the electron energy loss formalism we adopt. We
expect the gamma rays produced directly from the annihilations to dominate the
constraints. Additional gamma rays from inverse Compton would only strengthen

our results (but make them less robust).

6.7 Conclusions

If dark matter is Majorana in nature, then its annihilation to fermions may be
suppressed due to helicity considerations. However, when the dark matter mass
is greater than myy /2, both electroweak and photon bremsstrahlung may lift this
suppression, thereby becoming the dominant channel for dark matter annihilation.
This permits the indirect detection of models for which the annihilation cross section
would otherwise be too suppressed to be of interest. Subsequent decay of the emitted
W and Z gauge boson will produce fluxes of electrons, positrons, neutrinos, hadrons,
and gamma rays. The aim of the present work has been to study the spectra of these
particles as a tool for indirect detection of dark matter. By comparing these fluxes
to cosmic ray data we have been able to constrain the dark matter annihilation
cross-section in such models. From these constraints we find that the observational
data pertaining to the flux of antiprotons combined with those of positrons make
it difficult for helicity suppressed 2 — 2 leptophilic dark matter annihilation to be
the source of the recently detected cosmic ray anomalies. For these models, the
bremsstrahlung processes dominate. The primary culprit is the hadronization of the
gauge bosons, which leads to a significant antiproton flux. This result highlights the
difficulty of producing lepton-only final states even in a model expressly designed for

just such a purpose with 2 — 2 annihilation.

135







Conclusion

Despite the now overwhelming evidence for the existence of Dark Matter, we still have
little idea of its fundamental properties. Of particular interest is the self-annihilation
cross section, which can in principle lead to an observable flux of standard model
particles produced via dark matter annihilation in the Universe today.

In Chapter 2, we use gamma-ray data from observations of the Milky Way, An-
dromeda (M31), and the cosmic background as an upper limit on the flux due to
DM annihilation, and compare this with the expected annihilation signal in order to
place conservative upper limits on the dark matter self-annihilation cross section to
monoenergetic gamma rays, (vo),., over a wide range of dark matter masses. We
use a conservative branching ratio of Br(yy) = 10~* to define upper limits on the
total cross section, although most of our limits on (vo),, are effectively valid for any
annihilation spectrum which produces at least two gamma rays with energies within
a factor of ~ 2 of the DM mass. Large uncertainties are introduced via the poorly
constrained dark matter density, both within our galaxy and on cosmic scales. We
make conservative choices in these astrophysical parameters such that our constraints
remain robust.

Leptophilic models have received much attention since the recent observation of

an apparent excess in the positron flux, without an accompanying antiproton excess.
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In Chapter 3, we examine such a leptophilic annihilation channel, xyx — £T¢~, uti-
lizing some of the techniques developed in Chapter 2. This final state is necessarily
accompanied by gamma rays, produced via radiative corrections. Internal bremsst-
rahlung from the final state particles can produce hard gamma rays up to the dark
matter mass, with an approximately model-independent spectrum. Focusing on an-
nihilation into electrons, we again compute robust upper bounds on the dark matter
self annihilation cross section, (Vo) +.-, using gamma ray data from the Milky Way
spanning a wide range of energies, ~ 1073 — 10* GeV. We also compute correspond-
ing bounds for the other charged leptons. We again make conservative assumptions
about the astrophysical inputs, and demonstrate how our derived bounds would be
strengthened if stronger assumptions about these inputs are adopted. The fraction
of hard gamma rays near the endpoint accompanying annihilation to ete™ is only a
factor of < 102 lower than for annihilation directly to monoenergetic gamma rays.

The bound on (vo) is thus weaker than that for (vo)., by this same factor. The

ete~
upper bounds on the annihilation cross sections to gamma rays and charged leptons
are compared with an upper bound on the total annihilation cross section defined by

neutrinos.

Even in models with annihilation solely into neutrinos, non-leptonic final states
will inevitably be produced through electroweak bremsstrahlung processes xx —
vvZ and xx — veW. These modes lead to electromagnetic and hadronic showers and
further constraints on the DM annihilation cross-section. In Chapter 4 we present
an explicit calculation of the branching ratios for the electroweak bremsstrahlung
processes xx — vvZ and xx — veW. In addition to annihilation, our calculations

are also applicable to the case of dark matter decay.

Significantly, while many dark matter models feature a helicity suppressed an-
nihilation rate to fermions, bremsstrahlung processes can remove this helicity sup-
pression. It has been known for some time that photon bremsstrahlung may signif-

icantly boost DM annihilation yields, and we show in Chapter 5 that electroweak
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bremsstrahlung of W and Z gauge bosons can also lift suppression such that the
branching ratios Br({vW), Br(¢*¢~Z), and Br(vrvZ) dominate over Br(¢T¢~) and
Br(vv). We find this is most significant in the limit where the dark matter mass
is nearly degenerate with the mass of the boson which mediates the annihilation
process. Electroweak bremsstrahlung has important phenomenological consequences
both for the magnitude of the total dark matter annihilation cross section and for the
character of the astrophysical signals for indirect detection. Given that the W and
7 gauge bosons decay dominantly via hadronic channels, it is impossible to produce
final state leptons without accompanying protons, antiprotons, and gamma rays.
This has especially important implications in leptophilic models designed to pro-
duce leptons without overproducing gamma rays or hadrons in order to explain the
observed positron excess without violating bounds on the antiproton flux. Mod-
els where suppression is lifted have large branching ratios to massive gauge bosons,
whose decay products will undergo hadronization leading to an antiproton flux. In
Chapter 6, we calculate the signal of both primary and secondary gamma rays, lep-
tons and hadrons in our example leptophilic model, and apply techniques similar
to those in Chapter 2 to place an upper limit on the self-annihilation cross section.
We compare the gamma-ray signal with the Fermi isotropic gamma-ray background.
For charged final states, we apply the appropriate diffusion-energy loss equations
to calculate the signal at Earth, which we compare with Fermi and PAMELA elec-
tron/positron and proton/antiproton flux data. We find that for most choices of the
diffusion parameters, the constraints derived from the antiproton and/or gamma-ray
data are significantly stronger than those from the electron/positron data, making
it difficult for this leptophilic model to act as an explanation for the positron excess

without overproducing other particles.
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Initial (xx) or final (vv) state Majorana fermions

Two identical fermions comprise a Majorana pair. A fermion pair can have total
spin S in the symmetric state S = 1 or in the antisymmetric state S = 0. The parity

L+1 where L is the orbital angular momentum

of the two-fermion state is P = (—)
of the pair. This parity formula holds for both Dirac and Majorana pairs. The
negative intrinsic parity of the pair, independent of the orbital parity (—)L , is the
same for Dirac and Majorana pairs for different reasons. In the Dirac case, the u
and v spinors (equivalently, the positive and negative energy states) are independent
and have opposite parity corresponding to the +1 eigenvalues of the parity operator
70. Reinterpreting the two spinor types, or positive and negative energy states,
as particle and antiparticle, then leads directly to opposite intrinsic parity for the

particle-antiparticle pair. In the Majorana case, the fermion has intrinsic parity =i,

and so the two-particle state has intrinsic parity (+i)? = —1.

On general grounds, the L™ partial wave contribution to the annihilation rate is
suppressed as v2L, where v is the relative velocity between the heavy, non-relativistic
xx pair. The virial velocity in our Galactic halo is only v ~ 300 km/s ~ 10 3¢, so
even for . = 1 the suppression is considerable. Thus only the L = 0 partial wave
gives an unsuppressed annihilation rate in today’s Universe. The L > 2 states are

too suppressed to contribute to observable rates.
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APPENDIX A. INITIAL (xx) OR FINAL (vv) STATE MAJORANA
FERMIONS

A Majorana pair is even under charge-conjugation (particle-antiparticle exchange),
and so from the general relation C' = (=) = +1 one infers that L and S must
be either both even, or both odd for the pair. The origin of the C' = (—)*+% = +1
rule is as follows: Under particle-antiparticle exchange, the spatial wave function

L and the spin wave function contributes (+1) if in the symmet-

contributes (—)
ric triplet S = 1 state, and (—1) if in the antisymmetric S = 0 singlet state, i.e.,
(—)5*!. In addition, there is an overall (—1) from anti-commutation of the two

particle-creation operators bd for the Dirac case, and b'b for the Majorana case.

Consider the L < 2 states. In spectroscopic notation 2tV L ; and spin-parity
notation (JF¢), the vector 3S; (177), C-odd axial vector 'P; (177), and assorted
3Dy (J~7) states are all C-odd and therefore disallowed. The pseudoscalar 1Sy (0=+),
scalar 3Py (01), axial vector 3P; (17F), C-even tensor 2P, (2*1), and pseudotensor
1Dy (277) are all C-even and therefore allowed. In particular, the sole L = 0 state,

2L

with no v?* suppression, is the pseudoscalar 'Sy (0~F).

Incidentally, at threshold, defined by s = (2m,)? or v = /1 —4m2 /s = 0,

the orbital angular momentum L is necessarily zero. With two identical Majorana
fermions, the two-particle wave function must be antisymmetric under particle inter-
change. Since L = 0 at threshold, the yx spatial wave function is even, and the wave
function must be antisymmetrized in its spin. The antisymmetric spin wave function
is the S = 0 state. Thus, the only contributing partial wave at threshold is the 'Sg

2L suppression, so

state. We have just seen that this is also the only state with no v
one may expect an unsuppressed Majorana annihilation rate at threshold if and only

if there is a 1.5y partial wave.

One may also invoke C'P invariance to note that the spin S of initial and final
two-fermion states, Dirac or Majorana, are the same. This follows simply from
CP = (=)L (=)l = (=)+1 and the fact that S = 0, 1 are the only possibilities

for a pair of spin 1/2 particles.

What does this all mean for a model with an s-channel exchange particle cou-
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pling to Majorana bilinears? It means that among the basis fermion bilinears, the
candidates are just the pseudoscalar WiysW (0~F), the scalar YW (0*1), and the
axial vector WyHvsW¥ (17F). The vector U4#*W¥ (177), tensor ol (2+7), and
pseudotensor Wiyso"* ¥ (277) bilinears are C-odd and therefore disallowed. The
only s-channel particles which may couple to these candidate bilinears are the pseu-
doscalar, scalar, or axial vector.

There is some subtlety associated with the s-channel exchange of an axial-vector.
The axial-vector is an L = 1 mode, and we have seen that this mode elicits a v? sup-
pression in the rate. However, the exchange particle is off-shell (away form resonance)
and so has a time-like pseudoscalar piece in addition to the axial three-vector piece.
This pseudoscalar coupling is effectively 9, (UAHy5W). The weak interaction coupling
of the pion to the axial vector current provides a familiar example of such a coupling.
The axial current is not conserved, and so the pseudoscalar coupling is nonzero. One
has 9, (UHy50) = 2im, Uy W — W eoBf A (k)koAg(k). The first term shows an
my~dependence in the amplitude, leading to (m,/m,)? helicity-suppression of the
L = 0 piece, while the second term is the famous anomalous VVA coupling. It offers
WHW~ and ZZ production (with momenta k, k and helicities A(k), A(k)), but at
higher order ay = 9‘2/ /47 in the electroweak Wvv or Zvv coupling gy. The linear

combination of a v2-suppressed L = 1 piece and a m?—suppressed L = 0 piece to the

rate from axial vector exchange was first noticed by Goldberg [276].
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Fundamental Fierzing

In Chapter 5 we have made use of standard Fierz transformations, helicity-basis Fierz
transformations, and generalizations of the two. In this Appendix, we derive these
transformations. The procedure for standard Fierz transformation can be found in,
e.g., [272|, while more general Fierz transformations are laid down in [271]. The
starting point is to define a basis {I'?} and a dual basis {I'g}, each spanning 4 x 4
matrices over the complex number field C, such that an orthogonality relation holds.
The standard Fierz transformation uses the “hermitian” bases

. y . 1
{FB} = {]172757’7M7757M7 Uu }7 and {FB} = {]17 (_1’75)7’7;17 (_75’7;1)7 _U;LV}7

2
respectively. Because of their Lorentz and parity transformation properties, these
basis matrices and their duals are often labeled as S and S (scalars), P and P
(pseudoscalars), V and V (vectors, four for V, four for V), A and A (axial vector, four
for A, four for fl), and T and T (antisymmetric tensor, six for 7', six for T) As usual,
spacetime indices are lowered with the Minkowski metric, 75 = v° = iv%y1y243,
ot = % [v*,4"], (and yaH = %e”"aﬁaag). Note the change of sign between the
the basis and dual for the P and A matrices. The bases are “hermitian” in that
+0 1“33 U = I'g, so that the associated Dirac bilinears satisfy [\T/lFB\IIQ]T = U,I'By,

and [\TJ1FB\IJQ]T = UyI'pV,. Importantly, we have I'g = (I“B)*1 in the sense of the
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APPENDIX B. FUNDAMENTAL FIERZING

accompanying orthogonality relation
TrleTB) =465, B,C=1,...,16.

Note that the factor of % in the definition of 7' = %JW (but not in T' = o) provides

the normalization required by Eqn. B.2:

Tr [FB FB](nosum) = Z Ir [FC FB] =4.
C

The orthogonality relation allows us to expand any 4 x 4 complex matrix X in

terms of the basis as
B B . 1 B 1 B
X = XpI?=X"TIp, with Xp= Tr[XIs], and X" = J7r[XT”],
1 1
e, X = ZTT[XFB]FB:ZTT[XFB]FB.

One readily finds that the particular matrix element (X),;, satisfies

(X)ea b 0ac = ~ [(X)ea (TB)ac ] (TF)ap .

B~ =

Since each element (X).q is arbitrary, Eqn. B.5 is equivalent to a completeness rela-
tion

1

(W) [1) = 3 (03] [0%) = (%] ),

where we have adopted Takahashi’s notation [273] where matrix indices are replaced
by parentheses (---) and brackets [-- -], in an obvious way. Thus, any 4 x 4 matrices

X and Y may be expressed as

()[¥] = (X1) [1Y] = § (XPP Y] [[) = 5 Tr [XTP Y] (€] ).

1
4
Alternatively, we may express any 4 X 4 matrices X and Y as

(X)[Y] = (X1) [Y1] = i (XTP|[YTp) = 4—13T7° XTBTo] Tr[YTTP (I [Ip).

The RHS’s of Eqns. B.7 and B.8 offer two useful options for Fierzing matrices.

The first option sandwiches both LHS matrices into one of the two spinor bilinears,
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and ultimately into a single long trace. The second option sandwiches each LHS
matrix into a separate spinor bilinear, and ultimately into separate trace factors.
Eqn. B.7 seems to be more useful than B.8. One use we will make of Eqn. B.7
will be to express chiral vertices in terms of Fierzed standard vertices. But first we
reproduce the standard Fierz transformation rules by setting X = I' and Y = I'g

in Eqn. B.7, to wit:

1
(TP) [0 = 55 TrI0” TP TpTe] (09 [Op).
(An additional minus sign arises if the matrices are sandwiched between anticom-

muting field operators, rather than between Dirac spinors.) Evaluation of the trace

in Eqn. B.9 for the various choices of (B, C') leads to the oft-quoted result [272]

(S) [5] 11 1 1 1 (S][9)
(V) V] 4 =2 0 2 -4 (VI [V)
(T) [T :i 6 0 -2 0 6 (T) [T) B.10
(A) [A] 4 2 0 -2 —4 (A] [A)
(P) [P] 1 -1 1 -1 1 (P] [P)

More relevant for us, as will be seen, is the ordering P, S, A, V, T, which leads to
a Fierz matrix obtained from the one above with the swapping of matrix indices

1—+2—-4—3—=5—1. The result is

(P) [P] 11 -1 -1 1 (P] [P)
(S) [5] 11 1 1 1 (S]19)
(4) [4] :% —4 4 -2 2 0 A 14 |-
(V) [V] -4 4 2 -2 0 V] [V)
(T) [T) 6 6 0 0 —2 (T) [T)

(The zeroes make it clear that Fierzing induces no coupling between tensor interac-
tions and vector and axial vector interactions.) As an example of how to read this

matrix,

V]11v), B.12
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APPENDIX B. FUNDAMENTAL FIERZING

or, multiplying by spinors and giving the explicit forms of the gamma-matrices,

(@ysy'u) (O(=v57)v) = — (Wivsv) (U (—iys)) u)

+ () (3u) — 5 [@3#0) (@ (—3m)w) + 5 (') (By). (B3

The Fierz matrix M for the standard basis is nonsingular, and hence has five
nonzero eigenvalues \;. Since two swaps of Dirac indices returns the indices to their
original order, the matrix is idempotent, with M? = 1, or equivalently, M~! = M.
Accordingly, the five eigenvalues satisfy )\? = 1, so individual eigenvalues must be
Aj = £1. Also, the corresponding eigenvectors are invariant under the interchange
of two Dirac indices. In Table B.1 we list the eigenvalues and “Fierz-invariant”

eigenvectors.

Table B.1: Fierz-invariant combinations in the standard basis.

Fierz-invariant combination eigenvalue

3(SRS+POP)+T@T +1

2(S®S-PoP)+(VeV+AxA) +1

VeV-—A® A -1
SRS+PRP-T®T -1
2598 —-PoP)—(VoV+AxA) ~1

Helicity projection operators are often present in theories where the DM couple
to the SU(2) lepton doublet, so it is worth considering Fierz transformations in the
more convenient chiral basis.

One derivation of chiral Fierz transformations utilizes the following chiral bases (hat-

ted) [271]:

. 1
{7} = {Pr, P, P, Py, 5o},

N 1
and {PB} = {PR, PL, PL’YM, PR"}/M, §UMV}7 B.14
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where Prp = %(1 +v5) and P = %(1 — 75) are the usual helicity projectors. The

orthogonality property between the chiral basis and its dual is

TrilcT®) =268, B,C=1,...,16, B.15
which implies the normalization

Tr[C5T ) o sum) = »_ Tr[TeT?P] =2, B.16

C

Notice that because {v5,v*} = 0, the dual of Pry* is Pry,, and the dual of Pry*
is Pgr7,. Notice also that the normalization for the chiral bases necessitates factors
of % in both 7" = %a‘“’ and T = %UW, in contrast to the tensor elements of the

standard bases, given in Eqn. B.1.

In the chiral basis, one is led to a general expansion

A

1 | )
X:§TT[XFB]FB:§TT[XFB]FB, B.17

and to a completeness relation

Thus, any 4 x 4 matrices X and Y may be expressed as

1 . 1 o e
(X)[Y] = (X1)[1Y] = 5(XTpY] (TP = i XTCYTp] (PP [T¢). (B.19
Substituting X = I'P and Y = I'g into Eqn. B.19, one gets

JUP 1 R N

(TP) [[g] = s TPTCTRTg] (I'P] [T¢). B.20

Evaluating the trace in Eqn. B.20 leads to the chiral-basis analog of B.10 or B.11,
presented in Eqn. 5.5 of the main text.

As a check, we note that the matrix M in Eqn. 5.5 is idempotent, M? = 1,

as it must be. The eigenvalues are therefore +£1. Eigenvalues and Fierz-invariant

eigenvectors for the chiral basis are given in Table B.2. The final two eigenvectors
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APPENDIX B. FUNDAMENTAL FIERZING

Table B.2: Fierz-invariant combinations in the chiral basis.

Fierz-invariant combination eigenvalue
3(PR@Pr+PLoP)+ToT | +1
2 Pr® Pp + Ppy" & Py, +1
2 P, ® Pr + Pry* ® Pry, +1
Pr®Pr+PLoP,—-ToT 1
2 PrR® P — Pry" @ Py, -1
2 P, ® Pp — Pry" @ Pryy -1
Ppy# @ Ppyu -1
Pry* @ Pry, -1

in the Table simply express again the invariance of V £+ A interactions under Fierz-
transposition of Dirac indices. This invariance is also evident in the diagonal nature

of the bottom two rows of the matrix 5.5.

One may instead want the Fierz transformation that takes chiral bilinears to
standard bilinears. Since models are typically formulated in terms of chiral fermions,
a projection onto standard s-channel bilinears would be well- suited for a partial
wave analysis. Since different partial waves do not interfere with one another, the

calculation simplifies in terms of s-channel partial waves.

Setting X = I'? and Y = T'g in Eqn. B.7, we readily get
P 1 . .
(FP) [p] = 35 Tr (PP TP i Te] (1) [Tp)

We (should) get the same result by resolving the RHS vector in Eqn. 5.5 into standard
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basis matrices. The result is

(Pr) [Pr] 1 1 1 1 1 1| 0 0 0 0 (1] [1)
(Pr) [PL] r1r -1 -1 1 -1y 0 0 0 O (vs] [vs)
(PrY™) [PL] 4 -4 4 -4 0 O] 0O 0 0 O (vs] 1)
(PLA") [Pr] 4 -4 -4 4 0 0| 0O 0 0 0 (1] [vs)
(1) [T 1} e 6 0o 0o -2 of 0 0 0 0 (1] [T)
(vsT) [F] "8l o 0o 6 6 0o 2/ 0 0o o o (vsT) [T)
(Pr) [Pz 0 0 o0 0 O0 Ol 1 -1 1 -1 (Y] [v)
(Pr) [Pr] 6o 0 o0 o o Oof 1 -1 -1 1 (v57"] [v570)
(PrY") [PrYu] 0 0 0 O 0 O0|-2 -2 -2 -2 (v57"] )
(PLy™) [Pryul 00 0 0 0 0-2 -2 2 2 (] [¥5 )

All relations are invariant under the simultaneous interchanges Pr <> P and

~v5 — —7s5. This matrix, relating two different bases, is not idempotent. In

singular.

fact, it is
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Non-Relativistic and Extreme-Relativistic Limits

of Fermion Bilinears

We work in the chiral representation of the Dirac algebra, and we follow the

notation of [267]. Accordingly,

0 1 0 ¢ -1 0
Y0 = ; ’.7 = ) V5 =
1 0 —a 0 0 1
The rest-frame four-spinor is
. §
u(p=0)=VM :
3

where ¢ is a two-dimensional spinor. The spinor with arbitrary momentum is ob-

tained by boosting. One gets

VP a§
u(p) = :
Vp-og
where 0 = (1,7) and 7 = (1, —7).

In a standard fashion, we choose the up and down spin eigenstates of o3 as the
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APPENDIX C. NON-RELATIVISTIC AND EXTREME-RELATIVISTIC
LIMITS OF FERMION BILINEARS

basis for the two-spinors. These basis two-spinors are

1 0
£+ 9
0 1

Il
o
|
Il

In terms of the chosen basis, we have for the NR wu-spinors,

we M
&+

We get the ER limit of the u-spinors from Eqn. C.3. After a bit of algebra, one finds

0 &
Uy LR \RE 0 , U_ LR \2FE 0 .
&+ 0

The arbitrary v-spinor is given by

VP o
v(p) = -

—VP- T
In the Dirac bilinear the two-spinor 7 is independent of the two-spinor x4, and so it is
given an independent name, . However, the basis % remains ¢+ as defined above.
It is the minus sign in the lower components of v relative to the upper components
that distinguishes v in Eqn. C.7 from u in Eqn. C.3 in a fundamental way. After a

small amount of algebra, one finds the limits

+
vi@)vi(p:O):\/M 7 ,
—nN+
and
0 n—
o, ZEVeEl o |, v EBV2E| o |-
T+ 0

Finally, we apply the above to determine the values of Dirac bilinears in the NR

and ER limits. The @ = u'~y and © = v 49 conjugate spinors are are easily found
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from the u and v spinors. We let I denote any of the hermitian basis Dirac-matrices

{1, ivs, v*, y5*, o*}. Then, the NR limit of @(p;) I v(p2) is just

a(p) Tolps) Y5 M | (&, &) T " . C.10
—12
Non-relativistic results for the various choices of basis I'’s and spin combinations are
listed in Table 5.2 of the text.
To give a succinct formula for the ER limit of @(p;) T v(p2), we take py = —pgy = 3,

i.e. we work in a frame where p; and ps are collinear, and we quantize the spin along

this collinear axis. The result is

A
ﬂ(pl)r?}(pg) @) 4F 1 Fo §1 (A+, A_)F * | , C.11
—A_

where the matrices A+ are just up and down spin projectors along the quantization
axis 3:
10 0 0

Ay = . A= . C.12
00 0 1

Extreme-relativistic results for the various choices of basis I'’s and spin combinations

are listed in Table 5.2.
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s-channel Cross Sections

In Section 5.2.2 we found a general way to determine the suppression of s-channel
DM annihilation to a lepton pair. To test our conclusions, we explicitly calculate the
cross section for some of these processes. First we present a convenient form of the

phase space integral for these processes,

dg:;lz,M,254(k1+k2_p1_p2)m
2,/s(s— 4mi) 4 spins 1672 E, By

Performing the integral over d®p;, and moving to the center of momentum frame,

1 VE =
1 3 IMPs(2E, — 2E) Y " dEd0

/ 1
2\/8(8_7477136) spins Eg
1 27 D)
1 s — 4mg 1 )
N /_1/0 20725 Z |M|*d¢d cos §,

s—4miz

spins

where ¢ and 6 define the direction of motion of the particles.
We now consider annihilation to a lepton pair via exchange of a scalar particle
B. This is similar to the calculation performed in Section 4.2, but we now consider

DM annihilation rather than B decay. The matrix element is

M,y = (0(k2) fBu(ki)) (u(p1) 9B v(p2)),

2
s — Mg
where ki, ko, p1,p2 are the momenta of the incoming DM and outgoing leptons re-

spectively, s = mi /(1 —v?) is the center of mass energy squared, Mp is the mass of
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APPENDIX D. S-CHANNEL CROSS SECTIONS

the scalar B, and fp, gp are the coupling strengths of the B particle with the DM

and leptons respectively. This leads to the spin-averaged matrix-element squared,

TXMP = (R ) I ) (e~ TG ) — )

— 72
spins o MB
— 4 fBgB 2l<: L 2 2
SR T (k1 - k2 —my)(p1 - p2 — my)
= 16 ( 298 ) (a5 —
- S—M% (S_ ’I’I’LX)(S— mﬁ)’ -

where we have made use of Eqn. 5.41. Using Eqn. D.2, the cross section multiplied

by the DM velocity is

2 A 213/2

v fB 9B (s —4mj)

e - i, _ 4 2
v 167 <S—M§> A

2

2
= - ( Jngn )<mi—m§>3/2+o<v4>,

dmm, 4m§< — M]_%

after substituting s — 4mi /(1 —v?), and expanding in powers of v. As expected
from Table 5.2, the cross section suffers from v? suppression. Next we calculate the
cross section for a similar process, where the DM now annihilates via a pseudoscalar

B. The matrix element for this process is

My = (052) 35 0) (1) 995 v02)

and following the same steps as above, we find the cross section,

2
fBYB my Ami + ME 4
vo = |——F—= | =14+ |——5|v"+0(v . D.7
<4m§< - M%) 4r dm? — M3, () -
This contains an unsuppressed term of order v°, confirming that pseudoscalar anni-

hilation does not suffer from v? or helicity suppression.

Finally we have the axial-vector coupling, with matrix element

My = (02) F5(00)) 7 (5(01) 95795 vp2)
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leading to the spin-averaged matrix-element squared,

1
120 IMP =

spins
1( feos \° L v
1\s oz Tr[(K2 — my ). vs (B 4 my )75 Tel(ph + me) v vs (e — me)y 5]
B
1 fB 9B 2 v v
= <5 = M2> Tr[ovubive + M| Telpiy gey” + miy* "]
B

Evaluating the traces and resulting dot products, we find the cross section,

/1 fB gB 2 v S — 4m?
vo =
i \s— M%) 20ms\ s —4m2

< (s + \/(s — 4m2)(s — 4m3) cos 0)2 + <s — \/(s — 4m2)(s — 4mj) cos 9)

2

—85(7713< +m?) + 26mim§> dcos 0

2
fBi 1 m_% 2 .2
am2 — M2 ) dx\m, V' T
X B X

4 m3 M2 + mb
~3 X B 2 v? + o(m3v?) + 0(v4)>, D.10
(4m2 — MB)\/m2 —mj

confirming that this annihilation channel is suppressed.
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