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Abstract

Though there is substantial indirect astrophysical evidence for the existence of dark

matter (DM), it has yet to be directly detected. Consequently, little is known about

its internal structure. It is possible that there is a small but finite non-gravitational

interaction between dark matter and the Standard Model (SM) which may have

observable consequences. The purpose of this thesis is the exploration of some of

these interactions and consequences. In particular we consider the possibility that

dark matter is unstable on long timescales, as motivated by discrepancies between

simulation and observation of structure on sub-galactic scales. We also consider

the consequences of electroweak radiative corrections to annihilation processes

involving dark matter, as such corrections are necessarily present in many well

motivated models. We consider this possibility in the contexts of dark matter

annihilation in galactic halos, and production in colliders.

Chapter 1 provides an introduction to dark matter, including some of its astro-

physical and particle aspects. As a motivation for the following sections, we begin

by briefly outlining some of the observational evidence for dark matter. We go on

to discuss structure formation, and the cold dark matter distribution on galactic

scales. Next we discuss the possibility of non-gravitational interactions involving

dark matter, including decay, annihilation, scattering off nuclei, and production.

Finally we discuss the determination of the relic abundance in the early Universe,

including a discussion of models involving coannihilation.

Late decaying dark matter has been proposed as a solution to the small scale
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structure problems inherent to cold dark matter cosmology. In these models the

parent dark matter particle is unstable, and decays into a daughter with near degen-

erate mass, plus a relativistic final state. In Chapter 2 we review the observational

constraints on decaying dark matter, and construct explicit particle physics models

to realize this scenario. To achieve this, we introduce a pair of fermionic dark mat-

ter candidates and a new scalar field, which obey either a Z4, or a U(1) symmetry.

Through the spontaneous breaking of these symmetries, and coupling of the new

fields to standard model particles, we demonstrate that the desired decay process

may be obtained. We also discuss the dark matter production processes in these

models.

In Chapter 3 we investigate electroweak radiative corrections to dark matter

annihilation into leptons, in which a W or Z boson is also radiated. In many

dark matter models the annihilation rate into fermions is helicity suppressed. We

demonstrate that bremsstrahlung processes can remove this helicity suppression,

causing the branching ratios Br(ℓνW ), Br(ℓ+ℓ−Z), and Br(ν̄νZ) to dominate

over Br(ℓ+ℓ−) and Br(ν̄ν). We find this effect to be most significant in the limit

where the dark matter mass is nearly degenerate with the mass of the boson which

mediates the annihilation process.

Finally, in Chapter 4, we investigate a mono-Z process as a potential dark

matter search strategy at the Large Hadron Collider (LHC). In this channel a single

Z boson recoils against missing transverse momentum attributed to dark matter

particles, χ, which escape the detector. For illustrative purposes we consider the

process qq̄ → χχZ in a toy dark matter model, where the Z boson is emitted from

either the initial state quarks, or from the internal propagator. We look for muonic

decays of the Z, showing the Standard Model backgrounds to this process to be

easily removable with modest selection cuts. We compare signal with Standard

Model backgrounds and demonstrate that there exist regions of parameter space
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where the signal may be clearly visible above background in future LHC data.

Parts of this thesis have been published in the references that can be found in

the ‘Publications’ section at the end of the thesis.

iii





Declaration

This is to certify that:

(i) the thesis comprises of my original work towards the PhD except where indi-

cated in the Preface,

(ii) due acknowledgement has been made in the text to all other material used,

(iii) the thesis is less that 100,000 words in length, exclusive of tables, maps,

bibliographies, appendices and footnotes.

Ahmad Jacob Galea

Date:

v





Preface

This thesis is comprised of five main chapters (not including supplementary material

such as the bibliography). Chapter 1 is an original literature review. Chapter 2 is

based on Publications 1 and 2, Chapters 3 and 4 are based on Publications 3 and

4 respectively. Chapter 5 is the conclusion.

These publications were done in collaboration with Nicole F. Bell (Publications

1, 2, 3 & 4), James B. Dent (Publications 3 & 4), Thomas D. Jacques (Publications

3 & 4), Lawrence M. Krauss (Publications 3 & 4), Kallia Petraki (Publication

1), Raymond R. Volkas (Publication 2), and Thomas J. Weiler (Publications 3

& 4). While N. Bell, J. Dent, L. Krauss and T. Weiler are responsible for the

original inspiration for many of these projects, all calculations, results, and analyses

presented within this thesis are my own work unless stated otherwise, with the

exception of Section 2.2.2 which contains reference to work by Kallia Petraki,

Section 3.2.2 which is work done by Thomas J. Weiler, and the constraints in

Section 4.3.2, which are the work of James B. Dent and Thomas D. Jacques.
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1
Introduction to Dark Matter

In this chapter we give some background to this project. We will also introduce

some calculation techniques key to enabling an understanding of the latter chap-

ters.

In Section 1.1 we outline some important astrophysical concepts, and discuss

the evidence for dark matter and its structure on extra galactic and galactic scales.

In Section 1.2 we discuss the possibility that dark matter has non gravitational

interactions, and possible ways of constraining those interactions. Finally, in Sec-

tion 1.3 we consider the production of dark matter in the early Universe, and

perform an explicit calculation of the abundance of a thermal relic.

1.1 Dark Matter: Evidence and Structure

In this section we will outline some of the astrophysical foundations of dark matter.

Section 1.1.1 pertains to some of the experimental motivations for dark matter. In

Section 1.1.2 we discuss the formation of structure on intermediate scales, with the

consequent distribution of dark matter within galaxies outlined in Section 1.1.3.
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CHAPTER 1. INTRODUCTION TO DARK MATTER

1.1.1 Evidence for Dark Matter

Galactic Rotation Curves

The first, and one of the most compelling, pieces of evidence for the existence

of dark matter is the measurement of the rotation curves of nearby galaxies. If

luminous matter, that is, stars and interstellar gas, were to constitute the entirety of

galactic mass, the brightness of a galaxy should be indicative of the mass contained

within. This should in turn lead to an accurate prediction of the angular velocity of

material as a function of radius from the galactic center. Observations, however,

show a much slower radial decrease in angular velocity than expected. This can

be clearly seen in Fig. 1.1 which displays a composite rotation curve created from

a large scale galactic survey [1]. This discrepancy indicates either a breakdown

in gravitational theory on galactic scales, or the presence of a large quantity of

invisible mass. Good agreement can be found between theory and observation

if the galactic disc resides inside a sphere (halo) of matter which only interacts

gravitationally with visible matter, as demonstrated in Fig. 1.1.

Merger Events

The previous evidence, while compelling, is not alone, enough to justify the exis-

tence of dark matter over a modification of gravity on galactic scales. In order for

dark matter to be an appealing model, its effects need to be observed over a wide

range of length scales. To this end, one can look to clusters of galaxies, and specif-

ically at merger events. The majority of the visible matter in galactic clusters is in

the form of intergalactic gas, which readily interacts in a merger event, emitting

in the X-ray. A prime example of this can be seen object 1E0657-558 [10], oth-

erwise known as the Bullet cluster merger. A composite image of visible light [2],

2



1.1. DARK MATTER: EVIDENCE AND STRUCTURE

Figure 1.1: Observed rotation curve (points), alongside expected velocity pro-

file without dark matter (dotted), profile for dark matter alone (dashed), and

combined expected profile (solid) [1].

X-rays [3], and a lensing map [2] can be found in Fig. 1.2. The intergalactic

gas interacts and produces a shock front, as is clear from the red contribution to

Fig. 1.2. Gravitational lensing of background galaxies can be used to determine

the location of the bulk of the mass in the clusters, as indicated in blue in Fig. 1.2.

The dominant fraction of the mass in the clusters is clearly following the galaxies,

and is separated from the intergalactic gas. It is very difficult to modify Newtonian

gravity in such a way as to be consistent with this spacial separation between the

bulk of the mass in the clusters and the intergalactic gas [10], further indicating

the existence of particulate dark matter.

In apparent contradiction to this evidence is the Abell 520 merger event [11], in

which a large DM density is seen to be spatially separated from the galaxies inside

the colliding clusters. Several possible explanations for this behavior are presented

3



CHAPTER 1. INTRODUCTION TO DARK MATTER

Figure 1.2: Bullet Cluster merger event. Visible image courtesy of [2], X-ray

(red) [3], lensing map (blue) [2].

in Ref. [11], including the possibility of collisional dark matter, a concept explored

further in Refs. [12, 13]. However, a recent analysis by Clowe et.al. [14] has refuted

the earlier claims of a discrepancy between the Abell 520 and Bullet clusters.

Cosmic Microwave Background

The total energy density in the Universe is parametrized by the fraction Ω = ρ/ρc,

where ρc = 1.06× 104 eV cm−3, and is the energy density required for a flat Uni-

verse. The relative contributions to Ω from different sources can be ascertained by

a variety of methods, one of which is analysis of the Cosmic Microwave background

(CMB). The CMB is the near homogeneous background of photons produced in the

early Universe, which last interacted/scattered when the electron proton plasma

cooled to the point where neutral hydrogen was able to form. The spectrum of

this radiation is very close to that of a black body whose peak temperature has

4



1.1. DARK MATTER: EVIDENCE AND STRUCTURE

red-shifted to a current value of 2.726 K. The homogeneity of the matter-radiation

distribution was, however, broken by density perturbations left over from cosmic

inflation [15–19], planting the seed for the growth of structure. This resulted in

the CMB power spectra deviating from a black body; the nature of this deviation

provides useful information about the relative contributions from different types

of energy density at the time of CMB decoupling. High precision analysis of the

CMB power spectra by the WMAP collaboration [20], coupled with analyses of

baryonic acoustic oscillations [21], and the Hubble expansion rate [22], have shown

the value of Ωtot to be close to unity, and contain the following contributions [23]

ΩΛ = 0.725± 0.016, ΩDMh
2 = 0.1126± 0.0036,

Ωbh
2 = 0.0255± 0.00054, Ωrh

2 ∼ 0,

✞

✝

☎

✆1.1

where h is the Hubble parameter, defined by h = H0/100 km
−2 s Mpc.

1.1.2 Structure Formation in the Universe

The energy density of radiation scales like a−4, while that of matter scales as

a−3, where a is the scale factor which quantifies the expansion of the Universe,

satisfying the the condition

ȧ

a
= H,

✞

✝

☎

✆1.2

whereH is the Hubble expansion rate. Consequently, at some point in the evolution

of the Universe, the energy density of matter overtook that of radiation. At this

point gravitational interactions between dark matter particles became important,

and structure began to form.

At this epoch the Universe was homogeneous and isotropic, with the excep-

tion of small density perturbations left over from cosmic inflation [15–19]. The

gravitational interaction between dark matter particles caused the growth of these

5



CHAPTER 1. INTRODUCTION TO DARK MATTER

density perturbations, eventually evolving into the large scale filamentary structure

we observe today. The growth of structure was highly sensitive to whether or not

the dark matter was relativistic at the beginning of structure formation.

Large scale N-body simulations of gravitationally interacting systems [24–31],

indicate that scenarios in which dark matter was relativistic at the time of structure

formation lead to ‘top down’ structure formation, with large pancake like structures

forming first, then fragmenting into smaller galactic scale structures at later times.

This paradigm, known as ‘Hot Dark Matter’ is currently excluded, as its prediction

of the timescale of formation of small scale structure is in conflict with observations

of high redshift galaxies [32]. Thermal relics with eV scale masses are examples of

hot candidates, implying that SM neutrinos are excluded as DM candidates.

The best agreement between simulation and observation of large scale structure

is found if dark matter was non-relativistic at the time of structure formation, in a

scenario broadly referred to as ‘Cold Dark Matter’ (CDM). In CDM models struc-

ture formed hierarchically, with galactic and sub-galactic scale structures forming

first, later merging to form clusters and eventually super-clusters of galaxies. This,

coupled with the standard cosmological paradigm of a dark energy dominated Uni-

verse, is collectively referred to as the ΛCDM model. A popular example of CDM

is a thermal relic with a GeV scale mass.

1.1.3 Galactic Halo Profiles

The density profiles of galaxies can be inferred by the rotation curves of the stars

bound within. N-body simulations in the ΛCDM model, like those discussed briefly

in Section 1.1.2, make predictions of these profiles which are in good agreement

with observation. Fits to these simulations can in general be parametrized by the

6
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Profile α β γ rs(kpc)

Isothermal 2 2 0 5

Kravtsov 2 3 0.4 10

NFW 1 3 1 20

Moore 1.5 3 1.5 28

Table 1.1: Density Profile Parameters for the Milky Way.

following relation

ρ(r) =
ρ0

(r/rs)γ[1 + (r/rs)α](β−γ)/α
,

✞

✝

☎

✆1.3

in which (α, β, γ) are dimensionless parameters, and rs is the scale radius, or the

radius at which the density transitions between two different power laws. The

parameter ρ0 is a normalizing energy density which, for the Milky Way, is fixed

such that at the radius of the solar circle (Rsc = 8.5 kpc) the density is ρ(Rsc) =

0.3 GeV cm−3. Various groups have performed simulations of galactic structure

formation, the consequent fits being the Isothermal [25, 26], Kravtsov [27], Navarro

Frenk and White (NFW) [28], and Moore [29] profiles, which are displayed in

Table 1.1.

An alternative to the parametrization in Eq. 1.3 is the Einasto profile [30, 31],

given by

ρ(r) = ρ0 exp

[−2

α

((

r

rs

)α

− 1

)]

,
✞

✝

☎

✆1.4

in which α = 0.17 and rs ≃ 20 kpc. The corresponding theoretical predictions of

the Milky Way density profile can be seen in Fig. 1.3. Clearly all are in relatively

good agreement for radii outside the scale radius, diverging from one another

towards the Galactic center. The cuspy nature of some of these profiles at small

radii is in conflict with the observation of near constant core density in low surface

7
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Figure 1.3: Density Profiles for Milky Way for Isothermal (solid-black), Krav-

itsov (dashed), NFW (dotted), Moore (dot-dashed) and Einasto (solid-gray)

profiles.

brightness galaxies [33]. This suggests a potential issue with the standard ΛCDM

scenario, and the doubtful reliability of its predictions of dark matter densities

inside rs of the Galactic center. This over-prediction of central density is relevant

to our work on decaying dark matter, and will be discussed further in Section 2.1.1.

1.2 Interacting Dark Matter

Up to this point in the discussion, we have assumed dark matter only interacts grav-

itationally, as motivated by the observation that it is nearly collision-less. There

may however be weak DM-DM or DM-visible interactions, which can take on a va-

riety of forms, and whose presence are yet to be detected. DM-visible interactions

are well motivated in that they provide a mechanism for producing the correct DM

relic abundance. The observed density of ΩDMh
2 ≃ 0.11 is a natural consequence

of models in which DM annihilates into Standard Model particles with a weak-scale

8



1.2. INTERACTING DARK MATTER

cross section, and has a mass in the GeV-TeV range. Dark matter particles ex-

hibiting weak-scale interactions are known as Weakly Interacting Massive Particles

(WIMPs) [34–39]. Importantly, WIMPS with GeV-TeV scale masses are consistent

with ΛCDM

Though dark matter is required to be stable or meta stable on timescales less

than the age of the Universe, there is the possibility it can decay at late times,

either invisibly or via processes such as χ → SM or χ → χ′ + SM . Decays into

SM particles could result in detectable astrophysical fluxes, the non-observation

of which allow us to constrain the DM lifetime. We discuss such constraints in

Section 1.2.2.

There are three possible mechanisms aside from decay, through which a WIMP-

like dark matter particle χ can interact with SM fields: annihilation (χχ→ SM),

scattering (χ+ SM → χ+ SM), and production (SM → χχ). In many models

these processes all result from the same fundamental couplings and are therefore

related, with constraints on one being translatable to constraints on the others.

All three of these processes potentially allow the the detection of DM in the lab-

oratory, with their non-observation leading to constraint on dark matter models.

Annihilation allows for an indirect observation of dark matter through its annihi-

lation products, and is the focus of Section 1.2.1. Scattering processes allow for

the direct detection of nuclear recoil events and are the focus of Section 1.2.3.

Production provides the potential to create and observe dark matter in colliders

and is the focus of Section 1.2.4.

1.2.1 Indirect Detection

Astrophysical observations are an important tool in the quest to understand dark

matter. Not only are they important in uncovering the distribution of dark mat-

9
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χ

χ

SM

time

Figure 1.4: Generic dark matter annihilation.

ter on large scales, but can be used to probe potential interactions between dark

matter and SM states. Specifically, looking for the products of dark matter annihi-

lation in astrophysical fluxes allows one to place limits on the strength of DM-SM

interactions.

Annihilation

Dark matter annihilations proceed via the diagram in Fig. 1.4, in which the com-

position of the final states and the nature of the annihilation vertex, depend specif-

ically on the dark matter model under consideration.

The products of dark matter annihilation need to be distinguished from the

myriad of astrophysical backgrounds, coming from either the Galactic center or

the diffuse background away from the Galactic plane. This should appear as either

a feature in observed particle spectra, or more modestly, an excess above expected

background events. For example, should a particular model allow for the process

χχ → γγ, this should appear as a mono-energetic line in the photon spectrum.

The observation of a line-like feature is often referred to as ‘smoking gun’ evidence

for dark matter, as such a feature does not easily arise from purely astrophysical

sources. The non-observation of such features in astrophysical backgrounds places

10



1.2. INTERACTING DARK MATTER

constraints on WIMP models.

In particular, the expected flux of visible particles from decays in the Milky Way

can be calculated for a given model and compared with observation. The flux is

calculated for the line of sight, and averaged over solid angle ∆Ω = 2π(1−cosψ),

where ψ is the angle from the galactic center. The differential flux of SM decay

products averaged over solid angle ∆Ω, is given by the following relation

dΦ∆Ω(ψ)

dESM
=

1

4π
P(ESM ,mχ)J∆Ω(ψ),

✞

✝

☎

✆1.5

in which all specific dependence on the particle physics model is contained in

P(ESM ,mχ), while all dependence on choice of dark matter halo profile is con-

tained in J∆Ω(ψ).

Assuming equal amounts of dark matter and dark antimatter, the first term in

Eq. 1.5 is given by [25]

P(ESM ,mχ) =
〈σv〉
m2
χ

dNSM

dESM
,

✞

✝

☎

✆1.6

in which 〈σv〉 is the velocity averaged cross section for the DM annihilation process,

and dNSM/dESM is energy spectrum per decay of the final state. If the dark matter

is Majorana (self conjugate) in nature, an additional factor of 1/2 is introduced

into the right hand side of Eq. 1.6.

The second term in Eq. 1.5 is given by [25]

J∆Ω(ψ) =
2π

∆Ω

∫ 1

cosψ

∫ lmax

0

ρ
(

√

R2
sc − 2lRsc cosψ′ + l2

)2

dld(cosψ′),
✞

✝

☎

✆1.7

in which l is the magnitude of the line of sight vector at angle ψ from the galactic

center, with lmax =
√

R2
MW − sin2 ψ′R2

sc + Rsc cosψ
′ (RMW is the radius of the

Milky Way, and Rsc is the solar radius). The DM density ρ is determined by the

halo density profile, the choices for which were discussed in Section 1.1.3. Given

the quadratic dependence on the density, the theoretical uncertainty on the halo

profile has a significant effect on the expected flux for small ψ.

11
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The flux in Eq. 1.5 can be compared with the observed flux, and in assuming

that the entire observed signal comes from dark matter annihilation, a conservative

upper-bound can be placed on dΦ∆Ω/dESM , and therefore on 〈σv〉. Less conserva-

tive work attempts to estimate the astrophysical backgrounds. This methodology

has been used to constrain many models through a variety of annihilation channels,

some examples of which can be found in Refs. [4, 40–56].

1.2.2 Decay

It is possible that dark matter χ is unstable or meta-stable. In some models the

final state may contain only SM fields (χ→ SM), while in others, it may contain

one or several stable WIMPs χ′ (χ→ χ′ + SM), for which m′
χ < mχ.

The expected flux from decays in the Galactic center are given by an analogue

of Eq. 1.5, though the forms of the functions P and J∆Ω differ with respect to

the annihilation case. The particle physics dependent piece is now given by [57]

P(Ef ,mχ) =
1

mχτχeτ0/τχ
dNSM

dESM
,

✞

✝

☎

✆1.8

in which τχ is the lifetime of χ, and τ0 is the current age of the Universe. The

factor eτ0/τχ appears in models for meta-stable dark matter, and accounts for the

fact that the number of unstable DM particles χ′ may have decreased significantly

due to decays.

Given that the initial state only has a single dark matter particle, the flux

depends on only a single power of the energy density, thus the halo dependent

piece of Eq. 1.5 becomes [57]

J∆Ω(ψ) =
2π

∆Ω

∫ 1

cosψ

∫ lmax

0

ρ
(

√

R2
sc − 2lRsc cosψ′ + l2

)

dld(cosψ′).
✞

✝

☎

✆1.9

A consequence of this is that while the theoretical uncertainty in the halo profile

is still significant, it has less of an effect on the expected flux from decays than it

has on annihilations.

12
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Figure 1.5: Generic dark matter-quark scattering.

As with annihilation, the observed flux of visible states can be used as an

upper bound on the flux from dark matter decays, and used to put a lower bound

on the dark matter lifetime. Examples of constraints on decays can be found

in [4, 45, 48, 49, 57–59]. Investigating constraints on decays of meta-stable WIMPs

is the topic of Section 2.2 of this thesis.

1.2.3 Direct Detection

The same coupling responsible for annihilation of dark matter into fermions can,

in many models, cause scattering processes. Of particular interest are scattering

processes like that pictured in Fig 1.5, in which a dark matter particle scatters

off a quark. This allows for DM-nucleon (n) and, by extension, DM-nuclear (N)

scattering. These processes can be probed by looking for recoil events in ultra-cold

atomic systems. The non-observation of nuclear recoils allows constraints to be

placed on the DM-nucleon cross section. The expected differential scattering rate

between DM and nuclei (on earth) is given by the following relation [60]

dR

dER
= NT

2ρ0
mχ

∫ vmax

vmin

dσ

d|~q|2 (ER +mN)vf(~v)d~v,
✞

✝

☎

✆1.10

13
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in which NT is the number of target nuclei, ER is the nuclear recoil energy, and

|~q| is the momentum transfered to the nucleus. The quantities ρ0 and f(~v) are

the local dark matter density and velocity distribution function respectively, and

are subject to theoretical uncertainties related to those outlined in Section 1.1.3.

The form of dσ/d|~q|2 contains all particle physics information, and depends

strongly on the type of scattering that takes place. There are two distinct ways in

which χ can interact with the nucleus, spin-dependently (SD) or spin-independently

(SI). The process in Fig. 1.5 can be expressed in terms of an effective 4-Fermi

operator; the form of this operator determines the nature of the interaction.

For SD interactions, dark matter couples to the nucleon spin, thus only the un-

paired or valence nucleons in the nucleus will contribute to DM-nuclear scattering.

SD interactions arise from axial-vector (γ5γµ) operators, for example

Lint =
1

Λ
χγ5γµχqγ5γ

µq,
✞

✝

☎

✆1.11

where Λ is the energy scale at which the effective theory breaks down. This can

be scaled to an effective DM-n operator using the following identity [34, 61–64]

〈n|qγ5γµq|n〉 ≡ 2s(n)µ ∆q(n),
✞

✝

☎

✆1.12

in which s
(n)
µ is the nucleon spin 4-vecor, and ∆q(n) is a constant to be determined

experimentally. It can be shown that the differential DM-N cross section in the

SD case is given by [61–63]

dσ

d|~q|2 =
8G2

F

(2J + 1)v2
S(|~q|,∆q(p),∆q(n)),

✞

✝

☎

✆1.13

in which J is the nuclear spin, and v the dark matter velocity. The nuclear depen-

dent form factor S(|~q|,∆q(p),∆q(n)) contains all Λ dependence. Some examples of

form factors are given in Refs. [34, 61–63]. The convention in the direct detection

literature is to normalize the nuclear form factors appropriately so that the cross

section contains explicit GF dependence.
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SI interactions arise from scalar, vector (γµ) and tensor (T µν) operators. SI

DM-quark operators can be scaled to DM-n operators in a similar fashion to SD

operators. As an example consider the scalar interaction

Lint =
1

Λ
χχqq.

✞

✝

☎

✆1.14

This can be scaled similarly to Eq. 1.12 [34, 61, 64]

〈n|qq|n〉 ≡ mn

mq

f
(n)
Tq ,

✞

✝

☎

✆1.15

in which f
(n)
Tq is a constant determined by experiment. For the SI scalar case, the

differential cross section is given by [34, 61, 62, 64]

dσ

d|~q|2 =
G2
F

v2
CscalF (ER)

2,
✞

✝

☎

✆1.16

in which F (Er) is a nuclear form factor, some examples of which are given in

Refs. [34, 61, 62]. The constant Cscal is defined to be [34, 64]

Cscal =
1

πG2
F

[Zfp + (A− Z)fn]
2,

✞

✝

☎

✆1.17

where Z is nuclear charge, and A atomic number. The parameters fn are the

effective couplings to the nucleons, which depend on f
(n)
Tq and the cutoff scale Λ.

Depending on the choice of model, the scalar coupling may contain contributions

from various sources, including coupling to gluons, Higgs exchange, and one-loop

processes [34, 61]. As is clear from Eq. 1.17, in contrast to SD scattering, there are

coherent contributions from interactions with all nucleons in the nucleus. Thus,

spin-independent interactions usually dominate over the spin-dependent scattering,

particularly for the heavy elements used in direct detection experiments. Note

that this description of the cross section, in particular coherent scattering, breaks

down for momentum transfers lower than the energy scale defined by the nuclear

diameter, implying a limit to the usefulness of increasing nuclear size.
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Figure 1.6: Generic dark matter production process.

There are various direct detection experiments in operation, using heavy ele-

ments such as Xenon [60, 65, 66], Silicon and Germanium [67–69] and various other

materials [70, 71], and the DM-nucleon cross section is constrained considerably

by observation.

1.2.4 Production

Last in our exploration of DM-SM interactions are processes like that pictured in

Fig. 1.6, in which a pair of SM particles (in this case fermions) annihilate into a pair

of DM particles. These processes are relevant for collider experiments, allowing for

the possibility of direct dark matter production. Of particular interest are processes

in which the initial state fermions are quarks, as this allows for production of dark

matter at the LHC.

Given the WIMP-like nature of χ, we would expect the dark matter produced in

Fig. 1.6 to escape the LHC’s detectors completely undetected, making this process

on its own unobservable. As with neutrinos, the presence of the invisible dark

matter particles is only indicated by an apparent violation of conservation of energy-

momentum in the detector system. Thus at least one visible particle is required
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in the final state, against whose momentum some amount of missing momentum

can be reconstructed. In the language of collider physics, the magnitude of this

momentum is referred to as the missing energy.

The quarks responsible for the DM production in Fig. 1.6 carry some fraction

x of the colliding proton’s momentum. This fraction is probabilistic, being deter-

mined by Parton Distribution Functions (PDF), and is therefore not predictable

on an event by event basis. This indeterminacy of the initial state momentum

makes accurate reconstruction of missing energy in the longitudinal direction (i.e,

beamline direction) impossible. Thus, the useful variable in dark matter searches

is the missing energy in the transverse plane ( /ET ).

The possibilities for the visible final state from which the /ET is reconstructed

are highly model dependent, and indeed in any given model there may be several

search channels for dark matter. The prime example of this is Supersymmetry

(SUSY). There is significant model variation in SUSY, with different SUSY models

providing different DM candidates [72]. The dominant search channel depends

on the SUSY model and parameters chosen [73]. For example, for neutralino

dark matter, in the region of parameter space in which the gluino is kinematically

accessible, DM may be detectable through a number of final states, including

multiple jets and/or multiple leptons [74–77]. Conservation of R-parity implies

that any SUSY decay chain will end in the lightest stable supersymmetric particle

for a given model, and will therefore have some missing energy signal.

Regardless of the choice of dark matter model, there will always be the possi-

bility that a gauge boson will be radiated from one of the initial state quarks. For

this reason, searches for a single gauge boson plus /ET are the most general search

strategies for DM at the LHC. A consequence of the largeness of αs is that gluon

radiation (resulting in a mono-jet plus /ET signal) has the largest cross section

at the LHC. This process has been considered by several authors [78–87], with
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LHC data used to constrain the possible 4-Fermi effective operators responsible

for the process pictured in Fig. 1.6. As in Ref. [88], mono-jets can also be used to

probe non-standard neutrino interactions. Mono-photons have been considered in

Refs. [83, 89, 90], and while not as constraining as mono-jet searches [79, 91], are

nonetheless an important search channel for dark matter. Recently, electroweak

bremsstrahlung has been considered, and the potential signatures of mono-W [92]

and mono-Z [93] emission explored. The focus of Chapter 4 of this thesis is the

expected signatures of WIMP dark matter in the mono-Z search channel.

1.3 Relic Abundance

Of fundamental importance in the quest to understand the nature of dark matter

is the mechanism through which it was created in the early Universe. Though

little is known for certain about the production mechanism for dark matter, the

non-gravitational interactions discussed in Section 1.2 provide a useful avenue for

exploration. Processes like those in Figs. 1.4-1.6 have potentially caused the visible

and dark sectors to be in thermal equilibrium in the early Universe, allowing dark

matter and the Standard Model to share a common production mechanism. The

basic principals behind thermal production are highlighted in Section 1.3.1. In

Section 1.3.2 we discuss the phenomenon known as coannihilation, in which there

were contributions to the DM relic density from several states with near degenerate

mass.

1.3.1 Thermal Relic Dark Matter

At times much less than a second when the number density was high, interactions

acted to keep all SM fields in thermal equilibrium with each other. The system was

well approximated by a Maxwell-Boltzmann fluid at temperature T , whose species
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obeyed the distribution function f(E) ∼ exp [−E/T ] [32]. If interactions such

as those pictured in Figs. 1.4-1.6 were present, a similar equilibrium would have

existed between DM and the SM, ensuring that dark matter maintain a Maxwell-

Boltzmann distribution, and a common temperature with the SM. The dark matter

number density in this scenario was determined by the Boltzmann equation

dnχ
dt

+ 3Hnχ = −〈σvrel〉
(

n2
χ − (neqχ )

2
)

,
✞

✝

☎

✆1.18

in which H is the Hubble expansion rate, and nχ the DM number density. The

equilibrium number density neqχ , was given by

neqχ = gχ

∫

d3~p

(2π)3
e−E/T =

2gχ
(2π)2

m2
χTK2

(mχ

T

)

,
✞

✝

☎

✆1.19

where gχ is the number of degrees of freedom that the dark matter possessed.

The velocity averaged annihilation cross section 〈σvrel〉, is given by [94]

〈σvrel〉 =
T g2χ

32π4(neqχ )2

∫ ∞

4m2
χ

σ(s)
[

s− 4m2
χ

]√
sK1

(√
s

T

)

ds,
✞

✝

☎

✆1.20

in which K1(x) and K2(x) are modified Bessel functions of the first and second

kind respectively, and σ(s) is the cross section for the process χχ → SM , which

depends greatly on the choice of DM model.

The Hubble expansion rate was given by

H ≡ ȧ

a
=

1

2t
=

1.66
√
g∗T

2

mP l

,
✞

✝

☎

✆1.21

where

g∗(T ) ≡
∑

i=bos

gi

(

Ti
T

)4

+
7

8

∑

i=ferm

gi

(

Ti
T

)4

.
✞

✝

☎

✆1.22

Thus, as the Universe expanded the temperature decreased. At some time the

temperature T dropped below mχ, and the number density in Eq. 1.19 became ex-

ponentially suppressed. This caused the annihilation rate, given by Γ = nχ〈σvrel〉,
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to die off exponentially with temperature. At some critical temperature Γ ≃ H,

the annihilation rate dropped below the Universal expansion rate. At this point

annihilation ceased, and the co-moving number density of the DM became fixed.

To express this more explicitly, we need to find solutions to the Boltzmann

equation in Eq. 1.18. Specifically, we need to determine the temperature at which

nχ departed from neqχ , which indicates Γ approaching H. It is convenient to express

Eq. 1.18 in terms of the number density per unit entropy Y = nχ/s.

From Eq. 1.18 and the definition of entropy, it can be easily shown that

dY

dt
= −s〈σvrel〉(Y 2 − Y 2

eq),
✞

✝

☎

✆1.23

and hence

dY

dT
=

√

π

45
g1/2∗ mP l〈σvrel〉(Y 2 − Y 2

eq).
✞

✝

☎

✆1.24

The variable g
1/2
∗ is a measure of the total number of degrees of freedom in

equilibrium given by

g1/2∗ ≡ g∗s√
g∗

(

1 +
T

3g∗s

dg∗s
dT

)

,
✞

✝

☎

✆1.25

in which

g∗s(T ) ≡
∑

i=bos

gi

(

Ti
T

)3

+
7

8

∑

i=ferm

gi

(

Ti
T

)3

,
✞

✝

☎

✆1.26

as defined in Refs. [94, 95]. Following the methodology of Refs.[32, 94, 95], it is

straight forward to solve Eq. 1.24 at the departure of Y from its equilibrium value.

This leads to the following criteria for thermal production of DM

Ωχh
2 = 2.818× 108

mχ

GeV

[

1

Yf
+

√

π

45
mP l

∫ Tf

T0

g1/2∗ 〈σvrel〉dT
]−1

,
✞

✝

☎

✆1.27

where Tf is the temperature at the time of departure, Yf = Yeq(Tf ), and Ωχh
2 ≃

0.11 as outlined in Section 1.1.1. The relic abundance, determined by Eq. 1.27,
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turns out to be relatively insensitive to the DM mass, roughly leading to the con-

straint 〈σvrel〉 ∼ 10−26cm3/s. This, as it happens, is a natural cross section for

annihilation of a WIMP in the GeV mass range. This coincidence is generally re-

ferred to as the ’WIMP miracle’, and is one of the great motivations for interacting

dark matter.

1.3.2 Coannihilation

Let us considerN speciesXi which were near degenerate in mass. As each unstable

species dropped out of equilibrium, it decayed, eventually reaching a stable state,

that is, dark matter. Assuming the decay rate of the heavier species into dark

matter occurred on much shorter timescales than Universal expansion, all species

Xi contributed to the relic abundance, and the total number density n =
∑N

i ni

can be equated to the DM number density nχ.

The Boltzmann equation describing the total abundance is given by [96]

dn

dt
+ 3Hn = −

N
∑

i,j

〈σijvij〉
(

ninj − neqi n
eq
j

)

.
✞

✝

☎

✆1.28

Similarly to Eq. 1.20, the thermally averaged annihilation cross section 〈σijvij〉 is

given by [94]

〈σijvij〉 =
T gigj

32π4neqi n
eq
j

∫∞
(mi+mj)2

σ(s)ij
[s−(mi+mj)

2][s−(mi−mj)
2]√

s
K1

(√
s
T

)

ds,

✞

✝

☎

✆1.29

in which σ(s)ij is the cross section for process XiXj → SM .

The presence of the coannihilation processes,XiXj → SM , imply the existence

of the mixing processes Xi + SM → Xj + SM . When the species Xi were non-

relativistic, their equilibrium number densities dropped exponentially, becoming far

lower in abundance than the still relativistic SM degrees of freedom. We therefore

21



CHAPTER 1. INTRODUCTION TO DARK MATTER

expect the rates for the annihilation processes XiXj → SM to have been greatly

suppressed relative to mixing processes Xi + SM → Xj + SM . This ensured the

relative number densities of species Xi maintained their equilibrium values, despite

annihilations removing those species from the bath at different rates, i.e., [96]

ni
n

≃ neqi
neq

.
✞

✝

☎

✆1.30

The Boltzmann equation therefore becomes

dn

dt
+ 3Hn = −〈σv〉eff

(

n2 − (neq)2
)

,
✞

✝

☎

✆1.31

where

〈σv〉eff =
N
∑

i,j

〈σijvij〉
neqi n

eq
j

neqneq
.

✞

✝

☎

✆1.32

Given the prompt decay of unstable contributions to n, the total number density

is equal to the DM density nχ, and Eq. 1.31 can be used to determine the relic

abundance in a similar fashion to Eq. 1.18 in Section 1.3.1. The distinction from

the standard case is that 〈σv〉eff , as opposed to 〈σvrel〉, contains contributions

from annihilation processes involving all species Xi, not just the DM χ.
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Models for Dark Matter Decay

Given its accurate replication of large scale structure, the ΛCDM model has be-

come the most popular framework for dark matter. It does, however, suffer from

inaccuracies in its prediction of small scale structure. In this chapter we discuss

one possible solution to this problem. We consider models in which dark matter

is only meta-stable. In this work we seek to explore constraints on this class of

model, and present a specific particle physics model to realize this scenario.

In Section 2.1 we present the problems with ΛCDM in more detail, along with

a possible solution. In Section 2.2 we explore the observational constraints on

this class of model, deriving constraints on decays into neutrinos. The focus of

Sections 2.3 and 2.4 will be the construction of an explicit particle physics model

for decaying dark matter. We conclude in Section 2.5.
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2.1 The Small Scale Structure Problem and De-

caying Dark Matter

2.1.1 The Small Scale Structure Problem

Many body gravitational simulations of ΛCDM paradigm are, as discussed in Sec-

tion 1.1.2, in very good agreement with observed large scale structure. This success

stems from ‘bottom up’ structure formation, in which galactic scale structures form

early. ΛCDM is not problem free however, as it tends to over-predict small scale

power [29, 97–110].

The issue of small scale power was highlighted in Section 1.1.3, which con-

tained a discussion of galactic halo profiles. As discussed in that section, there

is a large amount of theoretical uncertainty as to the abundance of DM near

the Galactic Center. Indeed, all predictions from numerical simulations involving

CDM are in contrast with observation of near constant core density in low surface

brightness galaxies [33]. Such simulations are also erroneous in their prediction of

the number of satellite galaxies orbiting Milky Way sized objects, over predicting

their multiplicity by a factor of around 10 [8, 29, 97, 106, 111, 112]. Although

these simulations do not include visible matter, the gravitational potential wells

they predict would promote a level of star formation not observed. Though these

issues may be partially alleviated by tidal disruption and other effects, the small

scale power problems of ΛCDM are still poorly understood (see e.g. [113, 114] for

recent work).

These discrepancies have led many to consider a dark matter candidate some-

where between the ‘Hot’ and ‘Cold’ regimes. Models for ‘Warm’ dark matter, often

involving keV mass particles, soften the small scale power problem, while maintain-
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DECAYING DARK MATTER

ing the ‘bottom up’ structure formation that made ΛCDM appealing. While warm

dark matter is appealing from an astrophysical standpoint, obtaining the correct

relic abundance in a natural way can be difficult in these models. In this work,

as in [115–123], we will consider an alternative hypothesis in which DM does not

consist of a single stable species.

2.1.2 A possible Solution: Decaying Dark Matter

We consider a scenario with two WIMP candidates, in which one species is unstable,

decaying into the other. If the mass splitting between the two WIMPS is sufficiently

small, the decay process will leave the overall halo mass unaffected, while giving

the daughter DM particles a small velocity kick. Such velocity kicks heat the dark

matter halos and cause them to expand, softening the central cusps and disrupting

small halos [7, 8, 124–126]. Such models are appealing, as they can alleviate the

small scale structure problems, while retaining the attractive features of cold dark

matter.

We shall assume the DM decays predominantly via the channel

χ∗ → χ+ l ,
✞

✝

☎

✆2.1

where χ∗ and χ denote the heavier and lighter candidate, respectively, and l is

some relativistic final state. The mass splitting between χ∗ and χ is given by

∆m = mχ∗ǫ ,
✞

✝

☎

✆2.2

where ǫ ≪ 1. Abdelqader and Melia [8] have shown the dwarf halo problem can

be solved for ǫ ≃ (5 − 7) × 10−5 and a decay lifetime of (1 − 30) Gyr. The

work of Peter, Moody, and Kamionkowski [7] has demonstrated that galaxy cusps

can be alleviated for a wider range of ǫ and τχ∗ , with the most favored lifetimes

in the range (0.1 − 100) Gyr. Subsequent work by Peter and Benson [127] has
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used properties of galactic subhalos to further constrain the allowed values of ǫ,

preferring lower values to those favored in [8]. Dark matter decays may be further

constrained from analysis of their effect on weak lensing of distant galaxies as

in [128]. However, at present, such analyses have only placed limits on models

with much larger values of ǫ than those considered in this work.

An interesting possibility, from an observational standpoint, is a decay mode in

which the relativistic final state, l, consists of SM particles. This allows the pos-

sibility of verifying the model, via the detection of particles produced by decay in

our own Galaxy, or of a diffuse flux from decays in halos throughout the Universe.

Current astrophysical observations place constraints on the allowed parameters,

via comparison of the expected fluxes from decay with relevant astrophysical back-

grounds. This will be discussed more detail in Section 2.2.

2.2 Constraints on Meta-stable Dark Matter

Let us consider the process χ∗ → χ + l discussed in the previous section. If l

is a visible state, its non-observation above backgrounds should yield a constraint

on the lifetime of χ∗. For ǫ ∼ 10−5 and mχ ∼ GeV-TeV, the ∆m values of

interest are of order 10 keV-10 MeV. Therefore, the possible SM final states are

l = γ, e+e−, νν. The least detectable SM particles are neutrinos. Consequently

the constraints on DM decay into neutrinos are the weakest but most robust.

In Section 2.2.1 we place constraints on the process χ∗ → χ + ν + ν based

on atmospheric neutrino data. Due to the high detectability of γ ray photons,

constraints on the lifetime of χ∗ from the process χ∗ → χ + γ are in general the

most stringent. The branching ratio for direct photon production may, however,

be tiny in many models, making it important to consider other possible decay

products. Photon and positron producing processes are the focus of Section 2.2.2.

26



2.2. CONSTRAINTS ON META-STABLE DARK MATTER

2.2.1 Neutrino Constraints

Given that neutrinos are the least detectable stable SM particles, constraints on

DM decay (or annihilation) to neutrinos can be used to set conservative but robust

lower limits on the DM lifetime (or upper limit on the annihilation cross section)

to any SM final state [50]. Palomares-Ruiz [45, 58] obtained limits on the decay

channel χ → ν + ν. Here we will adapt the analysis of Refs. [45, 46, 58], to

constrain the decay channel χ∗ → χ+ ν + ν. This will set the most conservative

limit on DM decay modes of the form χ∗ → χ+ l, where l is any SM final state.

The neutrino flux on Earth from DM decay in the galactic halo is

dΦν

dEν
=

1

4π

1

mχτeτ0/τ
J∆Ω

2

3

dN

dEν
.

✞

✝

☎

✆2.3

The multiplicity of 2 accounts for the sum of ν and ν produced in the decays.

As in Refs. [45, 58], we assume equal decay width to all three neutrino flavors,

which accounts for the factor of 1/3 in Eq. 2.3. This is a reasonable approxima-

tion, since neutrino flavor oscillations between the production and detection points

will considerably weaken any preference toward a particular flavor. For simplicity,

and in order to minimize the uncertainty arising from a particular choice of halo

profile, we average the expected neutrino signal over the whole sky, ψ = 180◦.

Directional information, whenever available, is in general expected to lead to more

stringent limits [45, 51, 58]. There is an inherent model dependence in the energy

distribution, dN/dEν , for a process with a three body final state. To accommo-

date this without specializing to a given model, we use the limiting cases, that is,

mono-energetic

dN/dE = δ(E −∆m/2),
✞

✝

☎

✆2.4

and flat

dN/dE = 1/(∆m− 2mν) ≃ 1/∆m,
✞

✝

☎

✆2.5
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energy distributions.

For energies Eν & 50 MeV, the neutrino flux on Earth is dominated by at-

mospheric neutrinos. The atmospheric neutrino flux has been well measured by

a number of experiments [129–134], and is in good agreement with theoretical

predictions. We utilize the results of the FLUKA [135, 136] calculation of the

atmospheric νµ + νµ background, over the energy range 50 MeV to 10 TeV. We

determine a DM decay limit by requiring the expected neutrino signal from DM

decay not exceed the atmospheric neutrino flux, integrated over energy bins of

width ∆ log10Eν ∼ 0.3. This choice of bin size is in accordance with that adopted

in Refs. [45, 58], and encompasses the experimental resolution of the neutrino

detectors. Fig. 2.1 shows limits for both mono-energetic (dashed) and flat (solid)

neutrino energy distributions.

At low energies Eν . 100MeV, the relevant data comes from the diffuse super-

nova neutrino background (DSNB) search performed by the SK experiment [137].

SK searched for positrons produced by incident νe on free protons inside the detec-

tor, via the inverse β-decay reaction νe+p→ e++n. Incoming νe and νe interact

also with bound nucleons, producing electrons and positrons. The main sources of

background for these observations are atmospheric νe and νǫ, and the Michel elec-

trons and positrons from decays of sub-threshold muons. A DSNB signal was not

detected. In Refs. [45, 46, 58] a χ2 analysis of this data was performed, and used

to place 90% CL limits on the contribution to the signal from DM annihilation,

χχ→ νν, or decay, χ→ νν.

We shall employ the DM decay limits of Refs. [45, 58], in order to constrain

the lifetime for small ∆m, ∆m ≤100 MeV. A simple rescaling suffices to convert

these limits into constraints on the decay mode of interest here, χ∗ → χνν, under

the assumption that νν are emitted mono-energetically. The resulting constraints

are shown in Fig. 2.1.
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Figure 2.1: Limits on dark-matter decay χ∗ → χ+ ν + ν. The solid (dashed)

lines correspond to mono-energetic (flat) injection distribution of ν, ν. The

regions below the lines are excluded.
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2.2.2 γ-ray and Positron Constraints

The tightest constraints on the DM lifetime come from photon producing pro-

cesses. In Ref. [4], authors Yüksel and Kistler placed constraints on the lifetime of

the decay channel, χ∗ → χ+ γ, based on γ-rays from the Galactic Center region,

and the isotropic diffuse photon background.

Weaker, but still significant, constraints can be placed on decays into e+e− pairs

via the process χ∗ → χ+ e+ + e− [5]. These are visible by directly measuring the

resulting positrons, or via the subsequent or associated production of photons. The

combined limit on e+e− decays are displayed in Fig. 2.2 (dashed). Plotted alongside

this are the γ constraints from [4] (solid), and the neutrino constraints derived in

the previous section (dotted). Results are displayed for a mono-energetic e+e−

and νν distributions, which turn out to yield the most conservative constraints.

Figs. 2.3-2.5 show the constraints in Fig. 2.2, translated into constraints on τ

for varying values of ǫ = ∆m/mχ. For τ ≪ τ0, all the decays occur very early

in the evolution of the Universe, depleting the abundance of χ′ and causing the

expected flux to die off. For τ ≫ τ0, decays happen late, implying that though a

larger fraction of the dark matter is χ′, the decay rate of χ′ is lower causing the

expected flux to decrease. Between these two extreme limits is a band of excluded

lifetimes. Clearly the available parameters have been restricted substantially. Of

particular interest is Fig. 2.5, which shows the parameters preferred by Ref. [8] to

solve the dwarf halo deficit problem (namely ǫ = 5×10−5 and 1Gyr < τ < 30Gyr),

to be close to ruled out for decays into e± pairs.
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Figure 2.2: Constraints on dark-matter decay channels χ→ χ′ + γ [4] (solid),

χ → χ′ + e− + e+ (dashed) and χ → χ′ + ν + ν̄ (dotted). The regions below

the lines are excluded.

2.3 A Dark Matter Decay Model

In Section 2.2 we demonstrated the viability (though constricted) of the decaying

dark matter scenario from an observational standpoint. The aim of this section

is to construct a specific particle physics model which can realize decaying dark

matter. We shall use the criterion specified by Abdelqader and Melia [8] [namely,

ǫ ≃ (5− 7)× 10−5 and τ ∼ (1− 30) Gyr] as a reference point for these models,

but given the constraints of Ref. [127], we will choose the more restrictive values

of ǫ ∼ 10−5 and τ ≃ (1-10) Gyr.

In order to construct a model which can achieve the goals of decaying dark

matter there are certain criteria that need to be satisfied. The first and most
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Figure 2.3: Constraints on DM lifetime τ as a function of mass splitting ∆m

and massmχ, for ε = 10−5, for the decay channels χ∗ → χ+γ (green) [4], χ∗ →

χ+ e− + e+ (blue) [5] and χ∗ → χ+ ν + ν̄ (purple) (this work). Color-shaded

regions are excluded observation. The decays may have an observable effect

on galactic halo structure if they occur at times 0.1Gyr < τ < 100Gyrr [6, 7]

(non-shaded region).
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Figure 2.4: Same as in 2.3, but for ε = 3× 10−4.
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Figure 2.5: Same as in 2.3, but for ε = 5 × 10−5, suggested in [8] as suitable

for resolving the missing-satellite problem. This would require a dark-matter

lifetime within the narrower interval 1Gyr < τ < 30Gyr shown (dashed lines).
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important of these is the need for two candidates with nearly degenerate masses.

Second, we need decay of the parent DM particle to either light SM final states,

or some new light degree of freedom. Third, the process needs to occur on time

scales relevant for the disruption of structure formation, and lastly, we need some

viable DM production mechanism. WIMP-like scenarios are particularly interesting

on this front, as WIMPs are populated as thermal relics and naturally freeze out

in the early Universe with the correct relic density.

Two scenarios will be considered. In the first we implement a variation of the

“exciting dark matter” model conceived by Finkbeiner and Weiner [115], which

involves the addition of a dark sector containing a Dirac fermion and a real scalar

field to the standard model. The introduced fields obey a discrete Z4 symmetry,

the breaking of which leads to a non-degeneracy of the masses of the fermion’s

two Weyl components, and an instability of the heavier to decay into the lighter.

The scenario considered in this work differs from [115] in the values of the model

parameters chosen; in short, we consider longer decay lifetimes.

As a second example, we consider a generalization of the scenario in [115], in

which we replace the Z4 symmetry with a global U(1) symmetry, requiring the

introduced scalar field to be complex. The breaking of this U(1) will produce a

pseudo-Nambu-Goldstone boson, which will serve as our light final state for the

dominant decay channel. We show that DM production through interaction with

the SM is impossible in the U(1) model. The second scenario is one example

among any number of generalizations and extensions to the simple Z4 model; it

is simply an illustration that decaying DM can be realized in a particle model

irrespective of the strength of coupling to the SM.

In Section 2.3.1 we shall explore a model in which SM final states are produced

in the dominant decay channel. In Section 2.3.2 we consider the possibility of

completely non-SM final states. In Section 2.3.3 we discuss production, and in
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Section 2.3.4 consider the possibility of χ∗ depopulation. Section 2.4 focuses on

constraints on the models and the available regions of parameter space.

2.3.1 SM Final States (Z4)

When searching for a light final state for the process in Eq. 2.1, the obvious place

to look is the SM, as the existence of particles with masses substantially below the

CDM mass scale (GeV) is assured. To couple the DM to the SM we adopt the

model put forward in [115]. Although this was originally intended as a mechanism

for explaining the observed INTEGRAL/SPI positron excess [138], with a different

choice of parameters the model can serve our astrophysical aims quite well. We

begin with the introduction of a Dirac fermion comprised of the two Weyl spinors

χ1l and χ2r, which couple to a real singlet scalar φ. The mass eigenstates for the

χ1 and χ2 fields (which we will call χ and χ∗, respectively) are the DM in this

model.

We impose a discrete Z4 symmetry under which the fields transform as

χ1,2 → iχ1,2 ,

φ → −φ ,
✞

✝

☎

✆2.6

but remain singlets under the symmetries of the SM. This allows for the following

Lagrangian:

L =
1

2
∂µφ∂

µφ +
2
∑

i

χ†
iσµ∂

µχi − mDχ1lχ2r

✞

✝

☎

✆2.7

− λ1φχ1l(χ1)
c
r
− λ2φχ2r(χ2)

c
l
− V (φ,H,H†) + h.c. .

At this stage the two mass eigenstates both have mass mD. To lift this degeneracy

we need to break the Z4 symmetry. We break the symmetry spontaneously down

to Z2 by allowing φ to obtain a vacuum expectation value. The Higgs potential is
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given by

V (φ,H,H†) =
λφ
4
φ4 −

µ2
φ

2
φ2 +

λh
4

(

H†H
)2

− µ2
h

2
H†H +

α

2
φ2 (H†H) ,

✞

✝

☎

✆2.8

where H is the SM Higgs doublet. The last term in Eq.2.8 is included as it is

allowed by all the symmetries of the theory. Minimizing the above potential with

respect to both φ and H we obtain the conditions

2λφ〈φ〉2 − 2µ2
φ + α〈h〉2 = 0 ,

λh〈h〉2 − 2µ2
h + 2α〈φ〉2 = 0 .

✞

✝

☎

✆2.9

It can now be clearly seen that 〈φ〉 6= 0. As in [115], the spontaneous breaking of

the discrete Z4 symmetry will lead to the formation of domain walls, which may be

disfavored by observation. We can remove this potentially troubling phenomenon

by introducing the explicit breaking term µφ3 to our Higgs potential, where µ is

small for reasons of technical naturalness.

Perturbing Eq. 2.7 about the vacuum there arise Majorana masses λ1〈φ〉 and

λ2〈φ〉 for χ1 and χ2, respectively. The Lagrangian therefore contains the mass

matrix

L ⊃ −
(

χ1l (χ2r)
c
)





λ1〈φ〉 md

2

md

2
λ∗2〈φ〉









(χ1l)
c

χ2r



 ,
✞

✝

☎

✆2.10

which we then diagonalize to obtain the Majorana mass eigenstates χ and χ∗:

χ ≃ 1√
2
[(χ1 + χ2)

c − (χ1 + χ2)] ,

χ∗ ≃ 1√
2
[(χ1 + χ2)

c + (χ1 + χ2)] ,
✞

✝

☎

✆2.11

whose masses we find to be

mχ∗,χ =
1

2

√

m2
D + 4λ2−〈φ〉2 ± λ+〈φ〉 ,

✞

✝

☎

✆2.12
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where λ± ≡ 1
2
(λ1 ± λ∗2). We want the mass splittings to be small, so we choose

mD ≫ λ±〈φ〉, making mχ∗,χ ≃ mD

2
± λ+〈φ〉, and thus mχ∗ǫ = 2λ+〈φ〉. Typically

in this model we shall consider masses in the range mχ,χ∗ ∼ (50-800) GeV, a

breaking scale of 〈φ〉 ∼ (3-20) MeV, and coupling strength of λ± ∼ 10−1 [implying

∆m ∼ (0.4-8) MeV for ǫ ≃ (0.7-1) × 10−5]. For a detailed discussion of the

parameter space, see Section 2.4.

In the basis of the mass eigenstates, the Lagrangian contains the following

interaction terms, which mediate decay, scattering, and annihilation processes:

L ⊃ λ+φχχ − λ+φχ∗χ∗ − λ−φχγ5χ
∗

−mχχχ −mχ∗χ∗χ∗ + h.c. .
✞

✝

☎

✆2.13

It should be noted that interaction terms coupling like mass eigenstates are scalar,

while off-diagonal coupling is pseudo-scalar. As will be seen this has a substantial

effect on the DM decay rate.

Mixing of the SM sector with the dark sector (χ, χ∗, φ) occurs through the

last term in Eq. 2.8. Expanding the Higgs potential about the vacua’s of both φ

and H produces off-diagonal mass terms for both fields. Expressing the potential

in terms of the mass eigenstates φ′ and h′, we find the following mixing of states:

φ ≃ cos θ φ′ − sin θ h′ ≃ φ′ − θ h′ ,
✞

✝

☎

✆2.14

h ≃ cos θ h′ + sin θ φ′ ≃ h′ + θ φ′ ,

where h is the SM Higgs boson, and λh is its self-coupling. To first order in α

θ ≃ α〈φ〉
λh〈h〉

,
✞

✝

☎

✆2.15

and we find masses of φ′ and h′ to be

m2
φ ≃ 2λφ〈φ〉2 ,

m2
h ≃ 1

2
λh〈h〉2 ,

✞

✝

☎

✆2.16
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(in the limit mφ ≪ mh) with that of φ′ being ∼ (2 − 20) MeV. At the time

of this work the SM Higgs mass was not a known quantity, so we adopted the

plausible value of mh ∼ 130 GeV. Replacing this with the value of mh = 125 GeV

recently measured by ATLAS and CMS at the LHC [139, 140], would not modify

our conclusions substantially. Through φ-Higgs mixing, χ and χ∗ can couple to h′

and by extension the SM. In particular, it allows the possibility of decay into SM

final states via processes such as that shown in Fig. 2.6.

χ∗

χ

φ′, h′
ν, e−

ν, e+

Figure 2.6: Primary DM decay channel for the Z4 model

This process has a decay rate given by

Γ ≃ λ2− y
2
l θ

2

2800 π3m4
φ

m5
χ∗ǫ7 ,

✞

✝

☎

✆2.17

where yl is the Yukawa coupling for the dominant SM final state, and we assume

∆m≫ ml, λ+ ≃ λ−, and that the light final states are Dirac. Just as we choose

our splitting to be small, we can choose the region of parameter space in which

the lifetime is sufficiently large to disturb structure formation.

The above decay rate contains several elements which naturally lead to sup-

pression and thus a long lifetime. First, the decay rate is subject to phase-space

suppression, as there are 3 bodies in the final state. Second, it depends on the

Yukawa coupling yl, which, given we are only interested in decay into light leptons

(e+e−, νν), will be a small number. It is also dependent on the Higgs mixing angle
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θ, which in turn varies depending on the strength of the coupling α. Although

there is some freedom of choice with respect to the value of α, we typically take

α ∼ 10−5, which results in a mixing of θ ∼ 10−9 (see Section 2.3.3 for details).

Lastly, pseudo-scalar coupling between χ and χ∗ means the decay rate contains a

factor ǫ7 (as opposed to ǫ5 for scalar coupling). The conjunction of these factors

means that the DM lifetime can be long without λ± being too small, typically

λ± ∼ 10−1.

2.3.2 Dark Decays [U(1)]

An advantage of SM final states is their detectability. While directly observable

consequences are a desirable model building goal, the non-observation of the sig-

natures of a model can lead to constraints, as will be seen in the next section.

Were observational constraints to strengthen, there is the possibility that a non-

observation of the final states in the above model may rule it out. Should this

occur, the viability of decaying DM in general would rely on a primary decay chan-

nel to non-SM final states. In this section we will present a model which can realize

this.

One way to naturally produce a decay channel with a light final state is to

upgrade the discrete Z4 symmetry to a global U(1) symmetry. Spontaneously

breaking this will produce a Nambu-Goldstone boson (NGB) in the theory, which

will couple to the DM. The Lagrangian in this scenario is similar to Eq.2.7 except

that now φ = (1/
√
2)(φ1 + iφ2), and χ1,2 and φ now transform under the U(1)

symmetry as

χ1,2 → χ1,2 e
iθχ ,

φ → φ e−2iθχ ,
✞

✝

☎

✆2.18

where θχ is an arbitrary phase. The Higgs potential will have a similar form to
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Eq. 2.8 but with φ 6= φ†, thus φ2 terms become φ†φ. As with the discrete case,

we end up with the mass matrix in Eq. 2.10 and subsequent mass eigenstates χ

and χ∗; only now they couple to the mass eigenstates φ′
1 and h′, defined by

φ1 ≃ cos θ1 φ
′
1 − sin θ1 h

′ ≃ φ′
1 −

α〈h〉
λφ〈φ〉

h′ ,
✞

✝

☎

✆2.19

h ≃ cos θ1 h
′ + sin θ1 φ

′
1 ≃ h′ +

α〈h〉
λφ〈φ〉

φ′
1 ,

(mφ ≫ mh as will be seen) and the NGB φ2, i.e.

L ⊃ − λ−√
2
φ′
1χγ5χ

∗ − iλ+√
2
φ2χχ

∗ + h.c. .
✞

✝

☎

✆2.20

It should be noted that the above coupling to the NGB is scalar, which results

from the fact that φ2 is the imaginary component of φ. This means that decays

into the NGB contain less ǫ suppression (one power of ǫ) than they would were

the coupling pseudoscalar (ǫ3).

Coupling to the NGB implies the existence of long range DM-DM interactions,

which can potentially affect structure formation. To avoid the issues involved

with this, we will introduce a small soft breaking term, µ
2

2
(φ2 + φ†2) to the Higgs

potential to explicitly break the continuous U(1) symmetry down to the discrete

Z4. This gives the NGB an O(µ) mass, which is naturally small.

The off-diagonal interaction term in Eq. 2.20 leads to the decay channel χ∗ →

χ+ φ2, which has the decay rate

Γ ≃ λ2+
4π
mχ∗ǫ .

✞

✝

☎

✆2.21

For the case where the primary decay of the DM was into SM final states, the

reason for a long lifetime was the weak mixing with the SM and the suppression

from the high power of ǫ. Should, however, the decay referred to in Eq. 2.21 be

the primary channel, there is no such suppression, and we are forced to impose

the additional approximate symmetry λ1 ≃ −λ∗2 to make λ+ ∼ O(10−18), hence
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achieving τ ∼ O(Gyr). As ∆m = 2λ+〈φ〉, small λ+ implies a high breaking

scale for reasonable values of the DM mass, roughly 〈φ〉 ∼ 1014 GeV. As will be

discussed in Section 2.3.3, λφ ∼ 1 making mφ ∼ 〈φ〉 in this model.

This high scale has the potential to cause problems. Recall the minimization

conditions in Eq. 2.9. In order to reproduce the correct breaking scale for the SM

Higgs, either α needs to be small enough such that α〈φ〉2 is negligible with respect

to µ2
h, or we have a finely tuned scenario resembling the hierarchy problem of the

SM, in which α〈φ〉2 and µ2
h are of similar order. The former, though the more

natural of the two cases, precludes production via mixing with the SM, so we will

entertain the latter for the time being.

2.3.3 Production

Both scenarios presented have all the required elements to disrupt structure for-

mation in the desired fashion. All that is needed now is a production mechanism

for the dark matter candidate in each scenario. As mentioned previously, one of

the appealing properties of a WIMP is attainment of the correct relic abundance

through thermal freeze-out from the bath in the early Universe.

Z4 Case

In the model presented in Section 2.3.1, χ couples to the SM through the Yukawa

sector. It therefore follows that it is through these channels that it will maintain

equilibrium with the SM prior to freeze-out. Production differs from the standard

WIMP scenario in that it is a two-phase process. The φ is populated via interactions

with the SM in the Higgs sector, while χ and χ∗ are produced through their coupling

to φ. At some temperature below the DM mass the φ-χ annihilation rate will drop

below the expansion rate, and χ and χ∗ will freeze out with respect to φ, fixing
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the co-moving DM abundance to the standard value. We will now chronologically

step through the processes leading to DM freeze-out.

The requirement that φ be in chemical equilibrium with the SM well before χ-φ

freeze-out places a constraint on the allowed values of the coupling α. Well above

the electroweak scale, the dominant process keeping φ in chemical equilibrium with

the SM will be hh → φφ (Fig. 2.7), which at temperatures well above the Higgs

mass has the annihilation rate

Γ(hh→ φφ) ≃ α2 T

256π3
.

✞

✝

☎

✆2.22

h

h

φ

φ

Figure 2.7: Dominant φ production mechanism for T > mh.

This process will remain in equilibrium until T < mh, and h production becomes

Boltzmann suppressed, causing this φ production channel to become unavailable.

For the DM masses of interest in this model (of order or below mh), we require

α > 10−6 to ensure that φ is in equilibrium at some point prior to φ-χ freeze-out.

Also contributing to φ production is the h-mediated processes ff → φφ, which

have the annihilation rate of

Γ(ff → φφ) ≃
α2 y2f 〈h〉2 T 3

16π3m4
h

,
✞

✝

☎

✆2.23

up to a color factor for processes involving quarks. The temperatures at which these

processes freeze out depend on both the Higgs mixing α and SM fermion Yukawa
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yf . For the values of α considered in this paper (α ∼ 10−5) the process which

remains in equilibrium longest is that involving b quarks. This freezes out around

the time at which the annihilation in Fig. 2.7 turns off. Thus the temperature at

which φ freezes out with respect to the SM can be calculated to be T φ-SMf ∼ 20

GeV. This occurs when φ is still relativistic.

After φ-SM freeze out, the temperature of the φ-χ system will continue to

track that of the background.1 The DM will be kept in chemical equilibrium with

φ through the scattering in Fig. 2.8, which in the non-relativistic limit has a cross

section of

σ vrel ≃
|λ+|4
πm2

χ

.
✞

✝

☎

✆2.24

This process will freeze out once the temperature of the φ-χ system falls below

mχ and the number density of χ becomes Boltzmann suppressed.

To determine the DM relic abundance we use the well established simplification

of Eq. 1.27 adopted in [32], in which it is assumed g∗s is approximately constant,

and Yeq(Tf ) ≫ 1, that is

Ωχh
2 = 1.07× 109

xDM -f
√
g∗GeV

−1

g∗smP l〈σ v〉
,

✞

✝

☎

✆2.25

where

xDM -f = mχ/T
φ-χ
f = ln[0.038(g/

√
g∗)mP lmχ〈σ v〉]

−1

2
ln [ln[0.038(g/

√
g∗)mP lmχ〈σ v〉]] ,

✞

✝

☎

✆2.26

1Up to a factor (g′
∗
/g∗)

1/3, where g∗ and g′
∗
are measures of the number of freedom in the

bath at Tφ-SM
f and Tφ-χ

f respectively. We will assume this ratio to be ∼ 1, and
√
g∗ ≃ 10.8,

i.e. that all degrees of freedom are in equilibrium. While depending on the time of DM

freeze out this might not be strictly true, the effect on the results will be negligible. It is

therefore irrelevant exactly when φ freezes out with respect to the SM, as long as it has been

in equilibrium at some point prior to φ-χ freeze out.
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and T φ-χf is the temperature at which φ and χ drop out of chemical equilibrium.

We find that typically xDM -f ∼ 20. The requirement that we produce the observed

relic density of Ωχh
2 ≃ 0.11, places constraint on the free parameters λ+ and mχ

should the DM be a thermal relic. See Section 2.4 for a full treatment of the

parameter space. Given that mχ ≃ mχ∗ (and ∆m ≪ T φ-χf ) χ and χ∗ will be

produced in equal abundance.

φ

φ

χ

χ

χ

Figure 2.8: DM produced through φ annihilation.

After φ-χ freeze-out, the relativistic φ will remain with fixed abundance until

the spontaneous breaking of the Z4 symmetry (at MeV scale). After symmetry

breaking they become unstable to decay into photons via the loop order process

depicted in Fig. 2.9 [141, 142]. This process has a rate of

Γ(φ→ γγ) ≃ GF α
2
EM θ2M4

W

2
√
2π3mφ

✞

✝

☎

✆2.27

≃ 4.5× 104s−1

(

θ

10−9

)2(
10MeV

mφ

)

,

which is large compared to the expansion rate, and φ rapidly depopulates.

In our calculation of the process depicted at tree level in Fig. 2.8, we have

omitted the contribution from ladder diagrams involving φ exchange in the initial

state. This approximation is valid at high energies, but begins to break down near

freeze out, when the DM is in the moderate-nonrelativistic regime.

At low velocity the Yukawa potential (resulting from φ exchange) from one
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φ

γ

γ

Figure 2.9: 1-loop order decay φ → γγ, through h-φ mixing. Includes con-

tribution from loops involving W±, unphysical charged Higgs components h±,

and Fadeev-Popov ghosts.

initial state χ can significantly distort the wave-function of the other from that of

a free particle. This leads to an enhancement of the velocity averaged cross section

in an effect known as Sommerfeld enhancement [116, 143–145]. This effect can be

taken into account by multiplying the relevant cross section by a velocity dependent

Sommerfeld factor S. To calculate the enhancement to the process in Fig. 2.8 we

follow the method of [143, 144], but find that in the relevant region of parameter

space, S is close to 1 and the enhancement negligible. The enhancement generally

becomes more important for larger values of ∆m.

U(1) Case

Production in the second model presented is slightly more difficult. An unfortunate

consequence of a small Yukawa coupling is a weakening of the annihilation cross

section (Fig. 2.8). This suppression ensures that the process in Fig. 2.8 is never

in equilibrium, making thermal production of the DM impossible. This leads us

to consider a nonthermal production mechanism, in which χ and χ∗ are produced

out of equilibrium through their weak mixing with the bath. Another possibility is

production through direct coupling of the DM to the inflaton. While this is clean in
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that it is independent of SM processes, it requires fine tuning to attain the correct

relic abundance. For the time being we will entertain the former possibility.

h

h

φ1

χ

χ

Figure 2.10: Dominant DM production mechanism in the U(1) model.

The dominant channel through which production can occur is through the SM

Higgs annihilation pictured in Fig. 2.10. As 〈φ〉 is large in this model, we expect

this process to be strongest above the electroweak breaking scale. At these high

temperatures finite temperature effects come into the Higgs potential at loop order

[146–148]. This has the effect of giving the scalar components of the SM Higgs

doublet, temperature-dependent masses of the form

m2
h ≃

λhT
2

24
.

✞

✝

☎

✆2.28

The process in Fig. 2.10 goes to a maximum near the φ′
1 resonance, which also

coincides with m2
φ1

≃ 4m2
h. Granted α

2 ≪ λφ, and following the analysis of [94],

the velocity averaged cross section can, in this region, be well approximated by

〈σv〉 ≃
λ2+Tm

3
φ

π3(n0
h)

2
K1

(mφ

T

)

×
✞

✝

☎

✆2.29

α2

λφ

√

m2
φ − 4m2

h
[(

α2

λφ

√

m2
φ − 4m2

h + λφmφ

)

coth
(mφ

4T

)

+ 128λ2+mφ

] .

To avoid Boltzmann suppression in Eq. 2.29 we will take λφ to be small for

now (λφ ∼ 10−17), which implies that mφ1 is far below the U(1) breaking scale
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(mφ1 ∼ 100 TeV). In order to calculate the abundance at a particular temperature,

we must solve the Boltzmann equation, which can be expressed in the form

dnχ(T )

dT
− 3

T
nχ(T ) = −(n0

h)
2

HT
〈σv〉 ,

✞

✝

☎

✆2.30

and has the solution

nχ(T ) = T 3

∫ Tnχ=0

T

(n0
h)

2〈σv〉
HT ′ dT ′ ,

✞

✝

☎

✆2.31

where Tnχ=0 ≃
√

6/λh is defined by the temperature at which m2
φ1

≃ 4m2
h, and

will be taken to be the temperature at which significant production starts.

For the representative region of parameter space λφ ∼ 10−17, α ∼ 10−15,

λ+ ∼ 10−18, and τχ∗ ∼ 1 Gyr, the co-moving number density can be calculated

to be O(10−27), roughly 17 orders of magnitude below the required value at that

temperature. These values for the parameters in the model were chosen as they

were shown to maximize production. As this channel is expected to be the strongest

available it is therefore clear that production of the DM via mixing with the SM

in such a model is impossible. The implication of neither a SM final state nor

SM related production is the decoupling of the dark sector from the visible. This

gives us complete freedom in the choice of dimensionless parameters α and λφ but

precludes entirely the possibility of direct verification of the model. We can now

choose λφ ∼ 1 and α to be very small to avoid issues of fine-tuning.

Decoupling of the dark sector from the SM implies the necessity for some novel

DM production mechanism. As mentioned earlier this can be realized through a

direct coupling of the DM to the inflaton, but as stated, such a mechanism is

problematic as it is difficult to obtain a relic density of a similar order to that of

the SM without fine-tuning of the DM-inflaton coupling.
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2.3.4 Depopulation of the Excited State

In the Z4 model, as the temperature of the φ-χ system drops well below the DM

mass, χ and χ∗ will have chemically frozen out, fixing the relic abundance. The

s-channel equivalent to Fig. 2.8 will, however, maintain kinetic equilibrium in the

φ-χ system to temperatures down as low as mφ [143, 149]. Both χ and χ∗ will

be kept in equilibrium with each other by way of a process like that in Fig. 2.11,

causing both to track closely the temperature of the background. However, as

the average kinetic energy drops below ∆m, the process χχ → χ∗χ is no longer

kinematically viable, and the up-scattering rate becomes Boltzmann suppressed

[149]. The result is a rapid depopulation of χ∗, and an absence of the heavy state

so important for disturbance of structure formation. This issue can be averted

should the scattering rate for Fig. 2.11 be small enough such that the process

freezes out sufficiently early, i.e for T ≫ ∆m. Should this be the case, both the

forward and back scattering processes will cease well before depopulation becomes

an issue.

The cross section for this process (at tree level) can be calculated to be

σvrel ≃ 3|λ−λ+|2
πm2

χ∗

1

vrel
log

[

32

v2rel

]

,
✞

✝

☎

✆2.32

in the limit m2
φ ≪ mχ∗∆m, which is justified in the region of parameter space con-

sidered (see Section 2.4). In the moderate to nonrelativistic regime, the scattering

rate for process χ∗χ→ χχ is given by

Γ ≃ (nχ)
x
3/2
sc-f

2
√
π

∫ 1

0

(σvrel)S v
2
rel e

−xsc-fv2rel/4 dvrel,
✞

✝

☎

✆2.33

where xsc-f = mχ/T
χ-χ∗

f , and T χ-χ
∗

f is defined as the temperature at which the

process in Fig. 2.11 freezes out.

After the process in Fig. 2.8 freezes out, the comoving DM number density
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nχ/T
3 is fixed, and is given by

nχ/T
3 ≃ g∗s

mχ

3.76× 10−11 GeV ,
✞

✝

☎

✆2.34

where T is the temperature of the bath. We can now choose parameters such that

the process in Fig. 2.11 freezes out around the same time as that of Fig. 2.8, in

which case Eq. 2.24 and Eq. 2.32 are of a similar order. In the relevant region of

parameter space, this is generally the case, with xsc-f ∼ 1. Interestingly, this is

before φ-χ freeze-out, meaning χ and χ∗ are both in equilibrium with φ but not

with each other.

In the above, we have considered only the depopulation of χ∗ in the early

Universe. It is also important that χ∗ not be depopulated via scattering in the late

Universe, when Sommerfeld effects are significant. In fact, additional constraints

on χχ and χχ∗ scattering arise from the requirement that self-scattering of DM

does not significantly perturb galactic halo shapes [9]. These requirements will be

taken into account in Section 2.4.

In the U(1) model there are no such depopulation issues, as λ+ is very small

and the DM is never in equilibrium in the first place.

χ

χ

χ∗

χ

φ

Figure 2.11: Process by which χ and χ∗ maintain chemical equilibrium.
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2.4 Constraints on Z4 model

Up to this point there has been minimal discussion of the choice of values for the

many free parameters in our model. We begin by highlighting the constraints on

those parameters. There are initially 7 independent free parameters, those related

to the fermions χ and χ∗, namely, mχ∗ and λ±, and those belonging to the Higgs

sector: λφ, α, µφ, and µ. Recall also that we can express the mass splitting

in terms of these parameters, that is, ∆m = 2λ+〈φ〉 [〈φ〉 depends on Higgs

potential parameters from Eq. 2.9]. Thus when we parametrize ∆m in terms of ǫ

(∆m = mχ∗ǫ) and fix its value to ǫ = 10−5, we place a constraining relationship

between λ+, mχ∗ , and 〈φ〉. As a second constraint we will impose λ+ ∼ λ−, as

they will only differ greatly in the finely tuned scenario where λ1 ≃ ±λ2 to high

precision. Finally, we must satisfy the condition in Eq. 2.25, to ensure correct

relic abundance. These three constraints reduce the number of free independent

parameters to 4, which can be taken to be 〈φ〉, λφ, α, and µ. We can now express

allowed values of ∆m as a function of breaking scale 〈φ〉 for chosen vales of α and

λφ. We must choose α appropriately such that φ goes into equilibrium with the

bath before the temperature of DM freeze-out. The allowed values of ∆m for the

appropriate DM lifetimes are plotted on the left hand side of Figs. 2.12-2.13, while

the corresponding values of mχ∗ (for ǫ = 10−5 and ǫ = 0.7 × 10−5 for Figs. 2.12

and 2.13, respectively) are plotted on the right.

The presence of readily detectable charged particles in the final state increases

the possibility of indirect detection. Indeed, heavy constraints can be placed on

the parameter space based on non-observation of the consequences of such a final

state. As outlined in Section 2.2, astrophysical fluxes can be used to place limits on

the relevant parameters τDM and ∆m, as seen in Figs. 2.3-2.5. We have translated

the constraints on decay to e+e− from Fig. 2.5, to the parameter space relevant
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to this model, resulting in the exclusion region in Fig. 2.12.

Which leptons will be predominantly produced will depend not only on the

choice of parameters (i.e. for which lepton does ∆m ≥ 2ml hold) but also the

choice of neutrino model. We will consider three distinct possible final states: (i)

e+e−, i.e. ∆m ≥ 2me for Dirac neutrinos, (ii) νν, i.e. ∆m < 2me for Dirac

neutrinos, and (iii) νν for Majorana neutrinos.

(i) If we consider the SM neutrino to be a Dirac particle, then the upper bound

on light neutrino masses implies a Yukawa coupling of yν . 10−11 [150]. Thus

when decays into charged leptons are kinematically allowed (∆m ≥ 2me), their

relatively large coupling in the Yukawa sector will render decays into neutrinos

subdominant. There is the important constraint that ∆m < 2mµ, as should

µ+µ− pairs be produced, their Yukawa is large enough that for no allowed values

of ∆m and 〈φ〉 would τχ∗ > 0.1 Gyr. Thus for ∆m ≥ 2me, decays to e
+e− will

dominate. A representative region of parameter space can be seen in Fig. 2.12.

To obtain the correct relic abundance, parameters must lie on the dashed line. We

find that for mχ ∼ 600 GeV, the breaking scale 〈φ〉 is required to be in the ∼

10 MeV range, while (for ǫ = 10−5) ∆m is in the MeV. It should be noted that

these parameters coincide with an xsc-f ∼ 1, which is well above T χ-χ
∗

f ∼ ∆m,

removing the possibility of depopulation of the heavier DM state.

Interestingly, the (1-30) Gyr lifetime range preferred by Abdelqader and Melia

[8] has been nearly completely excluded for decays into charged particles, leaving

only the restrictive region of (0.1-1) Gyr available. However, should decays to

neutrinos dominate, we can avoid this exclusion region entirely.

(ii) Should ∆m < 2me only neutrinos are kinematically available. As Dirac

neutrinos couple only very weakly with the SM Higgs, the lifetime of the DM will

be too long to affect structure formation. There are two ways in which we could

reduce τχ∗ , by either increasing α or decreasing mφ. We find, however, that for
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Figure 2.12: Available parameter space for decays into e+e− (yl = ye) for

λφ = 1 and α = 10−5 for lifetimes τχ∗ = 0.1 Gyr (solid black upper line), and

τχ∗ = 1 Gyr (solid black lower line). Parameters yielding correct freeze-out

abundance lie on the dashed black line. Shaded is the exclusion region from

[5]. We have chosen ǫ = 10−5.

mφ > ∆m, there are no values of α and mφ that can yield a lifetime short enough.

If, however, mφ . ∆m, the process χ∗ → χ + φ′ becomes kinematically allowed.

The rate for this process does not contain the high level of suppression that decays

into SM final states suffer, and we find its lifetime to be ≪ 0.1 Gyr, dominating

over decays into νν. Thus for the parameter choice mφ > ∆m, the DM lifetime

is too long, while for mφ . ∆m, νν final states are unimportant, and τχ∗ is far

too short. It therefore seems that in no region of parameter space can decays into

Dirac neutrinos affect structure formation.

(iii) Should we introduce Majorana masses for the νr and employ the type I see-

saw mechanism, we have the freedom to make yν large enough (while still keeping
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Figure 2.13: Available parameter space for decays into νν with a larger Yukawa

of yν ≃ 10−4 (ν are Majorana) for λφ = 0.8 and α = 10−5 for lifetimes τχ∗ = 0.1

Gyr (solid black upper line), τχ∗ = 1 Gyr (solid black center line) and τχ∗ = 10

Gyr (solid black lower line). Parameters yielding correct freeze-out abundance

lie on the dashed black line. Shaded is the exclusion region based on ellipticity

constraints [9]. We have chosen ǫ = 0.7× 10−5.

the neutrino mass small) to cause decays with neutrino final states to dominate

without the need for fine-tuning mφ. We can consider three options: y2ν ≪ y2e ,

y2ν ≃ y2e , and y
2
ν ≫ y2e . Should y2ν ≃ y2e or y2ν ≪ y2e , decays into electrons are

either important or dominate, causing the allowed parameters to be the same as

for the Dirac case. However, for y2ν ≫ y2e , neutrino final states are dominant for

all values of ∆m, and while we still need to respect the observational constraints

in Fig. 2.12, we have a wider parameter space available, an example of which can

be seen in Fig. 2.13.

Conversely to the Dirac case, having ∆m ≥ 2me makes τχ∗ > 0.1 Gyr impos-
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sible, as the Yukawa controlling the decay is much larger than that of the electron.

This constraint requires us to choose much smaller values of mφ than for e+e−

final states, if we wish to maintain thermal production. The smaller the value of

mφ, the larger the χ-χ cross section in present-day halos. In [9] authors argued

that to maintain the observed ellipticity in galactic halos, the timescale for DM

self-interactions must be longer than the halo age (Γ−1
DM−DM > 1010 yr). Follow-

ing the approach in [9] constraints were placed on our parameter space, resulting

in the shaded exclusion region in Fig. 2.13.

2.5 Conclusions

Models for decaying dark matter are interesting in that they maintain the attractive

features of the ΛCDM model, while alleviating the issues pertaining to the over

prediction of small scale power. In this work we investigated the class of DM

models in which decay occurs via the process χ∗ → χ + l where χ∗ and χ are

nearly degenerate in mass (in this work we chose ∆m/mχ∗ ≡ ǫ = 10−5) and l

is relativistic. We reviewed constraints on the class of model in which l is either

a γ ray photon or an e± pair, and derived constraints on the scenario in which l

is a pair or neutrinos. We then went on to investigate two examples of specific

particle physics models to test the theoretical viability of the decaying dark matter

scenario.

In the first scenario, we considered the possibility of decays into SM final states.

We demonstrated that through the breaking of a discrete Z4 symmetry with the

real scalar field φ, we could produce two Majorana DM candidates χ∗ and χ

with non-degenerate mass, and allow for the decay channel χ∗ → χ + SM. The

required long lifetime ((0.1-100) Gyr) was naturally achieved, as the the decay rate

was suppressed by ǫ, by small Yukawa couplings, and by the small mixing between
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SM-sector and dark-sector particles.

The only two viable decay modes involving SM final states were χ∗ → χ+e+e−

and χ∗ → χ+νν, where the later is possible only in the case of Majorana neutrinos.

We found that for DM masses in the range (50-800) GeV (∆m ≃ (0.4− 8) MeV)

and for a φ-Higgs mixing of α ≃ 10−5, all required criteria, including thermal

production, could be met if the Z4 symmetry was broken at the MeV scale, with

〈φ〉 ≃ (3−20)MeV (mφ ≃ (2−20)MeV). Interestingly, in applying the constraints

on decays to e+e− derived in [5], we showed that this final state is almost excluded

for DM lifetimes in the (1-30) Gyr range preferred in [8]. Dirac neutrinos were

unable to fulfill the requirements for decaying DM, as their Yukawa coupling is too

small. Thus decays to Majorana neutrinos are preferred by such DM decay models,

as they are not constrained to either the short lifetimes applicable for e+e− decays,

or the small Yukawa couplings of Dirac neutrinos.

In the second scenario, we considered the possibility of non-SM final states.

This was achieved by replacing the discrete Z4 symmetry with a continuous U(1)

symmetry. Breaking of the U(1) symmetry led to a pseudo-Nambu-Goldstone

boson, which became the light final state produced in decays. As the DM decay

process was no longer strongly suppressed, we were forced to finely tune model

parameters to obtain a DM lifetime in the correct range. A consequence of this fine

tuning was that DM production via mixing with the SM was no longer possible. In

this scenario, the dark and visible sectors are almost decoupled from each other.

Though aesthetically less appealing, this model demonstrates the feasibility of

decaying dark matter, independent of the strength of coupling to the SM.
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3
Electroweak Bremsstrahlung and the

Lifting of Helicity Suppression

A certain class of models for Majorana dark matter contains helicity suppression

of the s-wave annihilation cross section. In these models, the leading order con-

tribution to the annihilation cross section is from the velocity suppressed p-wave

component, leading to suppressed annihilation today.

As has long been known, the bremsstrahlung of a photon during annihilation can

lift the helicity suppression [151–156], causing the 2 → 3 bremsstrahlung process

to dominate over the leading order 2 → 2 process. In this work we demonstrate

that a similar effect can be achieved by the bremsstrahlung of electroweak gauge

bosons.

We begin by briefly describing the origin of helicity suppression in Section 3.1,

and present an example of a model which contains this issue. In Section 3.2 we

outline the lifting of suppression via bremsstrahlung processes, and perform an

explicit calculation of the W -strahlung cross section to demonstrate this fact.
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3.1 Helicity Suppression in Dark Matter Annihila-

tion

In certain models for Majorana dark matter, there is a mismatch between the

allowed helicities of the initial and final states for dark matter annihilation via an

s-wave into light fermions. This leads to a suppression of the s-wave annihilation

cross section, causing p-wave processes to dominate. Helicity suppression will be

discussed in more detail in Section 3.1.1, with an example of a model containing

suppressed annihilations presented in Section 3.1.2.

3.1.1 Origin of Suppression

The cross section for an annihilation process can be expanded in powers of v2

σv =
∑

L

aLv
2L,

✞

✝

☎

✆3.1

in which v is the velocity of the annihilating particles in the Center of Momentum

(CoM) frame. Dark matter in the galactic halo is non-relativistic, having a virial

velocity of v ∼ 10−3 (in units of c). This implies that the cross section can be

well approximated by the lowest order terms in Eq. 3.1,

σv ≃ a0 + a1v
2.

✞

✝

☎

✆3.2

Given the high level of velocity suppression in a1v
2 relative to a0 (∼ 10−6), one

would expect the cross section to be dominated by a0, which is purely s-wave

(L = 0). This is generally the case, but for a subset of models in which the

s-wave contribution is suppressed.

If the dark matter is a Majorana fermion, the initial state in the annihilation

χχ → SM must be odd under particle-antiparticle exchange. Therefore, an even

58
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L state implies an antisymmetric spin state. Thus for a purely s-wave annihilation

L = 0 and S = 0, so J = S+L = 0, and the DM necessarily has to annihilate into

a J = 0 final state1. This turns out to be problematic for annihilations of the type

χχ → fl + f
r
, where f is a Dirac fermion for which mf ≪ mχ (subscripts refer

to their chiral states). Given f is much lighter than χ, the annihilation products

in this interaction will be highly relativistic. In the relativistic limit the chiral and

helicity eigenstates correspond, implying that fl is required to be in a left handed

helicity eigenstate. Being an antiparticle, f
r
is necessarily in a right handed helicity

eigenstate. Thus in the CoM frame, in which f and f are produced back to back,

the final state for the interaction χχ → fl + f
r
necessarily has S = 1 in the

relativistic limit. The s-wave process therefore has J = 1 in the final state, which

is at odds with the requirement that the initial state has J = 0. The helicity and

chirality eigenstates are only approximately equal, with the R-chiral component of

the L-helicity state suppressed by a factor of (mf/mχ)
2, leading to a (mf/mχ)

2

suppression of the s-wave annihilation rate. Thus in the relativistic limit, a0, the

purely s-wave piece of Eq. 3.2, vanishes. The leading order piece in the limit

mf/mχ ≪ v is therefore the p-wave contribution to Eq. 3.2, which has a large

degree of velocity suppression.

3.1.2 An Example Of Suppressed Annihilation

To illustrate our arguments, we choose a simple example out of the class of

models under discussion. This is provided by the leptophilic model proposed in

Ref. [157, 158]. Here the DM consists of a gauge-singlet Majorana fermion χ,

1Similar arguments apply to the case in which χ is a scalar field, as the state χχ trivially

has S = 0.
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which annihilates to leptons via the SU(2)-invariant interaction term

f
(

ν ℓ−
)

L
ε





η+

η0



χ+ h.c. = f(νLη
0 − ℓ−Lη

+)χ+ h.c.,
✞

✝

☎

✆3.3

where f is a coupling constant, ε is the 2 × 2 antisymmetric matrix, and (η+,

η0) is a new SU(2) doublet scalar. In this model, DM annihilation to fermions is

mediated by t and u channel exchange of the η fields.

A similar coupling occurs in supersymmetry if we identify χ with a neutralino

and η with a sfermion doublet. In fact, the implementation of supersymmet-

ric photinos as dark matter by H. Goldberg provided the first explicit calculation

of s-wave suppressed Majorana dark matter annihilation to a fermion pair [159].

Therefore, much of what we discuss below is also relevant for neutralino annihila-

tion to fermions via the exchange of sfermions. However, the class of models for

which the 2 → 2 annihilation is helicity suppressed is more general than the class

of supersymmetric models.

The cross section for the 2 → 2 process χχ→ e+e− or νν is given by

v σ =
f 4v2

24πm2
χ

1 + µ2

(1 + µ)4
,

✞

✝

☎

✆3.4

where ml ≃ 0 and mη± = mη0 have been assumed, and µ = m2
η/m

2
χ. The

suppressions discussed above are apparent in Eq. 3.4. The helicity suppressed s-

wave term is absent in the ml = 0 limit, and thus only the v2-suppressed term

remains.

3.2 Lifting Suppression with Electroweak Bremsstrahlung

As discussed in the previous section, the inconsistency between the chirality of

the final state fermions and their allowed spin state, leads to the suppression of

purely s-wave contributions to χχ→ fl+ fr
. This mismatch can be alleviated by
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the presence of an S = 1 particle in the final state. If, for example, we consider

the bremsstrahlung of a gauge boson during the process χχ → fl + f
r
, that

is, χχ → fl + f
r
+ gauge boson, the gauge boson can carry away a unit of

angular momentum, allowing the final state to have J = 0 without requiring a

spin/helicity mismatch for flfr. In this way the helicity suppression of the purely

s-wave contribution to the χχ → fl + f
r
annihilation process is lifted, and cross

section no longer suffers from velocity suppression at leading order in v. This has

been long understood in the context of photon bremsstrahlung [151–156].

For heavy χ, the bremsstrahlung of electroweak gauge bosons becomes kine-

matically allowed. The contribution from such processes should be significant, as

has been recognized in Refs. [160–168]. The purpose of this work is to carry out

an explicit calculation of the cross section for the process χχ→ νl + e+
r
+W− to

leading order in v, and verify that it does not contain helicity or velocity suppres-

sion, that is, the cross section does not vanish in the limit v/ml → 0. This is a

re-visitation of the calculation performed in Ref. [160], which was found to be in

error. In order to perform this calculation, we implement the toy model outlined

in Section 3.1.2, which allows for the annihilation processes pictured in Fig. 3.1.

Sections. 3.2.1-3.2.2 will focus on the details of the calculation, with the results

outlined in Sections. 3.2.4 and 3.2.5. In Section 3.2.6 we consider the general-

ization of this process to Z boson bremsstrahlung, and hence calculate the total

cross section in Section 3.2.7, taking into account contributions from all colourless

gauge bosons.
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Figure 3.1: The t-channel ((a),(c), and (e)) and u-channel ((b), (d) and (f))

Feynman diagrams for χχ→ e+νW−. Note that t- and u-channel amplitudes

are simply related by the k1 ↔ k2 interchange symmetry. All fermion momenta

in the diagrams flow with the arrow except p2 and q2, with q1 = p1 + Q,

q2 = p2 +Q.
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3.2.1 W-strahlung Matrix Elements

We begin the calculation by writing down the matrix elements for the 6 diagrams

in Fig. 3.1. In the limit ml ≃ 0, and assuming that mη± = mη0 , they are given by

Ma = i
f 2g√
2

1

q21

1

t1 −m2
η

×(v̄(k2)PLv(p2))(ū(p1)γ
µPL/q1u(k1))ǫ

Q
µ ,

✞

✝

☎

✆3.5

Mb = i
f 2g√
2

1

q21

1

u1 −m2
η

×(v̄(k1)PLv(p2))(ū(p1)γ
µPL/q1u(k2))ǫ

Q
µ ,

✞

✝

☎

✆3.6

Mc = −if
2g√
2

1

q22

1

t2 −m2
η

×(v̄(k2)PL/q2γ
µv(p2))(ū(p1)PRu(k1))ǫ

Q
µ ,

✞

✝

☎

✆3.7

Md = −if
2g√
2

1

q22

1

u2 −m2
η

×((v̄(k1)PL/q2γ
µv(p2))(ū(p1)PRu(k2))ǫ

Q
µ ,

✞

✝

☎

✆3.8

Me = −if
2g√
2

1

t3 −m2
η

1

t′3 −m2
η

×((v̄(k2)PLv(p2))(ū(p1)PRu(k1))

×((k1 − p1) + (k1 − p1 −Q))µǫQµ ,
✞

✝

☎

✆3.9

Mf = −if
2g√
2

1

u3 −m2
η

1

u′3 −m2
η

×((v̄(k1)PLv(p2))(ū(p1)PRu(k2))

×((k2 − p1) + (k2 − p1 −Q))µǫQµ ,
✞

✝

☎

✆3.10
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where we define the usual helicity projectors PR/L ≡ 1
2
(1±γ5), and the Mandelstam

variables

t1 = (k1 − q1)
2,

t2 = (k1 − p1)
2,

u1 = (k2 − q1)
2,

u2 = (k2 − p1)
2,

t3 = (k1 − p1)
2 = t2,

t′3 = (k2 − p2)
2 = (k1 − p1 −Q)2,

u3 = (k2 − p1)
2 = u2,

u′3 = (k1 − p2)
2 = (k2 − p1 −Q)2.

✞

✝

☎

✆3.11

The vertex factors used in the matrix elements are as follows: the lνW vertex has

an ig√
2
γµPLǫ

Q
µ , the χηl vertex is ifPL, and the coupling between the W− and the

η+ − η0 is taken to be of the form −ig(p+ p′)/
√
2 from Ref. [169].

We have explicitly checked the gauge invariance of our set of Feynman dia-

grams. Writing the matrix element as

M = MµǫQµ ,
✞

✝

☎

✆3.12

the Ward identity

QµMµ = 0,
✞

✝

☎

✆3.13

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 = (Ma +Mc +Me)− (Mb +Md +Mf ).
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In performing the sum over spins and polarizations, we note the standard po-

larization sum,

∑

pol.

ǫQµ ǫ
Q
ν = −

(

gµν −
QµQν

m2
W

)

,
✞

✝

☎

✆3.14

can be replaced with −gµν alone. The Ward identity of Eq. 3.13 ensures the second

term in Eq. 3.14 does not contribute once the contributions from all diagrams are

summed (and squared). The following traces contribute to
∑

s |M|2

∑

s

MaM†
a = αaaTr[(/k2 −mχ)PL/p2PR]Tr[/p1γ

µPL/q1(/k1 +mχ)/q1PRγµ],

∑

s

MaM†
b = αabTr[/p2PL(/k2 +mχ)/q1PRγµ/p1γ

µPL/q1(/k1 +mχ)PR],

∑

s

MaM†
c = αacTr[(/k2 −mχ)PL/p2γ

µ
/q2PR]Tr[(/k1 +mχ)PL/p1γµPL/q1],

∑

s

MaM†
d = αadTr[/p2PL(/k2 +mχ)PL/p1γ

µPL/q1(/k1 +mχ)PR/q2γµ],

∑

s

MaM†
e = αaeTr[(/k2 −mχ)PL/p2PR]Tr[(/k1 +mχ)PL/p1(2/k1 − 2/p1 − /Q)PL/q1],

∑

s

MaM†
f = αafTr[(/k1 +mχ)PR/p2PL(/k2 +mχ)PL/p1(2/k2 − 2/p1 − /Q)PL/q1],

∑

s

McM†
c = αccTr[/p1PR(/k1 +mχ)PL]Tr[(/k2 −mχ)PL/q2γ

µ
/p2γµ/q2PR],

∑

s

McM†
d = αcdTr[(/k2 −mχ)PL/q2γ

µ( /p2 −ml)γµ/q2PR(/k1 −mχ)PR/p1PL],

∑

s

McM†
e = αceTr[(/k1 +mχ)PL/p1PR]Tr[(/k2 −mχ)PL/q2(2/k1 − 2/p1 − /Q)/p2PR],

∑

s

McM†
f = αcfTr[(/k2 −mχ)PL/q2(2/k2 − 2/p1 − /Q)/p2PR(/k1 −mχ)PR/p1PL],

∑

s

MeM†
e = αeeTr[(/k2 −mχ)PL/p2PR]Tr[(/k1 +mχ)PL/p1PR],

∑

s

MeM†
f = αefTr[(/k2 −mχ)PL/p2PR(/k1 −mχ)PR/p1PL],

✞

✝

☎

✆3.15

65



CHAPTER 3. ELECTROWEAK BREMSSTRAHLUNG AND THE

LIFTING OF HELICITY SUPPRESSION

in which

αaa ≡ −g
2f 4

2

1

q41

1

(t1 −M2
η )

2
,

αab ≡ −g
2f 4

2

1

q41

1

(t1 −M2
η )

1

(u1 −M2
η )
,

αac ≡ g2f 4

2

1

q21q
2
2

1

(t1 −M2
η )

1

(t2 −M2
η )
,

αad ≡ g2f 4

2

1

q21q
2
2

1

(t1 −M2
η )

1

(u2 −M2
η )
,

αae ≡ −g
2f 4

2

1

q21

1

(t1 −M2
η )

1

(t3 −M2
η )

1

(t′3 −M2
η )
,

αaf ≡ −g
2f 4

2

1

q21

1

(t1 −M2
η )

1

(u3 −M2
η )

1

(u′3 −M2
η )
,

αcc ≡ −g
2f 4

2

1

q42

1

(t2 −M2
η )

2
,

αcd ≡ −g
2f 4

2

1

q42

1

(t2 −Mη)

1

(u2 −M2
η )
,

αce ≡ g2f 4

2

1

q22

1

(t2 −M2
η )

1

(t3 −M2
η )

1

(t′3 −M2
η )
,

αcf ≡ g2f 4

2

1

q22

1

(t2 −M2
η )

1

(u3 −M2
η )

1

(u′3 −M2
η )
,

αee ≡ −g
2f 4

2

(2k1 − 2p1 −Q)2

(t3 −M2
η )

2(t′3 −M2
η )

2
,

αef ≡ −g
2f 4

2

(2k1 − 2p1 −Q) · (2k2 − 2p1 −Q)

(t3 −M2
η )(t

′
3 −M2

η )(u3 −M2
η )(u

′
3 −M2

η )
.

✞

✝

☎

✆3.16

The remaining cross terms MbMb, MbMc, MbMd, MbMe, MbMf , MdMd,

MdMe, MdMf , and MfMf are obtained by interchanging k1 and k2 for all

terms in Eqs. 3.15 and 3.16.
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3.2.2 Three Body Kinematics

Following Ref. [160], the cross section for the process’ in Fig. 3.1 is given by

v dσ =
1

2s

∫

1

4

∑

spin, pol.

|M|2 dLips3,
✞

✝

☎

✆3.17

in which v =

√

1− 4m2
χ

s
is the mean DM velocity, and dLips3 represents the

Lorentz invariant 3-body phase space, given by

dLips3 = (2π)4
d3~p1
2E1

d3~p2
2E2

d3 ~Q

2EW

δ4(P − p1 − p2 −Q)

(2π)9
.

✞

✝

☎

✆3.18

where P = k1 + k2. The factor of 1/4 in Eq. 3.17 arises from the average over

initial state spins. Eq. 3.18 can be expressed as the convolution of two Lorentz

invariant phase space integrals, integrated over the square of fermion propagator

4-momentum q21 (q1 = p1 +Q). That is, if we define

dLips2(P 2, q21, p
2
2) ≡

d3~q1
2Eq1

d3~p2
2E2

δ4(P − q1 − p2)

(2π)2
,

✞

✝

☎

✆3.19

then

dLips3 =

∫ s

m2
W

dq21
2π

dLips2(P 2, q21, p
2
2)dLips

2(q21, Q
2, p21).

✞

✝

☎

✆3.20

Each 2-body phase space integral can now be evaluated in its respective CoM

frame, that is ~P = 0 for dLips2(P 2, q21, p
2
2), and ~q1 = 0 for dLips2(q21, Q

2, p21).

These will be referred to as the P and q frames respectively. It can be easily shown

that

dLips2(P 2, q21, p
2
2) =

2|~p2|
EP

1

8π

(

dΩP

4π

)

,
✞

✝

☎

✆3.21

where ΩP is the solid angle in the P frame. In this frame |~p2|2 = E2
2−p22 = E2

q1
−q21,

and conservation of energy requires
√
P 2 = EP = E2 + Eq1 , thus

E2 =
P 2 + p22 − q21

2
√
P 2

.
✞

✝

☎

✆3.22
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Combining Eqs. 3.21 and 3.22

dLips2(P 2, q21, p
2
2) =

2|~p2|
EP

1

8π

(

dΩP

4π

)

=
2
√

E2
2 − p22
EP

1

8π

(

dΩP

4π

)

=

√

(P 2 + p22 − q21)
2 − 4P 2p22

P 2

1

8π

(

dΩP

4π

)

=

√

λ(P 2, q21, p
2
2)

P 2

1

8π

(

dΩP

4π

)

,
✞

✝

☎

✆3.23

where λ(x, y, z) is the triangle function, defined by

λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz.
✞

✝

☎

✆3.24

Therefore, by applying the same procedure to dLips2(q21, Q
2, p21), noting that Q

2 =

m2
W , P 2 is just the invariant quantity s, and taking the limit p21/p

2
2 → 0, Eq. 3.20

becomes

dLips3 =
1

26(2π)5

∫ Ωq
∫ ΩP

∫ s

m2
W

dq21dΩPdΩq

√

λ(s, q21, 0)λ(q
2
1,m

2
W , 0)

sq21

=
1

26(2π)4

∫ s

m2
W

dq21
(s− q21)(q

2
1 −m2

W )

sq21
dφ d cos θP d cos θq,

✞

✝

☎

✆3.25

where θP and θq are defined in the P and q frames respectively, and φ is the angle

of intersection between the plane defined by χχ → e+(e−)∗ with that defined by

e+νW−.

We wish to evaluate the cross section in the CoM frame of the DM particles

(P frame). In order to do so we require all 4-momenta to be evaluated in this

frame, and expressed as a function of invariant quantities s and mW , dark matter

velocity v, and integration variables q21, θP , θq, and φ. The 4-momenta of the

initial state χχ in the P frame are given by

kµ1
P
=

√
s

2
{1, v(sin θP cosφ, sin θ sinφ, cos θP )} ,

kµ2
P
=

√
s

2
{1,−v(sin θP cosφ, sin θ sinφ, cos θP )} ,

✞

✝

☎

✆3.26
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where v is the magnitude of the DM velocity. Given that p22 ≃ 0, and using

Eq. 3.22, the final state momenta are given by

qµ1
P
=

1

2
√
s

{

(s+ q21), 0, 0, (s− q21)
}

,

pµ2
P
=

1

2
√
s

{

(s− q21), 0, 0,−(s− q21)
}

.
✞

✝

☎

✆3.27

To obtain the 4-momenta p1 and Q, we evaluate them in the q frame, then

boost into the P frame. In the q frame

qµ1
q
=

{

√

q21, 0, 0, 0

}

,
✞

✝

☎

✆3.28

and

pµ1
q
=

q21 −m2
W

2
√
s

{1, sin θq, 0, cos θq} ,

Qµ q
=

q21 −m2
W

2
√
s

{

(q21 +m2
W )/(q21 −m2

W ),− sin θq, 0,− cos θq
}

.
✞

✝

☎

✆3.29

Boosting Eq. 3.28 from the q frame into the P frame we obtain the boost factors

γ =
s+ q21

2
√
s
√

q21
, and γβ =

s− q21

2
√
s
√

q21
.

✞

✝

☎

✆3.30

Applying the same boost to 4-momenta in Eq. 3.29 we find

pµ1
P
=

q21 −m2
W

2
√
s

{[γ + γβ cos θq] , sin θq , 0 , [γβ + γ cos θq]},
✞

✝

☎

✆3.31

Qµ P
=

q21 −m2
W

2
√
s

{[

γ
q21 +m2

W

q21 −m2
W

− γβ cos θq

]

,− sin θq , 0 ,

[

γβ
q21 +m2

W

q21 −m2
W

− γ cos θq

]}

.

The 4-momenta in Eqs. 3.26, 3.27, and 3.31 can now be substituted into the

traces in Eq. 3.15, to evaluate |M|2. Before doing so, a few things must be said

about the contribution from longitudinal polarization states.

3.2.3 Longitudinal Polarization States

Electroweak gauge bosons differ from photons in that they have a mass. An

important consequence of this fact is the possession of longitudinal polarization
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states, and the possibility of zero spin projections. As pointed out in Section 3.2.1,

despite the presence of a longitudinal polarization, the Ward identity ensures that

the spin summation rule for W− gauge bosons is identical to that of photons.

With this in mind, in this section we explicitly check the contribution to the cross

section from longitudinally polarized W s.

A massive vector boson in its rest frame has a polarization vector ǫ, that can

be decomposed into a linear combination of 3 orthogonal basis vectors

ǫµ1 ≡ {0, 1, 0, 0}, ǫµ2 ≡ {0, 0, 1, 0}, ǫµ3 ≡ {0, 0, 0, 1}.
✞

✝

☎

✆3.32

The polarization ǫ must satisfy the properties

ǫ ·Q = 0, ǫ2 = −1,
✞

✝

☎

✆3.33

where Qµ is the 4-momentum of the vector boson in any given frame. Boosting

from the rest frame into the frame in which the W has momentum Qµ, we obtain

boost parameters

γ =
Q0

mW

, βx = −Q
1

Q0
, βy = −Q

2

Q0
, βz = −Q

3

Q0
.

✞

✝

☎

✆3.34

In this new frame the polarization basis vectors in Eq.3.32 become

ǫµ1 =

{

−γβx, 1 + (γ − 1)
β2
x

β2
, (γ − 1)

βxβy
β2

, (γ − 1)
βxβz
β2

}

,

ǫµ2 =

{

−γβy, (γ − 1)
βyβx
β2

, 1 + (γ − 1)
β2
y

β2
, (γ − 1)

βyβz
β2

}

,

ǫµ3 =

{

−γβz, (γ − 1)
βzβx
β2

, (γ − 1)
βzβy
β2

, 1 + (γ − 1)
β2
z

β2

}

,
✞

✝

☎

✆3.35

and satisfy the same properties as the prior set, including orthogonality.

The longitudinal polarization state, by definition, has a 3-vector component

that is parallel to the 3-vector ~Q. We obtain the longitudinal polarization vector

by rotating the vectors in Eq. 3.35 into a new basis, in which one of the three

70



3.2. LIFTING SUPPRESSION WITH ELECTROWEAK

BREMSSTRAHLUNG

basis vectors satisfies this criterion. We perform an Euler rotation on the basis set,

using the x-convention for rotation defined by











ǫµT1

ǫµT2

ǫµL











=











cosψ sinψ 0

− sinψ cosψ 0

0 0 1





















1 0 0

0 cos θ sin θ

0 − sin θ cos θ











×











cosφ sinφ 0

− sinφ cosφ 0

0 0 1





















ǫµ1

ǫµ2

ǫµ3











,
✞

✝

☎

✆3.36

We then use the conditions ~ǫT1 · ~Q = 0 and ~ǫT2 · ~Q = 0 to determine Euler angles

θ and φ. The solutions are

θ = ± cos−1



± ~ǫ3 · ~Q
√

(~ǫ1 · ~Q)2 + (~ǫ2 · ~Q)2 + (~ǫ3 · ~Q)2



 .
✞

✝

☎

✆3.37

and

φ = ± cos−1



± ~ǫ2 · ~Q
√

(~ǫ1 · ~Q)2 + (~ǫ2 · ~Q)2



 .
✞

✝

☎

✆3.38

These angles, as well as the 4-vector ǫµL, are independent of the third Euler angle

ψ, which represents rotations in the transverse plane. We can now calculate the

longitudinal polarization vector in any reference frame.

As discussed in the previous section, the cross section 3.17 is being evaluated

in the P , or CoM frame. Therefore, to evaluate the contribution from ǫL, we must

boost Eq. 3.32 from the rest frame of the W to the P frame. The W momentum,

Q (Eq. 3.31), has non-zero components in all but the y-direction in momentum

space. From the rest frame, we therefore need to boost in both the x and z

directions, that is, βy = 0, βz 6= 0 and βx 6= 0. In this frame the polarization basis
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vectors are

ǫµ1 =

{

−γβx, 1 + (γ − 1)
β2
x

β2
, 0, (γ − 1)

βxβz
β2

}

,

ǫµ2 = {0, 0, 1, 0} ,

ǫµ3 =

{

−γβz, (γ − 1)
βzβx
β2

, 0, 1 + (γ − 1)
β2
z

β2

}

.
✞

✝

☎

✆3.39

Thus using Eq. 3.34, ~ǫ1 · ~Q = −γ2βxmW and ~ǫ3 · ~Q = −γ2βzmW . In this frame

Eq. 3.37 becomes

θ = cos−1

(−βz
β

)

= sin−1

(−βx
β

)

,
✞

✝

☎

✆3.40

and Eq. 3.38 is simply φ = π/2. The longitudinal polarization vector is therefore

given by

ǫµL = −βx
β
ǫµ1 −

βz
β
ǫµ3

=
1

β

(

γβ2, −γβx, 0,−γβz
)

=
Q0

mW | ~Q|

{

| ~Q|2
Q0

, ~Q

}

.
✞

✝

☎

✆3.41

As γ → ∞ Eq. 3.41 approaches Qµ/mW , satisfying the Goldstone equivalence

principle, relating the longitudinal polarization of the W to a massless Goldstone

mode of the Higgs boson [170–172].

Using Eqs. 3.5-3.10 and Eq. 3.41, we evaluate the longitudinal contribution to

the s-wave amplitude, finding that

MµǫLµ = 0,
✞

✝

☎

✆3.42

that is, the spin zero projection of the W does not contribute to the purely s-wave

cross section for the processes pictured in Fig. 3.1. The W , therefore, behaves

exactly as a massive transverse photon in this context, as hinted by the Ward

identity in Eq. 3.13. This implies that a good test of our calculation should be

that it reproduces that for photon bremsstrahlung in the limit mW → 0.
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3.2.4 The W-strahlung Cross Section

Evaluating the traces in Eq. 3.15, using 4-momenta in Eqns. 3.26, 3.27 and 3.31,

and expanding around v = 0, to leading order the amplitude squared is given by

∑

s

|M|2 = (cos θq + 1)(q21 −m2
W )(q21 − 4m2

χ)×
[

8q21m
2
χ

(

q41(cos
2 θq − 1)

+2q21(cos θq − cos2 θq + 2)m2
W + (cos2 θq − 1)m4

W

)

−q41
(

q41((cos θq − 2) cos θq + 5)− 2q21(cos θq − 1)2m2
W + (cos θq − 1)2m4

W

)

−16m4
χ

(

q21 − q21 cos θq + (cos θq + 1)m2
W

)2
]/

(

(

q21 − 2(m2
η +m2

χ)
)2(

4m2
χ((cos θq + 1)m2

W − q21 cos θq)

+q21(cos θq − 1)(q21 −m2
W )− 4q21m

2
η

)2
)

.
✞

✝

☎

✆3.43

Substituting this into Eq. 3.17, and performing integrations over q21, cos θq, cos θP

and φ, results in the following cross section

σv ≃ αWf
4

256π2m2
χ

{

(µ+ 1)

[

π2

6
− ln2

(

2m2
χ(µ+ 1)

4m2
χµ−m2

W

)

− 2Li2

(

2m2
χ(µ+ 1)−m2

W

4m2
χµ−m2

W

)

+2Li2

(

m2
W

2m2
χ(µ+ 1)

)

− Li2

(

m2
W

m2
χ(µ+ 1)2

)

− 2Li2

(

m2
W (µ− 1)

2(m2
χ(µ+ 1)2 −m2

W )

)

+2 ln

(

4m2
χµ−m2

W

2m2
χ(µ− 1)

)

ln

(

1− m2
W

2m2
χ(µ+ 1)

)

+ ln

(

m2
W (µ− 1)2

4(m2
χ(µ+ 1)2 −m2

W )

)

ln

(

1− m2
W

m2
χ(µ+ 1)2

)]

+
(4µ+ 3)

(µ+ 1)
−
m2
W

(

4m2
χ(µ+ 1)(4µ+ 3)− (m2

W − 4m2
χ)(µ− 3)

)

16m4
χ(µ+ 1)2

+
m2
W

(

4m4
χ(µ+ 1)4 − 2m2

Wm
2
χ(µ+ 1)(µ+ 3)−m4

W (µ− 1)
)

4m4
χ(µ+ 1)3

(

m2
χ(µ+ 1)2 −m2

W

) ln

(

m2
W

4m2
χ

)

+ ln

(

2m2
χ(µ− 1)

2m2
χ(µ+ 1)−m2

W

)

(µ− 1)
(

2m2
χ(µ+ 1)−m2

W

)

4m4
χ(µ+ 1)3(4m2

χµ−m2
W )
(

m2
χ(µ+ 1)2 −m2

W

)

×
(

4m6
χ(µ+ 1)4(4µ+ 1)−m4

χm
2
W (µ+ 1)2 (3µ(µ+ 6) + 7)

+2m2
χm

4
W (µ(µ+ 4) + 1)−m6

W

)

}

,
✞

✝

☎

✆3.44
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where αW ≡ g2/(4π) . The Spence function (or “dilogarithm”) is defined as

Li2(z) ≡ −
∫ z

0
dζ
ζ
ln |1− ζ| =∑∞

k=1
zk

k2
.

If we take the limit mW → 0 and replace αW with 2αem, then Eq. 3.44

reproduces the cross section for bremsstrahlung of photons, namely2

σv ≃ αemf
4

128π2m2
χ

{

(µ+ 1)

[

π2

6
− ln2

(

µ+ 1

2µ

)

− 2Li2

(

µ+ 1

2µ

)]

+
4µ+ 3

µ+ 1
+

4µ2 − 3µ− 1

2µ
ln

(

µ− 1

µ+ 1

)}

.
✞

✝

☎

✆3.45

The successful recovery of the photon bremsstrahlung result in the massless

W limit provides a check3 on the rather complicated expression for massive W

bremsstrahlung given above in Eq. 3.44.

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

Eqs. 3.44 and 3.45 imply that the leading terms are neither helicity nor velocity

suppressed. Not clear from the mathematical expressions is the sensible fact that

the cross sections fall monotonically with increasing mη (or µ). This monotonic

fall is shown in Fig. 3.2, where we plot the ratio of the W -strahlung cross section

to that of the lowest order process, R = v σ(χχ → e+νW−)/v σ(χχ → e+e−).

The lowest order process itself falls as µ−2, so the W -strahlung process falls

as µ−4. This latter dependence is expected for processes with two propagators

each off-shell by 1/µ, thereby signaling leading order cancellations among Fig. 3.1

diagrams (a)-(d).

Importantly, the effectiveness of the W -strahlung processes in lifting suppres-

sion of the annihilation rate is evident in Fig. 3.2. The ratio is maximized for µ

close to 1, where mχ and mη are nearly degenerate. However, the W -strahlung

2Note that Eq.2. of Ref. [155] is larger by an overall factor of two, and also has the

opposite sign for the (1+µ)[...] term, while Eq.1. of Ref. [155] is consistent with our results.
3A related work [173] appeared on the arXiv nearly simultaneously with ours. In this

related work there appears analytic expressions for the MZ , MW = 0 limits of the cross-

section which we calculate, thereby providing another calculational check.
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Figure 3.2: The ratio R = v σ(χχ→ e+νW−)/v σ(χχ→ e+e−) as a function

of µ = (mη/mχ)
2, for mχ = 300 GeV. We have used v = 10−3c, appropriate

for the Galactic halo.

process dominates over the tree level annihilation even if a mild hierarchy between

mχ and mη is assumed. The ratio exceeds 100 for µ . 2.

Fig. 3.3 illustrates that the ratio R is insensitive to the DM mass, except for

low mχ where the W mass significantly impacts phase space. From the figure one

gleans that for mχ & 3mW , the ratio R is already near to its asymptotic value.

Incidentally, the asymptotic value may be obtained analytically by dividing Eq. 3.45

with Eq. 3.4 and rescaling αem with αW/2.

In Fig. 3.4 we compare the W -strahlung cross section with that for photon

bremsstrahlung. 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 factor of 1/(2 sin2 θW ) = 2.17 forW -strahlung. For lower DM mass, the
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Figure 3.3: The ratio R = v σ(χχ→ e+νW−)/v σ(χχ→ e+e−) as a function

of the DM mass mχ, for µ = 1.2 GeV. We have used v = 10−3c, appropriate

for the Galactic halo.

available phase space is reduced due toW mass effects, thus theW -strahlung cross

section falls below that for photons. This can be seen in Fig. 3.4 for mχ . 150

GeV (this number is fairly insensitive to µ). 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 3×10−26cm3/s. It is seen

in Fig. 3.4 that the W -strahlung mode falls 2-3 orders of magnitude below this

value. Note that at freeze-out DM was semi-relativistic, with v2 ∼ 10−1, whereas

today it is non-relativistic with v2 ∼ 10−6, implying substantially less velocity

suppression of the p-wave cross section in the early Universe than today. Thus

the ratio in Fig. 3.2 was scaled down by 5 orders of magnitude. From this scaling
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Figure 3.4: The cross sections for χχ → e+νW− (red) and χχ → e+e−γ

(blue), for µ = 1.2 and coupling f = 1. For large DM mass, the cross sections

differ by a factor of 1/(2 sin2 θW ) = 2.17 while for mχ comparable to mW the

W bremsstrahlung cross section is suppressed by phase space effects.

it is clear that χχ → e−e+ could have been significant near freezeout, while the

W -strahlung process was sub-dominant, at best achieving a contribution of order

1% as µ approaches 1. As µ approaches 1 coannihilations become important. In

the coannihilation region, discussed in detail in Section 1.3.2, the cross section

for the process χχ → qq only constitutes a small fraction of 〈σv〉eff , and hence

the contribution from W -strahlung drops well below 1%. In fact in no region of

parameter space do bremsstrahlung processes make as high as a 1% contribution

to 〈σv〉eff . It can therefore be concluded that despite potentially being important

for annihilations in the Galactic Center today, bremsstrahlung processes are almost

irrelevant in determining the relic abundance.

77



CHAPTER 3. ELECTROWEAK BREMSSTRAHLUNG AND THE

LIFTING OF HELICITY SUPPRESSION

3.2.5 W and Lepton Spectra

To obtain the energy spectrum of theW , we compute the differential cross section

in terms of EW by making the transformation

d cos(θq) →
−4

√
sq2

(s− q2)(q2 −m2
W )

dEW .
✞

✝

☎

✆3.46

The energy spectrum of the primary leptons is calculated in similar fashion.

TheW spectrum per χχ→ eνW event is given in Fig. 3.5. We use the scaling

variable xW ≡ EW/mχ, and plot dN/dxW ≡ ( 1
σ
e+νW−

)
dσ

e+νW−

dxW
, where we find

dσ
e+νW−

dxW
to be given by Eq. 3.47. The kinematic range of xW is [mW

mχ
, (1 +

m2
W

4m2
χ
)],

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. 3.5, the W boson spectrum has a broad energy distribution,

including a significant high energy component.

v
dσ

dxW
=

αWf
4

128π2m2
χ

(

(1− xW ) +
m2
W

4m2
χ

)

✞

✝

☎

✆3.47







√

x2W − m2
W

m2
χ





2
(

(µ+ 1)(µ+ 1− 2xW ) +
m2

W

m2
χ

) − 1

(µ+ 1− xW )2





−

(

(µ+ 1)(µ+ 1− 2xW ) +
m2

W

m2
χ

)

2(µ+ 1− xW )3
ln





µ+ 1− xW +
√

x2W −m2
W/m

2
χ

µ+ 1− xW −
√

x2W −m2
W/m

2
χ











.

For the lepton energy spectrum, shown in Fig. 3.6, the range of the scaling

variable xℓ ≡ Eℓ/mχ is [ 0, 1 − m2
W

4m2
χ
]. The differential cross section dσ

dxl
is given

in Eq. 3.48. Both limits arise when one lepton has zero energy and the other is

produced back-to-back with the W . Note that this spectrum is valid for either the

e+ or the ν from the annihilation χχ→ e+νW−, and for either e− or ν from the

annihilation χχ→ e−νW+.
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v
dσ

dxl
=

αWf
4

512π2m2
χ

1

(µ− 1 + 2xl)2
{

(

4(1− xl)
2 − 4xl(µ+ 1) + 3(µ+ 1)2 − m2

W

m2
χ

(µ+ 3)

)

× ln

(

2m2
χ(µ+ 1)(1− xl)−m2

W
(

2m2
χ(µ+ 1− 2xl)−m2

W

)

(1− xl)

)

−
xl
(

4m2
χ(1− xl)−m2

W

)

(

2m2
χ(1− xl)(µ+ 1)−m2

W

)

(1− xl)2

×
[

(1− xl)
2
(

4(1− xl)
2 − xl(µ+ 1) + 3(µ+ 1)2

)

+
m2
W

4m2
χ

(1− xl) (xl(µ+ 11)− 4(µ+ 3))− xl
m2
W

8m2
χ

]}

.
✞

✝

☎

✆3.48
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Figure 3.5: The W spectrum per χχ→ eνW annihilation for mχ = 300 GeV

and µ = 1.2.
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Figure 3.6: The primary lepton spectrum per χχ → eνW annihilation, for

mχ = 300 GeV and µ = 1.2.

3.2.6 Z-strahlung

Consider the processes with a ννZ final state. The cross sections for the Z-

strahlung processes are related to those for W -strahlung in a simple way: The

amplitudes producing ννZ arise from the same six graphs of Fig.3.1, where e, W

and η+ are replaced everywhere by ν and Z and η0, respectively. The calculation

of the amplitudes, and their interferences, proceeds in an identical fashion. After

making the replacement mW → mZ , the cross section for the annihilation process

χχ → νν̄Z differs from that for χχ → e+νW− by only an overall normalization
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factor,

v σνν̄Z =
1

(2 cos2 θW )
× v σe+νW−

∣

∣

∣

∣

mW→mZ

≃ 0.65× v σe+νW−

∣

∣

∣

mW→mZ

.
✞

✝

☎

✆3.49

Consider now the e+e−Z final state. Again, the amplitudes arise from the same

six basic graphs of Fig.3.1. Since only the left-handed leptons couple to the dark

matter via the SU(2) doublet η, only the left handed component of e− participates

in the interaction with the Z. Therefore, the couplings of the charged leptons to

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

v σe+e−Z =
2
(

sin2 θW − 1
2

)2

cos2 θW
× v σe+νW−

∣

∣

∣

mW→mZ

≃ 0.19× v σe+νW−

∣

∣

∣

mW→mZ

.
✞

✝

☎

✆3.50

Adding the four contributions to W/Zstrahlung, we find

v σW/Z−strahlung = 2.84× v σe+νW− .
✞

✝

☎

✆3.51

3.2.7 The Total Bremsstrahlung Cross-Section

There are clear advantages and disadvantages of seeking photon- versus W/Z-

bremsstrahlung as an indirect signature of dark matter. With photon bremsstrahlung,

the photon itself is easily detected. It’s energy spectrum may then be readily

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/
√
2 = e/(

√
2 sin θW ), and Z’s couple to neutrinos with strength

g/(2 cos θW ) = e/(2 cos θW sin θW ). Therefore in the high energy limit where the
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W and Z masses can be neglected, we expect

σe+νW− =
1

2 sin2 θW
σe+e−γ = 2.17σe+e−γ .

✞

✝

☎

✆3.52

So, in the high energy limit where mχ & 300GeV ≫ mW , the total cross section

becomes

σbrem, total = σe+νW− + σν̄e−W+

+σν̄νZ + σe+e−Z + σe+e−γ

= 7.16σe+e−γ.
✞

✝

☎

✆3.53

Furthermore, the varied decay products of theW/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 a purely leptonic tree-level annihilation. The tens of millions of Z events

produced at CERN’s e+e− collider show in detail what the branching fractions and

spectra are for each kind of decay product. In Ref. [168] the authors explore the

favorable prospects for using W -strahlung decay products as indirect signatures

for dark matter.

3.3 Conclusions

Certain classes of models for Majorana dark matter contain helicity suppression

of the s-wave annihilation cross section. This results in the velocity suppressed

p-wave processes being the dominant mode for dark matter annihilation today.

The most notable example of this type of model are SUSY models which contain

bino-like dark matter.

It has long been known that the bremsstrahlung of a photon can lift helicity

suppression in these models [151–156]. In this work, as in Refs. [160–168], we
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considered the possibility of electroweak bremsstrahlung. By explicitly calculating

the W -strahlung cross section, we demonstrated that helicity suppression is lifted

for this process, causing it to dominate over χχ→ e−e+ for annihilations occurring

today. We found that W/Z behave as massive photons in this context, with

longitudinal polarization states making zero contribution to the cross section.

We found the dominance of electroweak bremsstrahlung processes to be most

pronounced in the limit where the mass of the boson mediating dark matter anni-

hilation does not greatly exceed the mass of the dark matter particle. The region

of parameter space where χ and η are approximately degenerate is of great interest

in many models, since it coincides with the coannihilation region where both χχ

and χη annihilations are important in determining the relic dark matter density,

often a favored parameter region in SUSY scenarios.

By re-scaling our result for W -strahlung, we calculated the cross section for

the Z-strahlung process. Adding contributions from W , Z, and γ bremsstrahlung

processes, we show the total bremsstrahlung cross section to be 7.16σe+e−γ for

values ofmχ above the threshold forW/Z production, highlighting the significance

of electroweak processes in this context.
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4
Electroweak Bremsstrahlung as a Probe

for Dark Matter in Colliders

One of the most exciting possibilities in the search for dark matter involves pro-

ducing and detecting such particles at the LHC.

The focus of this work is to investigate collider signatures of dark matter

through purely electroweak bremsstrahlung. These processes can lead to either a

mono-W [92] or mono-Z [93] signal, in which an electroweak gauge boson recoils

against /ET . Specifically, we consider a mono-Z process, qq → χχZ, and highlight

some unique kinematical features of this channel which make it an interesting and

important complement to jet and photon based searches. Because of this unique

kinematics, signals may be distinguished from backgrounds even if rates are not

as large as for other bremsstrahlung processes. As a result, depending upon the

model, this new signal provides either new discovery potential for dark matter at

the LHC, or, equally interestingly, information supplemental to other observable

channels to further pin down dark matter model-dependent parameters.

We examine the expected signatures of the mono-Z process qq̄ → χχZ at the
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LHC, relative to the SM backgrounds. We demonstrate these signatures by imple-

menting a specific DM model in which the DM couples directly to quarks. This

is used to demonstrate proof of principle for a mono-Z dark matter search, rather

than being proposed as a fully self-contained particle physics model. However,

many of the features discussed will be generically applicable in all WIMP models.

Electroweak bremsstrahlung has recently received considerable attention in the

context of dark matter annihilation and indirect detection [160, 162, 165, 167, 168,

173–181]. As discussed in Chapter 3, in certain models, bremsstrahlung can play

an important role in lifting a helicity suppression of the lowest order annihilation

process, thus becoming the dominant annihilation mode. The possibility that lifting

helicity suppression might enhance electroweak bremsstrahlung associated with

dark matter production at the LHC motivated our initial investigations. However,

we find that helicity unsuppression negligibly affects rates in the kinematically

accessible detection regimes which we consider. Nevertheless, signals rise above

standard model backgrounds.

In Section 4.1 we describe the dark matter – mono-Z signatures at the LHC,

and outline the dominant SM backgrounds. In Section 4.2 we introduce a simple

DM model for which we examine the mono-Z signal, and calculate the production

cross section. Here we also present a set of kinematic cuts designed to largely elim-

inate the SM backgrounds while preserving an observable number of signal events.

Existing observational constraints on the model are discussed in Section 4.3, our

main results are presented in Section 4.4, and we conclude in Section 4.5.

4.1 LHC Signatures and Backgrounds

The χχZ production process is pictured schematically in Fig. 4.1. In Section 4.2

we will introduce a specific DM model in order to explore this process in more
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detail. Here we will outline some of the general features of the χχZ final state,

along with the relevant SM backgrounds.

4.1.1 The Zχχ final state

Key to the discovery of the χχ (Z → ff̄) final state from within the myriad of SM

backgrounds is the correct reconstruction of a Z boson from the invariant mass of

its decay products. We consider the muonic decay mode which, while having a low

branching fraction (∼ 3%), provides for a very clean invariant mass reconstruction.

It also has the benefit of having few backgrounds relative to hadronic decay modes.

Figure 4.1: Generic electroweak bremsstrahlung process, qq̄ → χχZ, which

leads to a mono-Z signal at the LHC.

The recoil of the Z against the heavy dark matter particles results in decay

muons with large transverse momentum. The signal of interest will therefore be a

pair of high pT muons, with an invariant mass that reconstructs to that of the Z,

and a momentum sum which reveals a large amount of /ET .

We simulate both the signal and background process in the MadEvent [182]

event generator. The MadEvent output is then fed into PYTHIA [183] to simulate

higher order initial state and propagator radiation effects. A detailed detector

simulation is beyond the scope of this work, as our goal is to demonstrate the

potential for mono-Z dark matter processes to be observed above background
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at the LHC, rather than to calculate precise constraints on specific dark matter

models.

4.1.2 Backgrounds

The backgrounds for our process come from channels producing a dimuon pair and

/ET . The dominant backgrounds are the leptonic decays of gauge boson producing

processes, specifically ZZ, ZW±, W+W− and tt→ bbW+W−.

Production of Z + jets can also contribute a /ET background through jet

mismeasurement in the hadronic calorimeter. To test the importance of this back-

ground, we used MadEvent to simulate the dominant contribution, Z plus a single

jet. Hadronization was performed in PYTHIA, and fast detector simulation was

carried out (for Z+ jet background alone) in Delphes [184] (using ATLAS param-

eters), which simulates calorimeter smearing and reconstructs /ET . As expected,

this background was found to be sub-dominant to the other backgrounds after the

cuts described in Section 4.2.2. At leading order, and in the absence of full detector

simulation and pile-up effects, the accuracy of our treatment of this background

is obviously limited. Our simulations should, however, be accurate to within an

order of magnitude of the true background, which is adequate for our purposes.

As in the Z + jet case, mismeasurement of b jets will contribute to the /ET

spectrum for the process tt → bbW+W−. This contribution is expected to be

small compared to neutrinos from W± decay, and is therefore neglected. Similarly,

mismeasurement of initial state radiation (ISR) in the form of gluon jets can con-

tribute a /ET background. Given the limited accuracy of PYTHIA in simulating

these higher order process, we do not consider these effects. However, we expect

their contributions to /ET will be small, based on our simulations of the Z + jet

background.
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Figure 4.2: Modes contributing to full /ET spectrum for signal and background

for mχ = 30 GeV and mη = 700 GeV, after inclusive pT and invariant mass

cuts. The signal cross section (→ χχZ) is calculated with a coupling that

produces the observed relic abundance.

The relative contributions of various backgrounds before the implementation

of the full set of cuts employed in this work can be seen in Fig. 4.2. Cuts on the

invariant mass of the muon pairs ensure that NLO contributions from γ → µ+µ−

are negligible in these processes. The NNLO process gg → ZZ can modify the

ZZ background by up to 15% [185]; given the level of accuracy desired in this

work, we neglect these contributions. These backgrounds are further reduced or

eliminated through cuts described in Section 4.2.2.

As evident from Fig. 4.2, the Z + jet background is substantial. This same

final state is also the dominant background for the related mono-jet DM search

channel. However, we expect this background can be removed more easily for
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mono-Z’s than for mono-jets. For a mono-jet search the invisible decays Z → νν̄

provide a large /ET background, with kinematics very similar to the χχ+ jet signal

searched for. In contrast, Z+jets contributes to the mono-Z background through

Z + jet → µ+µ− + jet, with /ET arising only via jet mismeasurement. This is

kinematically very different from our χχ + Z signal and, as we will show below,

can be removed relatively easily with selection cuts. The sub-dominance of high

cross section QCD backgrounds relative to electroweak processes is an appealing

aspect of the mono-Z signal.

4.2 The Model and Event Selection

To illustrate the potential for observing a mono-Z dark matter signal at the LHC,

we introduce a toy model in which this process has a significant rate. We will then

detail event selection criteria that allow the backgrounds to be largely removed.

4.2.1 An Example DM Model

We take the DM to be a gauge-singlet Majorana fermion, χ, which couples to the

quark doublet, Ql, via the interaction term

Lint = fudQ̄lηχr + h.c.

= fud
(

ηuul + ηddl
)

χr + h.c.,
✞

✝

☎

✆4.1

where fud is a coupling constant and η is a scalar field that that transforms as

η ∼ (3, 2, 1/3) under the SM gauge groups. (This model is a related to the one

considered in the previous chapter, modified such that the scalar is charged under

SU(3)C .)

Such couplings are also present in SUSY models, with χ identified as a neu-

tralino and η a squark doublet. An obvious difference, however, is that we have
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Figure 4.3: t-channel processes contributing to electroweak bremsstrahlung in

annihilations to dark matter. Not shown are the three corresponding u-channel

diagrams.

no gluino analogue in our model. In some sense this model is analogous to a

SUSY model in which the gluinos are too heavy to be kinematically accessible at

the LHC. As a consequence, despite this model being substantially simpler than

many SUSY models, both in couplings and free parameters, the LHC signatures

presented in this work may still be of relevance for some SUSY searches (especially

if the parameter space of more minimal SUSY models is increasingly ruled out),

perhaps providing a complementary signal to further constrain models.

The interactions in Eq. 4.1 allow for direct annihilation of quarks into a χχ pair

via t-channel and u-channel η exchange. Of interest to this work are processes to

the next order in αW , in which a Z boson is radiated from the initial state quarks

or the internal propagator. Contributing to the mono-Z process qq̄ → χχZ are

the three t- and u-channel diagrams shown in Fig. 4.3.

The Mathematica package FeynRules [186] was used to formulate the Feyn-

man rules for the model of Eq. 4.1. The rules were interfaced with the MadGraph

package [182] to calculate the scattering amplitudes for the processes in Fig. 4.3.

These amplitudes were then input into the MadEvent event generator, which cal-

culated the LHC-relevant cross section pp→ χχZ for a given fud, and for various
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Figure 4.4: Cross section for process pp → χχZ at CoM of 14 TeV as a

function of DM mass. Red line (upper) corresponds to mη = 700 GeV, blue

(lower) to mη = 1 TeV. Both cross sections calculated for fud = 1, and using

CTEQ6L1 PDF’s.

choices of mχ and mη . All cross section calculations were performed in the pro-

ton center of momentum frame. The probability amplitudes were integrated over

the CTEQ6L1 [187] parton distribution functions (PDF). Given that the LHC is a

proton-proton collider, the valence quarks contribute to the q distributions, while

the sea-quarks of course contribute to both the q and q̄ distributions.

Cross sections at 14 TeV CoM are displayed in Fig. 4.4 as a function of mχ,

for values of mη relevant to electroweak-scale physics.
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4.2.2 Event Selection

Now that we have a model which produces DM along with a Z-boson, we will

examine how this channel may be detected at a hadron collider. While the back-

grounds presented in Section 4.1.2 have rates much larger than our signal, they

can be substantially reduced with an educated set of cuts on measured events. We

make cuts on the invariant mass of the muon pair within a 60 GeV window centered

on the Z mass, which greatly reduces the contribution from non-Z backgrounds,

namely W+W− and tt production.

The presence of the heavy χ in our signal process ensures large amounts of /ET .

This can be seen clearly in Fig. 4.2, which shows the number of expected collider

events as a function of missing energy, in 10 GeV bins. As expected, the number

of signal events with large /ET are at least comparable to all SM backgrounds. We

choose a missing energy cut of /ET > 150 GeV to remove a large fraction of the

background events, including the bulk of the Z + jet background. It is important

to note that due to the very large cross sections for tt and Z + jet before the

implementation of cuts, the statistics in these two contributions lead to evident

fluctuations at high /ET in Fig. 4.2.

The Z in the final state can be highly boosted by its recoil off the heavy DM

particles; we therefore expect its decay products to have large pT . We apply the

conservative inclusive cut of pT > 50 GeV on the muon transverse momentum

(i.e. require at least one muon in the final state with pT > 50 GeV).

A further consequence of the Z being produced relativistically is that the muons

from the decay process will be produced nearly co-linear with each other. This co-

linearity ensures a low ∆R between the pair, where ∆R is defined to be

∆R ≡
√

∆φ2 +∆η2,
✞

✝

☎

✆4.2
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Figure 4.5: Ratio σχχZ/σZνν̄ at 14 TeV CoM and for mχ = 30 GeV, as a

function of the cut on maximum ∆R =
√

∆φ2 +∆η2 between muons in the

final state. Red line (lower) corresponds to mη = 700 GeV, blue (upper) to

mη = 1 TeV.

where φ is the azimuthal angle and η is the pseudo-rapidity of a particle in the

detector.

Figure 4.5 shows the ratio of signal cross section to the νν̄ (Z → µ+µ−)

background as a function of cut on maximum ∆R, after pT and dimuon invariant

mass cuts, for selective points in the model parameter space. This background

is useful for comparisons, as it is the dominant /ET background in the region of

interest. The signal to background is maximized for lower ∆R, with both cross-

sections becoming equal around ∆Rmax ∼ 1. To preserve signal events, we choose

the conservative cut of ∆R < 1. This cut should effectively discriminate against

the W+W− and tt backgrounds, which produce muon pairs with a broad ∆R

distribution. The effectiveness of this choice of cut can be seen in the top right
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hand panel of Fig. 4.11, which displays the same data as Fig. 4.2 but with full set

of cuts applied, including the cut on ∆R.

The missing energy in the background Z+jet is a result of jet mismeasurement

in the hadronic calorimeter, thus a large amount of /ET is present in events with high

jet pT . These types of events typically have a highly boosted Z, and subsequently

produce muon pairs with lower ∆R separation than low /ET events.

We note that the detector simulation program Delphes requires that muons

counted individually be isolated within a cone of∆R < 0.5. A consequence of these

two factors is that in the majority of Z + jet events with /ET > 150 GeV, muons

from Z decay do not pass Delphes’ isolation criterion and are subsequently rejected,

reducing this background significantly. Aside from necessarily using Delphes for

producing the /ET spectrum of the Z + jet background, we do not use detector

simulation in this work. Instead, we enforce ∆R > 0.5 between the paired muons.

In this work we have been conservative in that we have not applied any jet

related cuts, despite their obvious utility in distinguishing real /ET from jet mis-

measurement. It is possible to further improve signal relative to QCD backgrounds

by removing events in which jet and /ET directions are correlated. Tagging of b

jets may also be used to reduce the tt background. Below we show that such

additional cuts, while no doubt useful, are not necessary to obtain an observable

signal to background ratio.

4.3 Model Constraints

When calculating LHC signals, we adopt model parameters that produce the correct

DM relic abundance. We also ensure the parameters are in accordance with current

direct detection and collider bounds. These constraints are described in detail here.
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Figure 4.6: The minimum allowed coupling constant fud in order to satisfy

the requirement that the contribution to the DM relic density from this model

be less than or equal to the total DM relic density, ΩDMh
2 ≃ 0.11. Red line

(lower) corresponds to mη = 700 GeV, blue (upper) to mη = 1 TeV. Note that

the expansion parameter f 2/4π remains perturbative for f . 4π ∼ 12.5.

4.3.1 Freezeout

We work in the context of the standard WIMP scenario, in which the DM was in

thermal equilibrium in the early Universe up until the time of thermal freezeout,

at which point the relic abundance was set. For a given DM mass, we wish to

choose values of the coupling constant fud, and η mass, such that the DM freezes

out with the correct relic abundance.

The process which kept χ in equilibrium before thermal freezeout was qq̄ →

χχ. The relic density of χ was therefore determined by parameters fud, mχ
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and mη. Following [94, 95], we use a semi-analytic solution to the co-moving

Boltzmann equation, and the inferred value ΩDMh
2 ≃ 0.11 to place constraints

on fud for given values of mχ and mη. Results are displayed in Fig. 4.6. If the

coupling were any smaller than the constraints in Fig. 4.6, then the DM would have

been overproduced in the early universe, yielding an abundance greater than that

observed today. On the other hand, if it were any larger, then the relic abundance

would be smaller than observed. If there are other DM species contributing to the

relic abundance, then the constraints on fud serve as lower limits, since the DM

candidate under consideration need not contribute the entire relic abundance.

4.3.2 Direct Detection

In the model under discussion, quarks couple to the beyond-SM sector via a

qχη vertex with strength fud. Consequently, care is required to avoid direct de-

tection constraints. The operator in Eq. 4.1 allows for χ-quark scattering via the

s and u-channel η exchange graphs in Fig. 4.7, which can in turn be related to

χ-nucleon scattering.

χ

χ

q

q

ηq

χ

χ

q

q

ηq

Figure 4.7: Fundamental processes contributing to DM–nucleon scattering.

The couplings in Eq. 4.1 Fierz transform into couplings to nucleons that have

both spin-dependent and spin-independent contributions. The strongest con-

straints on our model come from the spin-independent limits from the XENON100
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Figure 4.8: The spin-independent χ−nucleon scattering cross section. Red line

(upper) corresponds to mη = 700 GeV, blue (lower) to mη = 1 TeV. Shown in

dashed is the upper limit on the SI cross section from XENON100 experiment.

experiment [60], which looks for excitations in ultra-cold liquid Xe resulting from

DM scattering events. We performed the calculation of the SI χ-nucleon cross

section in the current model using the MicrOMEGAs [188] software package, tak-

ing the Lagrangian in Eq. 4.1 as input. The calculation was done for values of fud

that produce the correct relic abundance (Fig. 4.6) for various values of mη and

a range of DM masses. The results are displayed in Fig. 4.8, alongside the upper

bound on the cross section allowed by XENON100. Clearly the model parameters

considered in this work are allowed by the XENON100 constraint. Note that if

there are additional DM particles, and the DM candidate considered here is not

required to contribute the entire relic density, the curves in Fig. 4.8 denote lower
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limits on the scattering cross section.

4.3.3 Collider Constraints

Through the early part of 2012, roughly 5 fb−1 of data were analyzed by both

the ATLAS and CMS collaborations. Thus far no significant discrepancies with

Standard Model predictions have been found. Discrepancies not seen at present

include large missing energy signals and new particles such as those predicted in

numerous extensions of the SM.

The absence of novel signals has put ever tighter constraints on models of

physics beyond the SM. As discussed in Section 4.2.1, the model described in the

present work is purely phenomenological, but does possess some similarities to a

SUSY model (with obvious differences being an absence of gluinos and only first

generation quark couplings). This makes it somewhat difficult to directly compare

existing bounds with our model. However, we have chosen values of parameters

such as the η masses and η−χ mass differences which are not currently ruled out

by squark mass and squark-neutralino mass difference constraints, respectively, for

a simplified model spectra (SMS) of SUSY.

Examples of these constraints for an SMS from CMS data are given in [74–

77]. The SMS are motivated by popular SUSY frameworks such as the constrained

minimal supersymmetric standard model (cMSSM) and the general gauge media-

tion model (GGM). Of particular relevance are the constraints derived in [75], in

which the authors consider a simplified model with a heavy gluino and two squark

generations. This very closely resembles the model at hand, the only effective

difference being the number of scalar degrees of freedom present in the model.

A lower bound of 780 GeV was placed on the squark mass, which maps to the

constraint mη & 600 GeV in the model considered here. Conservatively, we only
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consider η masses above 700 GeV.

4.4 Results

The results of our simulations can be seen in Figs. 4.9 – 4.13. These figures sample

a range of model parameters, LHC energies and integrated luminosities, and use

values of fud adherent to the constraints in Fig. 4.6. Plotted are expected signal

and background events per 10 GeV bin as a function of missing energy and the pT of

the µ−, after the application of cuts outlined in Section 4.2.2. The pT distributions

for µ+ and µ− differ due to the CP -breaking valance quark contribution to the

parton distributions of the proton. However, given the high CoM energy of LHC

collisions, this is a small effect. We thus do not show the µ+ pT distributions,

being nearly indistinguishable from those of µ−.

In order to get accurate statistics in regions with low numbers of events, all of

our simulations except those of Z+jet have at least four times as many simulated

events as expected LHC events for the given integrated luminosity. For the Z+jet

background there are ∼ 1.3 simulated events per LHC event. All event numbers

are then rescaled for our figures, to the number of events expected at the LHC.

All backgrounds have been significantly reduced by our choice of cuts, and

the remaining background is dominated by Zνν̄. This can be understood given

that it passes Z selection criteria, and contains a pair of neutrinos, implying larger

amounts of /ET than other backgrounds, and a greater resilience to our missing

energy cut.

Fig. 4.9 shows event numbers corresponding to an integrated luminosity of 5

fb−1 and a CoM energy of 7 TeV. It is clear that our selection cuts are effectively

distinguishing signal from background. Results for mχ = 10 GeV and mη = 700

GeV indicate an excess of a few events after integration across all bins, demon-
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Figure 4.9: Events passing selection criteria in Section 4.2.2, at
√
s = 7 TeV

and 5 fb−1 of data, for mη = 700 GeV, comparing mχ = 10 GeV and 30 GeV.
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Figure 4.10: As Fig 4.9, with
√
s = 8 TeV and 15 fb−1 of data, for mχ = 30

GeV and mη = 700 GeV.
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strating the potential for constraining the model using current data. For mχ = 30

GeV the signal strength is significantly weaker. In this case, a CoM energy of 8

TeV and an integrated luminosity of 15fb−1 are required for the signal to be visible,

as demonstrated in Fig. 4.10. With the intention of studying heavier dark matter

masses, we focus primarily on the higher integrated luminosities and CoM energies,

for which the expected signal is significantly enhanced.

Looking to the future, we turn our attention to the LHC’s design CoM energy

of 14 TeV, and a larger integrated luminosity of 100fb−1. Figs. 4.11 - 4.12 show

the expected signal for varying model parameters mχ and mη. For the regions of

parameter space considered, most bins have a signal to background which exceeds

10%, reaching up to 70% in some bins for the parameter choices mχ = 30 GeV

and mη = 1 TeV. We expect such an excess, if it exists, to be clearly visible in

future data. Consequently, the non-observation of this signal has the potential to

place strong constraints on this type of model.

The signal strength decreases as the dark matter mass increases, approaching

invisibility asmχ approaches 100 GeV. Though not implemented here, this decrease

in signal to background with increasingmχ could potentially be offset by fine tuning

cuts on measured events for a given dark matter mass. Alternatively, one could

relax the requirement that χ constitute all of the dark matter, allowing an increase

in fud, which would in turn scale the production cross section. An example of such

non-saturating dark matter can be seen in Fig. 4.13. Here, fud is taken to be 3,

in contrast to the value of 1.67 required to satisfy the relic abundance constraint.

With fud = 3, χ contributes only ∼ 10% to the total dark matter abundance.
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Figure 4.11: As Fig. 4.9, with
√
s = 14 TeV and 100 fb−1 of data, for mχ = 30

GeV, comparing mη = 700 GeV and 1000 GeV.
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Figure 4.12: As Fig. 4.9, with
√
s = 14 TeV and 100 fb−1 of data, formη = 700

GeV, comparing mχ =50 GeV, and 100 GeV.
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Figure 4.13: As Fig. 4.12, with mχ = 100 GeV and mη = 700 GeV, for

fud = 3, which corresponds to 10% of present relic abundance.
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4.5 Conclusions

There are many different search channels for dark matter at the LHC, most of

those being dependent on the specifics of the model under consideration, super-

symmetric or otherwise. A key hallmark of any of these searches are some set

of high pT events, against whose momentum large amounts of /ET can be recon-

structed. A complete dark matter search must take into account signatures in all

possible channels. In this work, we have pointed out the relevance of mono-Z

(electroweak bremsstrahlung) processes as a search channel for dark matter. In

particular, we advance the process pp → χχZ, where the Z decays muonically.

The final state appears as a pair of high pT muons, with an invariant mass in

the Z window, and large amounts of /ET . Despite having a cross section which is

low relative to processes with jets in the final state, this process has few Standard

Model backgrounds, and these can be tamed by modest event cuts. By applying

a specific model for dark matter, with direct dark matter coupling to quarks, we

have demonstrated that this process in principle could be highly visible in future

data from LHC upgrades. A dedicated study by the ATLAS or CMS collabora-

tion with full background and detector simulation could confirm this. We have

found that for certain choices of model parameters an excess of events may be

visible across a broad range of energy bins; some bins contain up to a 70% signal

to background ratio. Although the signal becomes weaker with rising dark matter

mass, becoming negligible near mχ ≃ 100 GeV, our method may continue to prove

valuable for larger dark matter masses by optimization of the choice of cuts. As a

result, this mono-Z search can at the very least provide important complementary

information to jet and photon based dark matter searches. This mono-Z search is

relevant whether or not its discovery potential is competitive with mono-jets and

mono-photons, due to the unique kinematic aspects of Z decay in distinguishing
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mono-Z’s from other bremsstrahlung based search channels.

106



5
Conclusion

Though dark matter makes up the dominant fraction of matter in the Universe,

little is known about its internal properties. It is unclear if it is absolutely stable,

whether or not it has interactions with the SM, and how such interactions might

manifest observationally. In this work we have looked in detail at some of these

possibilities.

In Chapter 2 we investigated models for dark matter decay, implemented as

a solution to the small scale structure problems inherent to ΛCDM. We reviewed

constraints on the lifetime for decays into photons or e+e− pairs, and derived

constraints on processes involving neutrinos in the decay products. We then went

on to demonstrate the theoretical feasibility of the decaying dark matter scenario

by constructing explicit particle physics models designed to satisfy the criteria

necessary for the desired modification of structure formation. We introduced a

real scalar field and two Majorana dark matter candidates, one of which was meta-

stable, decaying into the lighter of the two plus a relativistic final state. We

explored two scenarios, one in which the decay products contained visible particles,

and the other in which they contained invisible states only. We found both scenarios

to be feasible from a theoretical/model-building standpoint, though constrained by
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observation. We found decays into e+e− pairs to be tightly constrained, with dark

matter lifetimes between 1-30 Gyr (as preferred by [8] to solve the dwarf halo deficit

problem) completely excluded in the context of this model. We found decays into

Dirac neutrinos disfavored in this model, whereas decays into Majorana neutrinos

allowed for a broad range of DM lifetimes.

For a certain class of models for Majorana dark matter, the cross section for

purely s-wave annihilation into light fermions is helicity suppressed. For these mod-

els the annihilation cross section contains p-wave contributions at leading order,

and is v2 suppressed. Though it has been long established that the bremsstrahlung

of a photon during annihilation can lift helicity suppression, until recently the possi-

bility of electroweak bremsstrahlung has been largely ignored. In Chapter 3 we con-

sidered the W -strahlung process. Within the context of a toy model we explicitly

performed the calculation of this cross section, and demonstrated that it contained

neither helicity nor velocity suppression. We found the process χχ → e+νW− to

dominate over χχ → e+e− for annihilations occurring in the galactic halo today,

approaching a relative enhancement of 103 as the mediator mass approached that

of the DM. By re-scaling our result for W -strahlung, we calculated the cross sec-

tion for the Z-strahlung process, and showed the total bremsstrahlung cross section

to be significantly larger than for γ bremsstrahlung alone, with σbrem, total = 7.16

σe+e−γ in the limit mχ ≫ mW .

The potential significance of electroweak bremsstrahlung during dark matter

annihilation highlights the possibility that it is significant in a collider context.

In Chapter 4 we explored the signatures of DM at the LHC through the mono-

Z search channel. In the context of a toy model, we explored the possibility of

a mono-Z being produced via the process qq → χχZ. We considered muonic

decays of the Z, looking for a pair of high pT muons with an invariant mass in the

Z window accompanied by large amounts of /ET , attributed to the dark matter χ.
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We carried out simulations of LHC collisions at both current and future center of

mass energies, proposing a set of cuts tailored to effectively distinguish this signal

from SM backgrounds. We found that for certain regions of parameter space there

may be a visible excess above backgrounds across a broad range of energy bins,

finding that for certain parameter choices up to 70% signal to background could be

visible at the LHC’s design CoM energy of 14 TeV. Although we would expect the

signal to become weaker with rising dark matter mass, approaching negligibility

near mχ ≃ 100 GeV, it may be bolstered by fine tuning the choice of cuts, or

sacrificing the requirement that χ make up the entirety of the relic abundance.

In demonstrating its visibility we have demonstrated importance of the mono-Z

search channel, and shown it to be an important compliment to the well established

mono-jet and mono-photon searches.
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