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Abstract

The purpose of this thesis is to recognize the effects of electromagnetic energy

injection into the early Universe from decaying sub-GeV dark vectors. Decay widths

and energy spectra for the most prominent channels in the sub-GeV region are cal-

culated for various dark vector models. The models include the kinetic mixing of the

dark photon with the Standard Model photon, U(1)A′ , a dark vector boson which

couples to the baryon minus the lepton current, U(1)B−L, and the last three are

dark vector bosons which couple one lepton’s current minus a different lepton’s cur-

rent, U(1)Li−Lj where i 6= j = e, µ, τ . Measurements from Big Bang Nucleosynthesis

and the Cosmic Microwave Background are used to constrain the lifetime, mass and

coupling constant of the dark vectors.
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Chapter 1

Introduction

This thesis studies the decay of sub-GeV dark vectors, specifically the effects of elec-

tromagnetic energy injections in the early Universe and constrains various dark vec-

tor models using measurements from Big Bang Nucelosynthesis and the Cosmic Mi-

crowave Background. The process of determining the effects comes from understand-

ing the coupling of dark vectors to particles present in the Standard Model, which

depends on what dark vector is being studied. The models include the kinetic mixing

of the dark photon with the Standard Model photon, U(1)A′ , a vector which couples

to the baryon minus the lepton current, U(1)B−L, and the last three are vectors which

couple to a lepton minus a different lepton current, U(1)Li−Lj where i 6= j = e, µ, τ .

The procedure to find the energy spectra of the dark vectors begins with deter-

mining the decay width for each of the channels. Once found, the branching ratio for

each model can be determined. The energy spectra for each of the channel can be

computed for photons, and the sum of electrons and positrons. The three hadronic

channels are the main focus of my work as the leptonic channels have been stud-

ied in great detail in the past. Combining both the branching ratios and energy

spectra, constraints on the parameter space for the lifetime, coupling constant, and

mass of dark vectors can be determined from Big Bang Nucleosynthesis and Cosmic

Microwave Background measurements.

The thesis will follow the format:

Chapter 2 gives a brief review of the Standard Model, provides evidence for the

existence of dark matter, describes the thermal relic abundance of cold dark

matter production, describes methods of detection with current bounds and

covers candidates of dark matter.
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Chapter 3 covers sub-GeV dark vectors with all relevant decay channels, introduces

various models to be tested and describes the energy spectra of electromagnetic

particles produced from the decay of dark vectors. The decay channels of inter-

est include e+e−, µ+µ−, π0γ, π+π− and π+π−π0. The branching ratios for each

model and energy spectrum for each channel are discussed and calculated.

Chapter 4 describes the application of the branching ratios and energy spectra to

place new constraints on the parameter space of the lifetime, coupling constant

and mass of dark vectors from measurements of Big Bang Nucleosynthesis and

the Cosmic Microwave Background. Cosmic X-rays are also discussed and a

lower bound for the lifetime of cold dark matter is found.

Chapter 5 concludes the thesis and discusses possible future work.

As a final note, my contributions to this project are described in Chapter 3.

The calculated branching ratios and electromagnetic energy injection were used to

determine the total electromagnetic energy injection from photons and electrons for

the five models. These results were crucial for the analysis in Chapter 4, Sections 4.1 -

4.3, because the results were used by my collaborators, David Morrissey and Graham

White, to constrain the models based on cosmological measurements. Section 4.4 was

my primary contribution to Chapter 4 which examined a simplified model of the dark

vector coupled to an exclusive e+e− decay.



3

Chapter 2

Review of the Standard Model and

Dark Matter

2.1 The Standard Model: A Brief Review

The Standard Model (SM) was developed in the 60’s and 70’s and is the theory of

fundamental particles and how they interact. The theory incorporates all known

facts about discovered particles and was able to predict the existence of undiscovered

particles [1, 2]. The paticles that form the SM are succinctly described in Table 2.1.

It should be noted that not all the properties of the particles are shown. There are six

leptons, six quarks, four force carriers, and the most recently discovered elementary

particle in 2012, the Higgs Boson [3, 4]. The SM not only provides an excellent

description of the weak, strong, and electromagnetic (EM) forces, but various particle

physics experiments are overwhelmingly in agreement with the theory. The fourth

fundamental force, gravity, is not described by the SM as it is exceedingly weak and

almost always negligible for particle experiments, but plays a bigger role in other

areas such as astronomy and cosmology.

The SM is gauge invariant under the gauge group SU(3)C × SU(2)L × U(1)Y .

The three groups each cover a different aspect of interactions of the particles. The

SU(3) group is responsible for governing strong interactions and the SU(2)L×U(1)Y

spontaneously breaks to govern the electroweak force, a combination of the weak and

EM forces. The fermionic particles in Table 2.1 transform under representations of

these groups and their quantum numbers under these transformations are shown in

Table 2.2
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Fermions
Mass Electric Charge

Bosons
Mass Electric Charge

(Spin 1
2
) (Spin 0 or 1)

Quarks
Gauge Bosons

(spin = 1)
Up (u) 2.16 MeV

+2
3

Photon/EM (γ) 0 0
Charm (c) 1.27 GeV

Top (t) 172.9 GeV Gluon/Strong (g) 0 0

Down (d) 4.67 MeV
-1

3

Weak Force
Strange (s) 93 MeV W± 80.4 GeV ±1
Bottom (b) 4.18 GeV Z 91.2 GeV 0

Charged Leptons
Scalar

(spin = 0)
Electron (e) 0.511 MeV

-1Muon (µ) 106 MeV Higgs (h) 125 GeV 0
Tau (τ) 1.8 GeV

Neutrinos
νe

0* 0νµ
ντ

Table 2.1: Elementary particles of the SM with their respective approximate masses
and electric charges in units of the proton charge e.

The quantum numbers indicate the representation of the appropriate SU(N)

group. If the quantum number is N then this is the fundamental representation,

and if it is 1 this is the trivial representation which means it does not transform un-

der the group. The adjoint representation is defined by the structure constants that

define the Lie Algebra the SM utilizes to represent the gauge fields.

The gauge fields for the SM are shown in Table 2.3 and the SM Lagrangian is

built around various gauge invariances:

LSM = LGauge + LHiggs + LY ukawa. (2.1)

*The matter content in Table 2.1, gauge invariance and renormalizability of the SM predicts that
neutrinos are massless. However, neutrinos have experimentally been determined to have a small
mass and the exact origin of their mass is unknown [5, 6, 7].
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Fermion
Quantum Number

(SU(3)c, SU(2)L, U(1)Y )

Qi
L =

(
uiL
diL

)
(3, 2, 1

6
)

uiR (3, 1, 2
3
)

diR (3, 1,−1
3
)

LiL =
(
νiL
eiL

)
(1, 2,−1

2
)

eiR (1, 1,−1)

Scalar

H =
(
H1

H2

)
(1, 2, 1

2
)

Table 2.2: Representations of the SM fields with their quantum numbers when acted
upon by the gauge groups. The i denotes the generation and all fermions within the
same generation have the same quantum numbers. The last row is the Higgs doublet
which is the only scalar to be discovered for the SM.

Gauge Field
Quantum Number

(SU(3)c, SU(2)L, U(1)Y )

Ga
µ (8, 1, 0)

W p
µ (1, 3, 0)

Bµ (1, 1, 0)

Table 2.3: Ga
µ is the adjoint representation of SU(3)c with a = 1, ..., 8 and described

by the fundamental representations of this group, the Gell-Mann matrices. Similarly,
W p
µ is the adjoint representation of SU(2)L, where p = 1, 2, 3 and described by their

fundamental representation of the group, the Pauli matrices.

Examining each part of the Lagrangian,

LGauge =− 1

4
(Ga

µν)
2 − 1

4
(W p

µν)
2 − 1

4
(Bµν)

2

+ Q̄Liγ
µDµQL + ūRiγ

µDµuR + d̄Riγ
µDµdR

+ L̄Liγ
µDµLL + ēRiγ

µDµeR

(2.2)
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γ

e−

e+

gA

qi

qi

Figure 2.1: Feynman diagram of vertices for a photon interacting with an electron
and positron (left) and a gluon interacting with a quark and antiquark (right). The
indicies i, j = 1, 2, 3 are the colours red, green, and blue present for strong interactions
only. A = 1, ..., 8 for the 8 types of gluons.

Dµ = ∂µ + igst
a
r,cG

a
µ + igtpr,LW

p
µ + ig′Y Bµ (2.3)

Where F a
µν = ∂µF

a
ν − ∂νF a

µ − gifabcF b
µF

c
ν is the field strength tensor definition for the

three gauge field, Ga
µν , W

p
µν and Bµν are the gauge fields that couple to coloured,

left-handed, and hypercharged fermions respectively, gi corresponds to the coupling

constant for each gauge group, fabc is the structure constant dependent on the gauge

group, tar,c represent the appropriate generators for SU(3)c, t
p
r,L are the appropriate

generators for SU(2)L, and Y is the hypercharge of the field under U(1)Y .

The Higgs component is comprised of

LHiggs =
∣∣∣(∂µ + ig

σp

2
W p
µ + ig′

1

2
Bµ

)
H
∣∣∣2 − (− µ2|H|2 +

λ

2
|H|4

)
(2.4)

Where σp are the Pauli Matrices, µ is dimensionful, and λ is dimensionless. The

Higgs potential is the second term in round brackets and minimizing this potential

imposes a condition of the gauge invariant combination of |H|2 ≡ H†H. Utilizing

gauge invariance it is most convenient to choose the unitary gauge, and expanding

around it gives

H(x) =

(
0

v + h(x)/
√

2

)
(2.5)

Where v =
√
µ2/λ is called the vacuum expectation value (vev) and is an important

quantity. By placing the unitary gauge into the kinetic term of the Higgs component

the masses for W±, Z, and photon can be obtained. This is known as the Higgs

Mechanism.

The masses of the gauge bosons can be found using only the Higgs component
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W+

ui = u, c, t

dj = d, s, b

W+

νl

l

Figure 2.2: Feynman diagram of a W boson flavour-changing interaction between
quarks (left) and a flavour-conserving interaction for leptons (right). The terms ui
and dj are the quark generations, and l = e, µ, τ the three generations of the leptons.
The W boson can only interact with left-handed particles.

while the Yukawa term is necessary to obtain the mass of the fermions.

LY ukawa = −yuQ̄LH̃uR − ydQ̄LHdR − yeL̄LHeR + h.c (2.6)

The Yukawa component corresponds to scalar-fermion Yukawa interactions where

H̃ = iσ2H, and yi are the Yukawa coupling constants. Substituting the unitary

gauge in the Yukawa component, the masses for the fermions can be calculated:

mi = yiv. (2.7)

Thus, the larger the mass of the particle the higher the coupling to the Higgs particle.

This is why many experiments are focused on large mass particles, in order to have

more interactions with the Higgs boson [8].

The interactions described through the SM Lagrangian can be illustrated by Feyn-

man diagrams. The probability of observing the results of the interactions can be

expressed through this useful formalism. Depending on the force chosen the rules to

construct Feynman diagrams will vary and may be derived from various Quantum

Field Theory textbooks [9, 10].

The particles can interact with the appropriate force if they are not in the trivial

representation of that group. For example, two electrons can not interact through a

gluon since they do not possess colour. Figures 2.1, 2.2 and 2.3 are some examples

of basic interactions one would see in EM, strong, and weak interactions. There are

many more interactions but most Feynman diagrams can be built off of these vertices

and the probability of observing these events can be calculated.

To summarize, the SM is a powerful tool and was built using gauge groups which
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Z

f

f

Figure 2.3: Feynman diagram of a Z boson neutral flavour-conserving interaction
between any two SM fermions.

helped immensely in predicting particles. However, some phenomena can not be

explained by the SM. Why are there only three distinct groups of leptons and quarks?

How does one analytically calculate quark/gluon confinement? Why are there no

right-handed neutrinos? But perhaps one of the biggest questions that seems to

evade all answers: how to incorporate dark matter into the SM?

2.2 Evidence for Dark Matter

Dark matter was first conjectured over 80 years ago and defined as non-luminous

matter that weakly interacts with visible matter. Due to the weak interactions of dark

matter it has yet to be detected. Even though there has been no direct detection of

dark matter, there is overwhelming observational evidence that suggests dark matter

is present in the Universe.

2.2.1 Rotation Curves

To begin, one can examine the Universe around us or more specifically the galaxies

around us. Galaxies are building blocks of the Universe where matter resides and come

in various forms: dwarf, satellite, group, and so on. There are also clusters which

are collections of galaxies bound by their mutual gravitational attraction. In the

1930’s, Fritz Zwicky applied the Virial Theorem to the Coma Cluster. He observed

the velocities of the galaxies within the Coma Cluster, and found that they were

too high to be bound gravitationally by the visible matter. In his paper, he proposed

that if luminous (visible) matter and non-luminous (dark) matter were summed when

determining the mass, a significantly higher density could be achieved and explain

why the galaxies in the cluster remain bounded [11].



9

Figure 2.4: Galactic rotation curve of NGC 6503 showing disk and gas contributions
plus the dark matter halo contribution required to match the observed data. Image
Credit: [12]. Copyright ©1991 Royal Astronomical Society.

In the 1970’s Vera Rubin and others studied the rotation curves of individual

galaxies. They ascertained that rotation curves are flat as one moves away from

the centre of the galaxy shown in Figure 2.4. This was quite exciting as this was a

contradiction between observable results and Newtonian mechanics. To better un-

derstand the excitement consider a system where one mass is much larger than the

other, M � m, the centre of mass frame is chosen (the same as the frame where M

is at rest), the only force is the gravitational attraction between the two objects, and

the smaller object moves with some centripetal acceleration a = v2/r.

GMm

r2
= m

v2

r
⇒ v =

√
GM

r
(2.8)

If one is to assume that all of the mass M is near the centre, then after the threshold

where all the mass is within a radius r, the velocity would follow v ∝ r−1/2. This

was not found in the experiment, instead v is almost constant beyond that threshold

and the only explanation was that the mass is dependent on the radius of the system,

M = M(r) ∝ r. Thus, there is mass that is not being taken into account on the

outside of galaxy rotation curves. This unaccounted mass was called a dark halo which

is where all the dark matter is said to be present and has a mass density ρ ∝ 1/r2, or

equivalently M(r) ∝ r outside the threshold. The dark halo behaves differntly from



10

visible matter inside the threshold as can be seen in Figure 2.4. Galaxies like the

Milky Way have a dark halo which contain about 90% of its mass [13, 14].

2.2.2 Bullet Cluster

Another piece of evidence for dark matter can be found upon examining the Bullet

Cluster shown in Figure 2.5. The figure depicts the aftermath of two clusters colliding.

If the galaxies were comprised of only visible matter one would expect the mass

distribution to be largest at the centre of the collision. To see if this was true, the

collision site of the galaxies was examined with two techniques.

The first technique examines the X-rays emitted from the collision that must come

from visible matter. The Hubble Space Telescope and Chandra X-ray Observatory

were able to obtain data from the cluster. The two collaborations looked for the

brightness in the X-rays emitted, determined how energetic the X-rays were and

where the source of the X-rays was located. Their findings are coloured red in Figure

2.5. As expected the visible matter is contained near the centre of the collision.

The second technique of observing the distribution of mass was performed with

gravitational lensing. This technique does not depend on visible radiation and deter-

mines where large masses are located. From the principles of General Relativity, one

can find that light bends when it passes by objects with a large mass. The large mass

can act as a lens in the Universe and can focus light. Gravitational lensing effects

of the Bullet Cluster are coloured blue in Figure 2.5, showcasing the location of two

large masses.

If the two observational methods overlapped, one may conclude no dark matter is

present in the Bullet Cluster. However, these two techniques clearly indicate that the

visible matter is not where the majority of the mass is located. One can summarize

that dark matter interacts with its surroundings on a much smaller scale than visible

matter and during collision dark matter barely interacts with visible matter.
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Figure 2.5: The Bullet Cluster coloured to emphasize the effect. The red
is the visible matter clumped at the centre of the cluster, and the blue is
the non-visible matter responsible for gravitational lensing. Image Credit: X-
ray: NASA/CXC/CfA/M. Markevitch et al.; Lensing Map: NASA/STScI;
ESO WFI; Magellan/U.Arizona/D.Clowe et al.; Optical: NASA/STScI; Magel-
lan/U.Arizona/D.Clowe et al.. Obtained from APOD.

2.2.3 The Cosmic Microwave Background

The Cosmic Microwave Background (CMB) also supports the existence of dark matter

and it would be beneficial to discuss where the CMB originated, starting from the

beginning.

Observations give strong evidence that the Universe began with a period of infla-

tion, then reheating and has been expanding ever since. Inflation generated fluctua-

tions in the temperature and energy of photons at this time. The early Universe had

an extraordinary amount of energy, and was at an extremely high temperature. At

these high temperatures, annihilation and decay of heavy exotic particle could easily

be reversed leading to the production of said particles. The destruction and creation

of the particles lead to an equilibrium that could be maintained at these tempera-

tures. As the Universe expanded, the temperature dropped and the production of

the heavy exotic particles dropped substantially, while the annihilation and decay

continued. After some time the Universe was cool enough to have protons and neu-

trons fuse together to form light elements, this was called Big Bang Nucleosynthesis

https://arxiv.org/abs/astro-ph/0511345
https://arxiv.org/abs/astro-ph/0608407
https://arxiv.org/abs/astro-ph/0608407
https://apod.nasa.gov/apod/ap170115.html
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Figure 2.6: Planck all-sky picture reveals 13.77 billion year old temperature fluctua-
tions. Image Credit: ESA and the Planck Collaboration

(BBN). The abundance of the light elements predicted by BBN agree very well with

measurements and can be compared to the abundance of the elements to today in

terms of a single parameter, the baryon to photon ratio, ηB.

The newly formed nuclei, henceforth referred to as baryons, in the early Universe

coupled to photons. As the Universe expanded, these coupled baryons exerted pres-

sure and began to oscillate. Baryon acoustic oscillations (BAO) measurements show

the time when the oscillations turned off and coincide with the baryons decoupling

from the photons and bonding with electrons. Thus, photons could freely propa-

gate in the Universe and formed the CMB. The fluctuations (seeded by inflation)

of the photons produced regions of high and low density resulting in gravity pulling

baryonic and dark matter into dense regions [15]. At this point in time matter and

radiation density were equal, known as matter-radiation equality, and the overdense

regions start to self-gravitate, collapse and oscillate forming structures. The CMB

captures the temperature and energy anisotropies of the photons that decoupled from

the baryons.

The CMB was accidentally discovered in 1964 by Arno Penzias and Robert Wilson

and the anisotropies of the CMB were first detected in 1992 by the COBE satellite

[16]. Since then, the power spectrum of the CMB has been measured more precisely

by more advanced spacecraft: WMAP (2001 - 2010) [17] and Planck (2009 - 2013)

[18]. The all-sky map of the CMB can be seen in Figure 2.6 and the temperature

http://planck.cf.ac.uk/
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Figure 2.7: Planck CMB temperature power spectrum of the Planck full-sky map.
The base-ΛCDM theoretical spectrum is plotted in light blue. Image Credit: ESA
and the Planck Collaboration

fluctuation power spectrum is shown in Figure 2.7 from the most recent Planck mea-

surements. The temperature fluctuations can be expressed as a power series with

spherical harmonics

δT

T
(θ, ϕ) =

∑
l,m

al,mYl,m(θ, ϕ) (2.9)

The ensemble average of the power series is normally plotted

Cl = 〈|alm|2〉 =
1

2l + 1

l∑
m=−l

|al,m|2 (2.10)

The data obtained from these experiments have set tight constraints on parameters

of the SM, which include the energy density distribution in the Universe. The present

distribution of energy density is 4.8% visible matter, 26.0% dark matter, and 69.2%

dark energy, the theoretical force that is responsible for the accelerated expansion of

the Universe [19, 20, 21].

https://sci.esa.int/web/planck/-/53103-planck-cosmology/
https://sci.esa.int/web/planck/-/53103-planck-cosmology/
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2.3 Production of Dark Matter

From the evidences stated in the previous section dark matter must be a stable

particle, interact with gravity, and must have been produced in the early Universe.

There are several mechanisms for production which can be classified as either thermal

or non-thermal that allow interactions with the SM.

Thermal dark matter is produced through interactions with the plasma of the

early Universe and is also in thermal equilibrium with the plasma (Figure 2.8). As

the Universe ages, the temperature of the plasma decreases. This causes interactions

with dark matter to slow and eventually the dark matter can no longer remain in

equilibrium with the plasma. Thus, the abundance of dark matter becomes constant

up to expansionary dilution.

Non-thermal dark matter is produced through other mechanisms such as out-of-

equilibrium annihilations of SM particles, boson condensate formation, reheating after

inflation or other phase transitions, decay of particles which may not have a thermal

abundance, and many more [22, 23, 24]. Unlike thermal dark matter, non-thermal

dark matter does not always need to assume a large coupling at high temperatures.

For this thesis, the production of thermal dark matter in the early Universe will be

covered.

DM

DM

SM

SM

Figure 2.8: Annihilation of dark matter into SM particles occurs when looking left
to right, and creation of dark matter from SM particles occurs when looking right to
left. The decay process can be seen by eliminating one of the dark matter particles.

In the early Universe the number density of the particles in the plasma and the

temperature were high enough for the dark matter particles to annihilate into or be

created from SM particles. It is important to note that in the early Universe plasma,

dark matter easily coupled to the SM particles. This is necessary so all particles in
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the plasma could establish a common temperature T . The interaction of annihilation

and production of dark matter particles can be described by the Boltzmann equation

dn

dt
+ 3Hn =

1

a3

d(na3)

dt
= −〈σv〉(n2 − n2

eq) (2.11)

Where n is the number density of the dark matter particles, H is the Hubble expansion

given by the equationH = 1
a
da
dt

, a is the cosmological scale factor, 〈σv〉 is the thermally

averaged annihilation rate factor, and neq is the equilibrium density of the dark matter

particles. As the temperature of the primordial plasma decreases, there is not enough

energy for the SM particles to create dark matter. As a result the abundance of dark

matter decreases since it can still annihilate into SM particles. The number density

of dark matter follows the equilibrium number density at this point and there are two

limits to consider to better understand the equilibrium density, the relativistic and

non-relativistic cases.

neq '

T 3 (m� T ) Relativistic

(mT )3/2e−m/T (m & T ) Non-relativistic
(2.12)

Both the cases describe the equilibrium number density which are dependent on the

mass of dark matter and the temperature of the plasma. The dark matter density

follows the equilibrium density until decoupling from the plasma.

If the dark matter particle could be held in equilibrium (n = neq) the abundance

of the particle would decrease exponentially. However, at a certain point the number

density of the dark matter particles becomes so small that there are barely any inter-

actions. The particles can not find another particle to annihilate, and the abundance

of the particles becomes constant, properly named freezing out. At this point it would

be beneficial to define the variable x = m/T , and the point of freeze out will be when

x = xf , which is defined at the temperature Tf , which the dark matter decouples

from SM particles.

To determine the point where freeze out occurs, Eq. 2.11 can be rewritten in

terms of a new variable Y ≡ n/s which is the number density of dark matter particles

normalized to the entropy density s.

s =
2π2

45
g∗sT

3 (2.13)

Where g∗s is the number of degrees of relativistic freedom in the early Universe. This
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Figure 2.9: Thermal freeze out plot. The solid line is the case if Y = Yeq, and the
other three lines show different values for the annihilation rate [25].

also defines Yeq = neq/s. The point of freeze out can help define how Y behaves when

x . xf , Y h Yeq, and when x & xf the abundance of dark matter can be equated to

th equilibrium value at xf , Y (x & xf ) = Yeq(xf ). Rewriting Eq. 2.11

x

Yeq

dY

dx
= −Γs

H

[
(
Y

Yeq
)2 − 1

]
(2.14)

Where Γ is defined as the annihilation rate

Γ ≡ neq〈σv〉 (2.15)

Two regions can be examined: one where the dark matter interacts with the SM

particles frequently (coupled) and the other where the dark matter no longer interacts

with the SM particles (decoupled) due to the interaction rate as defined by Γ being

very small.

Coupled:→ Y = Yeq for
Γ

H
� 1 (2.16)

Decoupled:→ dY = 0 for
Γ

H
� 1 (2.17)

Examning Figure 2.9 the behaviour of the function can studied far away from x = 3.

The area of interest is the region where the number density of particles in a co-moving
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volume starts to deviate from the equilibrium value. This point of deviation is the

freeze out point since the number density in a co-moving volume no longer changes.

It can be estimated at the freeze out point that the interaction rate is equivalent to

the Hubble expansion, Γ(xf ) ≈ H(xf ). Under this assumption:

n ∼ neq ∼
H

〈σv〉

∣∣∣∣∣
xf

. (2.18)

From this equation, it can be seen that as 〈σv〉 increases the abundance of dark matter

decreases, shown in Figure 2.9.

For the purpose of this thesis, only cold relics will be explored since the case where

particles decouple when they are relativistic (xf . 3) is not of interest. First, it would

be useful to parameterize the annihilation cross section. Since the cross section is

velocity dependent, and 〈v〉 ∼ T 1/2 from Kinetic Theory, it can be approximated by

〈σv〉 ≡
∑
n

σn(T/m)n =
∑
n

σnx
−n = σ0 + σ1x

−1 + ... (2.19)

Where the value of n corresponds to one of s-wave (n = 0), p-wave (n = 1) or a higher

order wave (n > 1).

The solution to the Boltzmann equation can be found by the dominant cross

section, given by the nth term, and yields the current value Y0 = Y∞, as well as the

value for xf . The value of xf is found to be

xf ≈ ln
[
(n+ 1)

√
90

8π3

g

g
1/2
∗
mMPlσn

]
− (n+ 1) ln

(
ln
[
(n+ 1)

√
90

8π3

g

g
1/2
∗
mMPlσn

])
(2.20)

Where σn is the dominant cross section term described in Eq. 2.19. To find a solution

now for the region where x � xf it can be expected that Y � Yeq, thus any terms

involving Yeq in Eq. 2.14 can be dropped, and it becomes

dY

dx
= −λσnx−n−2Y 2 (2.21)

Where λ contains all constants that are independent of x. Upon integrating from xf

to x =∞
Y∞ = Y0 ≈

(n+ 1)xn+1
f

λσn
(2.22)
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Knowing the current value for Y0, the relic density can be determined

ρ = s0Y0m, Ω = ρ/ρcrit (2.23)

Where s0 ≈ 3000cm−3, and ρcrit ≈ (1.05h2)×104eV cm−3 is the critical mass density,

with h being the normalized Hubble parameter. The thermal relic density for a

particle species χ is therefore

Ωχh
2 ≈ (0.23× 109GeV−1)

(n+ 1)xf

MPl(g∗s/g
1/2
∗ )〈σv〉

(2.24)

A leading candidate for dark matter is the weakly interacting massive parti-

cle (WIMP). This candidate interacts weakly with the SM and provide the cor-

rect thermal relic density for cold dark matter through freeze out. Measurements

from the CMB, Supernovae and others agree with the ΛCDM model and observe

ΩCDMh
2 = 0.1189 ± 0.00015 [26, 27, 28] for the thermal relic density of cold dark

matter. Using this upper bound, one can plug in xf ' 25 − 30 and n = 0 into Eq.

2.24 and it can be written as

Ωχh
2 '= 0.1

3× 10−26cm3/s

〈σv〉 . (2.25)

Which is astounding since the strength of a weak interaction can be found to be

σv ' G2
Fm

2
χ ' 3× 10−26cm3/s for mχ ≈ 100 GeV, and agrees with the thermal relic

density measured from experiments.

2.4 Detection of Dark Matter

Section 2.2 covered some basic evidence of dark matter and its existence and Section

2.3 explored the thermal relic abundance of dark matter present in the Universe

today. These showcase how dark matter interacts with the gravitational force and

that as a particle it must have an incredibly long lifetime. To fully understand dark

matter some form of interaction with the SM is necessary to observe the elusive

particle. However, it may be possible that dark matter connects solely to the SM

through gravity which would make it incredibly difficult to detect. The three standard

methods of detection are through colliders, indirect searches and direct searches. Each

of the methods by themselves are powerful into probing the dark matter regime, but
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all three together can place strong constraints on dark matter models.

2.4.1 Colliders

Collider experiments place limits on dark matter models, and allow high precision

measurements to further constrain the models. The main method of detecting dark

matter from colliders is to search for missing energy from detectors [29]. The idea

comes from missing transverse momentum since if two particles collide and have their

momentum in the longitudinal plane, after the collision all the transverse momentum

should sum to zero. Thus, high precision is necessary in order to account for all

transverse momentum in collisions.

In order to determine if the transverse momentum is missing, a trigger of visible

particles is necessary. The missing momentum can be found by searching for the recoil

of the dark matter particle against other particles produced. The cleanest signatures

come from the scattering of a single photon (mono-photon) and scattering of a gluon

(mono-jet) which both possess high transverse momentum balanced by large missing

transverse momentum. These signals have been searched for at Tevatron and LHC

[30, 31, 32]. The energy carried away by neutrinos in these experiments is predicted

very well by the SM, so missing energy that is more than predicted can be thought

of as a dark matter signal [33, 34]. However, the only way to confirm if it is in fact

dark matter is through indirect or direct detection.

2.4.2 Indirect

Indirect detection searches for the products of annihilating or decaying dark matter

into SM particles. This means searching for gamma rays, neutrinos, and even anti-

matter such as anti-protons and positrons in regions of space with a large dark matter

density. These product particles can have energies which extend up to the mass of

the dark matter particle. Indirect detection is more sensitive to cosmological and

astrophysical processes of dark matter annihilation and decay [35]. The flux of neutral

secondary particles from annihilation follow

Φi(n, E) = 〈σv〉dNi

dE

1

8πm2
χ

∫
l.o.s.

dlρ2
χ[r(l,n)] (2.26)

The index i denotes the observed neutral secondary particle, l refers to the path length

along the line of sight (l.o.s.) in the direction n, dNi/dE is the energy spectrum of the



20

observed particle, mχ is the mass of the dark matter particle, ρ2
χ[r(l,n)] is the dark

matter density along the line of sight, and 〈σv〉 is the thermally averaged annihilation

cross section of the dark matter into the observed neutral secondary particles. For

charged particles, like electrons and protons, the equation is not as simple since they

have non-trivial galactic propagation.

If the dark matter particle dominantly decays with lifetime τχ the observed flux

changes to

Φi(n, E) =
dNi

dE

1

4πτχmχ

∫
l.o.s.

dlρχ[r(l,n)] (2.27)

For dark matter masses in the sub-GeV region particles of interest include gamma

rays, neutrinos, electrons, and positrons. The gamma rays and neutrinos are good

probes for the indirect searches since they retain all information about their energy

spectrum, and are not affected by magnetic fields due to their neutral charge. Other

important information that can be obtained from the study of gamma rays and neu-

trinos from the annihilation or decay of dark matter is the angular distribution of the

source. This may lead to a measurement of the small-scale structure of dark matter

[28].

2.4.3 Direct

Direct detection is the easiest of the three methods to understand. Utilizing a detector

on Earth, the experiments aim to observe a dark matter particle from the dark halo of

the Milky Way scattering off of a particle. Some experiments use electron scattering

[36, 37], but nuclear scatting is more common. The recoil energy off of nuclei can be

described as

ER =
µ2v2

mN

(1− cos θ) (2.28)

Where µ = mχmN/(mχ+mN) is the reduced mass, mχ is the mass of the dark matter

particle, mN is the mass of the nucleus, v is the incoming velocity of dark matter

relative to the detector, and θ is the angle of dark matter particle after scattering

[29].

For dark matter masses that are less than 1 GeV, nuclear recoil is not typically

seen; however, enough energy may be deposited to interact with electrons which allows

for electron ionization, excitation or molecular dissociation to occur which may be

detected [38]. In this interaction some amount of energy from the dark matter particle

is deposited onto the detector. These experiments are set up far below ground to help
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shield the detector from cosmic rays and aim to measure the recoil energy as well as

the scattering rate off the detector. The scattering rate can be calculated using the

following equation [29]

dR

dE
(E, t) = NT

ρχ
mχ

∫
vmin

dσ

dE
(v, E)vfE(−→v , t)d3−→v (2.29)

Where NT is the number of target nuclei per kilogram of the detector, ρχ is the local

dark matter density (ρχ = 0.3GeV/cm3 ), fE(−→v , t) is the velocity distribution of the

dark matter in the frame of the Earth, vmin =
√
mNE/(2µ2) the minimum speed of

dark matter which can cause a recoil of energy detectable by a given experiment, is the

dark matter-nucleus reduced mass, and dσ/dE(v, E) is the differential cross-section

for the dark matter-nucleus scattering:

dσ

dE
(v, q) =

mN

2µ2v2
(σSIF

2(q) + σSDS(q)) (2.30)

Where σSD(SI) is the spin-(in)dependent cross-section and S(F ) is the spin-(in)dependent

nuclear form factor [29]. The full form for the nuclear form factors can be found in

[39]. Constraints have been placed on WIMPs for the spin-dependent and spin-

independent cases, which are summarized in Figure 2.10. Though WIMPs are a very

popular candidate there are other particles that have the correct criteria for dark

matter.

2.5 Dark Matter and Dark Vectors

There are a plethora of dark matter candidates and experiments that search for these

elusive particles. The candidates require some extension to the SM and can fall into

one or more of three categories.

The first category is hot dark matter which dictates that the particle candidate

is relativistic at matter-radiation equality.

Cold dark matter is next and is defined to be non-relativistic at matter-radiation

equality. Candidates of this category contain WIMPS, heavy sterile neutrinos, ax-

ions, gravitinos, Q-balls and many more. Many of these candidates have inter-

esting phenomenology and experiments have been implemented to search for them

[41, 42, 43, 44].

Warm dark matter is classified as being somewhere between relativistic and non-
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Figure 2.10: Limits placed on direct detection experiments from Oct 2013. Solid lines
provide experimental data where any point above the curve is excluded, and dotted
lines provide future experiments expected limits. The large orange dotted line at the
bottom provides a limit where neutrinos become a significant part of the background
and increase the difficulty of obtaining data. Image retrieved from [40].

relativistic at matter-radiation equality. The candidates include right-handed neutri-

nos, sterile neutrinos and others. The introduction of right-handed neutrinos makes

sense theoretically as all other fermions in the SM have a right-handed partner. This

candidate has yet to be detected but has been constrained to be either very heavy

or very weakly coupled [45, 46]. Sterile neutrinos are an extension of right-handed

neutrinos, however as the name implies they lack the ability to interact with the weak,

strong , and EM forces.

All of these candidates can be introduced through new weakly interacting sectors

of physics which extend the SM. In order to detect any candidate, a portal is required

for dark matter to interact with the SM. Examples of some portals include the cou-

pling of the photon to the axion through the dimension 5 operator aF F̃ [47], the

right-handed neutrino coupling LHNR, or the kinetic mixing of a new U(1) vector
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Vµ with hypercharge BµνV
µν . These couplings were chosen as they are the lowest

dimension operators that can be included and they do not currently break any rules

of the SM. The next section explores the kinetic mixing of new U(1) vectors that

allow not only bi-linear mixing with the photon but also introduce new light vectors.

[48, 49]
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Chapter 3

Dark Vector Decay Widths and

Energy Spectra

Dark vectors introduce a way to incorporate new forces which are coupled very weakly

to the SM. It is important to note that these dark vectors may not couple to dark

matter, but it is a possibility. Assuming the dark vectors can decay into SM particle,

there can be cosmological impacts from these decays in the early Universe. The energy

spectra and branching ratios for dark vectors are therefore important quantities to

calculate and this chapter will cover new U(1) gauge vector bosons with masses less

than 1 GeV. The range between 1 - 2 GeV has complicated resonances due to hadrons,

and for masses > 2 GeV the program PYTHIA [50] can be utilized. The decay channels

that will be covered are e+e−, µ+µ−, π0γ, π+π− and π+π−π0. Only the EM energy

spectra for these channels are derived and calculated.

3.1 Dark Vector Forces

Dark forces are defined as a neutral hidden sector weakly coupled to the SM and

do not interact through the known weak, strong or EM forces. Many different dark

sectors could exist with their own structure, particles and force. The dark sectors

of interest are new U(1) vectors that use a symmetry not currently included in the

SM. An effective Lagrangian that involves new dark forces is shown below, which is

analogous to the photon with the addition of a mass term for the new dark vector

boson.

L = −1

4
XµνX

µν +
1

2
m2
V VµV

µ − ε

2
FµνX

µν − gV JµV Vµ + LSM (3.1)
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Where Xµν ≡ ∂µVµ − ∂νVµ is the field strength tensor of the dark vector boson, Vµ

is the dark vector field, mV is the mass of the dark vector, ε is the kinetic mixing

strength of the dark vector, JµV is the current that couples to Vµ with coupling gV and

Fµν is the EM field strength tensor from QED. The kinetic mixing term in Eq. 3.1

can be expanded to determine how the dark vector couples to fermions from the SM.

LKin. = − ε
2
F µνXµν (3.2)

Expanding Xµν ,

LKin. = − ε
2
F µν (∂µVν − ∂νVµ) (3.3)

By using integration by parts and F µν = −F νµ, it may be rewritten as

LKin. = Vµ∂νF
µν − ∂µKµ (3.4)

Where Kµ = VνF
µν . Using the boundary condition ∂µK

µ = 0 and the equation of

motion ∂νF
µν = eJµem,

LKin. = εeVµJ
µ
em (3.5)

Where Jµem = ψ̄γµψ is the EM current, where ψ is a fermionic field. This is analogous

to the photon coupling to fermions with the typical QED coupling of εe.

The five dark forces of interest in this paper include the kinetic mixing of a dark

photon to the SM photon, U(1)A′ , the coupling to the baryon current minus the lepton

current, U(1)B−L, and the remaining three are the couplings of one lepton’s current

minus another lepton’s current, U(1)Li−Lj , where i 6= j = e, µ, τ [48]. Each of these

explore a new dark force which expand the SM. The B − L model is chosen since

it is an non-anomalous quantity for the new force. It is also the only superposition

of baryon and lepton number known to be conserved. The three lepton models are

examined since there are also a non-anomalous quantity.

The new hidden U(1)A′ force is known as the dark photon model and introduces

a mediator with an unknown mass and sets JµA′ = 0. These conditions allow the dark

photon to only kinetically mix with the photon and can couple to other particles

through the photon portal [51]. An effective gauge coupling can be determined for

interactions following the field definition and Eq. 3.5

αA′ = ε2αem (3.6)
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where αem = e2/4πthe EM coupling constant.

Equation 3.1 can be re-purposed for the remaining four models with the following

currents.

JµB−L =
1

3
Q̄γµQ+

1

3
ūRγ

µuR +
1

3
d̄Rγ

µdR − L̄γµL− ēRγµeR; U(1)B−L (3.7)

JµLi−Lj = L̄i
µ
γLi + l̄iγ

µli − L̄jγµLj − l̄jγµlj ; U(1)Li−Lj (3.8)

Where i 6= j = e, µ, τ . Similar to the U(1)A′ case a gauge coupling constant can be

derived for the four symmetries

αV = g2
V /4π (3.9)

Where V = B−L,Lµ−Le, Le−Lτ , or Lµ−Lτ . The coupling to the photon is highly

suppressed due to the direct coupling of the dark vectors to the baryonic and leptonic

currents.

The hadronic decays that will appear for the A′ and B − L models have the

dark vector kinetically mix with either the ρ or ω meson. To ensure that the proper

coupling of the vector boson to the mesons for these channels is achieved a vector

meson dominance (VMD) picture is applied. This treats the ρ and ω mesons as gauge

bosons for the decays. Following [52, 53], the two mesons can be described by the

generators of U(3).

Tρ =
1

2
λλλ3, Tω =

1

3
III3×3 +

1

2
√

3
λλλ8 (3.10)

Where λλλi are the Gell-Mann matricies and III3×3 is the identity matrix. Upon expand-

ing

TA = diag(1/2,±1/2, 0), A = ω, ρ (3.11)

This can be reduced to a hidden local U(2) symmetry since the two mesons are

comprised of only up and down quarks and we are only interested in the sub-GeV

region [27]. Above a GeV, the φ meson is required which would give a hidden local

U(3) symmetry. The coupling of A′ to the up and down quark occurs through the

EM current (the particle charge), and for B−L it is coupled to the baryonic current

(the baryon number). Thus, the couplings QA′ and QB−L are

QA′ = diag(2/3,−1/3), QB−L = diag(1/3, 1/3) (3.12)

Finally, the induced kinetic mixing [52, 53, 54] of the dark vectors with the ρ and ω



27

mesons can be calculated.

κA,V = 2tr(TAQV ) =



1 A = ρ, V = A′

1/3 A = ω, V = A′

0 A = ρ, V = B − L
2/3 A = ω, V = B − L

(3.13)

This kinetic mixing term will be used for the hadronic channels that have the ρ or ω

meson as the particle that kinetically mix with the dark vector.

3.2 Decay Widths and Branching Fractions

The models mentioned in the previous section have decay widths for their various

channels and can be either calculated or retrieved from various sources [51, 52, 53,

55, 56, 57].

To begin, the decay width to fermion - anti-fermion is easily calculable following

Feynman Rules:

Γ(V → ff̄) =
CfαX

3
mV

(
1 + 2

m2
f

m2
V

)√
1− 4

m2
f

m2
V

(3.14)

Where αX = αV xf is dependent on which channel and model is chosen, mf is the

mass of the fermion, mV is the mass of the vector boson that decayed and Cf follows

Cf =


1, l+l−

3, qq̄

1/2, νν̄

(3.15)

An invisible channel can be obtained by examining the three generations of neutrinos,

which are assumed to be Majorana particles for this thesis. The A′ dark photon can

decay to neutrinos through the Z boson, but the effective mixing of the light dark

photon highly suppresses the channel allowing the decay width to be safely set to

zero. For the B − L model, the invisible channel encompasses all three generations
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and the decay width is calculated to be

Γinv = 3 · Γ(V → νν̄) =
αX
2
mV (3.16)

The same is true for the lepton models, but the factor of 3 is replaced with 2 since

only two generations of neutrinos are not highly suppressed. For completeness, the

decay widths to e+e− and µ+µ− are found by substituting in the mass of the electron

or muon into Eq. 3.14.

In the sub-GeV region, there are three hadronic channels that have resonances

around the mass of the ρ or ω meson. The channels are π0γ, π+π− and π+π−π0 can

also be found analytically. The decays widths were calculated using VMD as done in

[52, 53]. The first of the decays was calculated to be

Γ(V → π0γ) = κ2
ω,V

3αV
128π3

m3
V αem

f 2
π

(
1− m2

π

m2
V

)3∣∣∣Fω(m2
V )
∣∣∣2 (3.17)

Where fπ ' 93MeV is the pion decay constant and Fω(m2
V ) ' (1−s/m2

ω+iΓω/mω)−1

is the Breit-Wigner form factor due to the ω meson being a propagator in this decay.

To determine the decay width of π+π− in the U(1)A′ model different methods

were explored. The first method was to use the decay width calculated in [53]

Γ(V → π+π−) = κ2
ρ,V

αVmV

12

(
1− 4

m2
π

m2
V

)3/2∣∣∣Fπ(m2
V )
∣∣∣2 (3.18)

Fπ(m2
V ) = Fρ(m

2
V )
[
1 +

1 + δ

3

Π̃ρω(m2
V )

m2
V −m2

ω + imωΓω

]
(3.19)

Where Fρ is the familiar Breit-Wigner form factor for the ρ meson as a propagator,

δ = 2gx/εe, and Π̃ρω is the ρ − ω mixing parameter which has been experimentally

determined to be Π̃ρω(m2
V = m2

ω) = −3500±300 MeV2 [53, 58]. The mixing parameter

is not known at other masses, and as such the mixing parameter was set to the ansatz

Π̃ρω(m2
V ) = Π̃ρω(m2

ω)
m2
V

m2
w

since it is expected to vanish when mV → 0 [53]. This was

found to not be a reliable computation and a more solid approach was necessary.

For the second method experimental evidence was utilized instead of theoretical

predictions. From [55], the decay width for A′ → π+π− was explored.

ΓA′→π+π− = ΓA′→µ+µ−Rπ+π−

µ (m2
A′) (3.20)
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Where ΓA′→µ+µ− is defined in Eq. 3.14 with mf = mµ and Rπ+π−
µ ≡ σ(e+e− →

π+π−)/σ(e+e− → µ+µ−) is determined experimentally and can be extracted from

BaBar data [59]. This is a more reliable method of determining the channel as the

measured results of Rπ+π−
µ encompasses the ρ−ω mixing parameter. This method of

extracting data was tested against the π+π−π0 channel and showed promising results,

gaining confidence that this method works.

The final decay channel is the most complicated and the results have been calcu-

lated and obtained from [52, 53]

Γ(V → π+π−π0) = κ2
ω,V

3αV
16π4

(
g2
ρππ

4π

)2
mV

f 2
π

I(m2
V )
∣∣∣Fω(m2

V )
∣∣∣2 (3.21)

I(m2
V ) =

∫
dE+dE−[|p+|2|p−|2 − (p+ · p−)2]

×
∣∣∣ 1

m2
ρ − (p+ + p−)2 − iΓρmρ

+
1

m2
ρ − (p+ + p0)2 − iΓρmρ

+

1

m2
ρ − (p+ + p0)2 − iΓρmρ

∣∣∣2
(3.22)

Where gρππ is the ρππ coupling fixed by g2
ρππ/4π ≈ 3.0 observed by the decay ρ→ ππ.

I(m2
V ) is the integral over phase space of the energy of the charged and neutral pions

where, p± = (E±,p±) and p0 = (E0,p0) are the momenta for the charged pions and

the neutral pion in the rest frame of the V particle. The bounds for the integral in

I(m2
V ):

mπ ≤ E+ ≤
m2
V − 3m2

π

2mV

(3.23)

b± =
1

2

(
mV − E+ ± |p+|

√
m2
V − 2E+mV − 3m2

π

m2
V − 2E+mV +m2

π

)
, b− ≤ E− ≤ b+ (3.24)

The branching fraction of the decays in the sub-GeV region can then be calculated

by using the formula:

Brc =
Γc
ΓT

(3.25)

Where Brc is the probability of the particle to decay to a channel c, Γc is the decay

width of the channel in question and ΓT is the total decay width of the particle

and follows the formula ΓT =
∑

i Γi. Branching ratios for the various models are in

Figures 3.1 and 3.2. The hadronic components and the lepton not included in the

current for the Li − Lj models were extracted from [51] for Figure 3.2. In all of the
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models the branching ratios for those channels were < (1%) and were safely neglected

when calculating their contributions.

Figure 3.1: The branching fraction for the U(1)A′ (top) and U(1)B−L (bottom) mod-
els. The hadron line (dotted green line) corresponds to the sum of π+π− (solid green),
π+π−π0 (solid pink) and π0γ (solid light blue).

3.3 Energy Distributions in Different Frame

To determine the effects of EM energy injection into the early Universe, we want the

energies of the vector boson decay products in the vector rest frame. Since we want

EM energy, we require that the decay products be electrons and photons. For muons

and pions, which decay into electrons, photons, and neutrinos, we need to boost the

energy of the electrons and photons from the muon or pion rest frame into the vector
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Figure 3.2: The branching ratios for the lepton models. Lµ − Lτ model (upper left),
Le−Lτ model (upper right), Lµ−Le model (bottom). For Le−Lτ and Lµ−Le, the
e+e− channel (solid blue line) is hidden behind the invisible neutrino channel (solid
red line).

boson rest frame. This section gives a brief overview of how to change frames.

For a decay process that has an energy and angular distribution p(E,Ω) in the

decay rest frame, E is energy of the product, and Ω refers to the direction relative to

some arbitrary axis. This probability must be normalized such that∫
dE

∫
dΩp(E,Ω) = 1 (3.26)

This can be marginalized to find the distribution of the energy

f(E) ≡
∫
dΩp(E,Ω) (3.27)

In order to find the energy distribution of the decay product in a frame that is boosted

by some value for β ≥ 0, the energy (E) and momentum (p) of the decay product
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must be boosted. Without loss of generality, one can choose to boost the momentum

along the z-axis

E ′ = γ(E + βp cos θ), p′z = γ(p cos θ + βE), p′x = px, p′y = py (3.28)

Where cos θ is the angle between the momentum and the z-axis and the values for γ

and β are dependent on the mass (md) and energy (Ed) of the particle that decayed.

γ =
Ed
md

, β =

√
γ2 − 1

γ
(3.29)

From here the probability distribution can be found by changing the variables to the

boosted frame.

1 =

∫
dE

∫
dΩp(E,Ω) =

∫
dE ′

[∫
dΩ
∣∣∣∂(E ′,Ω)

∂(E,Ω)

∣∣∣−1

p(E ′,Ω)

]
(3.30)

Where the Jacobian factor can easily be calculated∣∣∣∂(E ′,Ω)

∂(E,Ω)

∣∣∣ = γ
(

1 +
E

p
cos θ

)
(3.31)

The term in the square brackets in Eq. 3.30 is the new f̃(E ′) for the boosted E ′.

f̃(E ′) =

∫
dΩ

(
γ

(
1 +

E

p
cos θ

))−1

p(E ′,Ω) (3.32)

This technique can be applied to the the decay of V if electrons or photons are not

the initial product of the decay.

3.4 V → e+e−

The decay to e+e− is trivial and the spectra is easily calculable. The energy distri-

bution of the electron and positron must be mV /2 in the rest frame of V .

dNe±

dE

∣∣∣∣∣
V

= δ
(
Ee± −

mV

2

)
(3.33)
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Both the electron and positron have the same distribution in this decay and no boost

is necessary since the electron and positron are immediately present when V decays.

The sum of the electron and positron energy spectra is therefore

dNe

dE

∣∣∣∣∣
V

=
dNe+

dE

∣∣∣∣∣
V

+
dNe−

dE

∣∣∣∣∣
V

= 2δ
(
Ee −

mV

2

)
(3.34)

Additional photons are produced from final state radiation (FSR) of the electrons,

but are non-leading terms. In fact, each decay channel has some FSR term and are

all handled properly in the analysis.

As a side note, the invisible channel follows almost the exact same treatment

as the electrons. The total energy spectra of the neutrinos the same as Eq. 3.34,

replacing e and e± with ν. The factor of two is present in this case since there are

two neutrinos as the final products of decay.

3.5 V → π0γ

The initial photon emitted at the beginning is the simplest to solve for since it is

mono-energetic and is a delta spike which requires no boost.

dNγ

dE

∣∣∣∣∣
V

= δ

(
Eγ −

mV

2

(
1− m2

π

m2
V

))
(3.35)

The complication comes from the neutral pion decay, which almost always decays

to two photons [27]. The energy distribution of the photons can be obtained from

examining the pion’s rest frame and boosting the results to the rest frame of V . The

first step is to notice that in the decay rest frame of the pion, both photons are mono-

energetic, Eo = mπ/2, and emitted at angles such that the difference is 180◦ (Figure

3.3). Thus, the energy distribution of the two photons in the pion’s rest frame is

dNγ

dE

∣∣∣∣∣
π0

= 2δ(Eγ − Eo) (3.36)

The factor of 2 is present due to 2 photons produced from the decay of the pion. This

must be boosted into the V rest frame to produce the desired photon spectra.

In this frame only one boost must be applied to be in the V rest frame and must
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π0

γ

γ

θ

θ

Figure 3.3: Decay of the π0 → γγ in the pion rest frame. The two photons in this
frame are emitted the same energy and at the angle θ relative to some arbitrary axis.

use the energy and mass of pion to calculate the values of γ and β from Eq. 3.29. It

can also be noted that the boosted energy, E ′, in Eq. 3.28 can be simplified due to

the photon being massless.

E ′ = γEo(1 + β cos θ) (3.37)

If boosted along the positive z-axis, the two photons emitted will have different ener-

gies depending on the decay angle relative to the positive z-axis. The photon with the

angle which is more along the positive z-axis, cos(θ), will have a greater energy than

the other photon who will have a relative decay angle of cos(θ + 180◦) = − cos(θ),

thus the two photons transform under the boost as

E ′± = γEo(1± β cos θ) (3.38)

Where + is the photon that in more aligned with the positive z-axis, and the - is for

the other photon. It should be noted that because θ is the decay angle of the photon

more aligned along the positive z-axis, it restricts the value of cos θ ∈ [0, 1]. Eq. 3.36,

can be expanded to demonstrate the effect the boost will have on the two photons.

dNγ

dE

∣∣∣∣∣
π0

= δ(Eγ − Eo) + δ(Eγ − Eo) (3.39)
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When boosted to the V rest frame, using γ =
Eπ
mπ

=
mV

2mπ

(1 +
m2
π

m2
V

)

dNγ

dE

∣∣∣∣∣
V

=

∫ 1

0

dx
1

γ(1 + βx)
δ

(
E ′

1 + βx
− Eo

)
+

1

γ(1− βx)
δ

(
E ′

1− βx − Eo
)

=
dNγ

dE +

∣∣∣∣∣
V

+
dNγ

dE −

∣∣∣∣∣
V

(3.40)

Where x = cos θ. This can be solved analytically for the two cases resulting in the

total photon injection due to the pion decay.

dNγ

dE +

∣∣∣∣∣
V

=

 1
βγ

1
Eo

: γ ≤ E′

Eo
≤ γ(1 + β)

0 : otherwise
(3.41)

dNγ

dE −

∣∣∣∣∣
V

=

 1
βγ

1
Eo

: γ(1− β) ≤ E′

Eo
≤ γ

0 : otherwise
(3.42)

Or for the total photon injection:

dNγ

dE

∣∣∣∣∣
V

=

 1
βγ

1
Eo

: γ(1− β) ≤ E′

Eo
≤ γ(1 + β)

0 : otherwise
(3.43)
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Figure 3.4: Photon energy distribution in the V rest frame. The total photon energy
distribution for various masses of V . The coloured line on the right edge of the boxes
is the energy of the initial photon emitted from the decay.

3.6 V → µ+µ−

This channel requires a bit more care as the electron and positron energy distributions

are not as trivial as the previous sections. The muon and anti-muon decays are shown

in Figure 3.5.

The final state electron from the three body decay is a Michel electron [27] and yields

a non-trivial distribution when examined in the muon rest frame. The distribution

can be described by

f(y) = 2y2
[
(3− 2y) + P (1− 2y) cos θ

]
Θ(1− y) (3.44)

Where y = Ee−/Emax with Emax = mµ/2 being the maximum energy of the electron

in the muon rest frame, P ∈ [−1, 1] is the net polarization of the muon (which for

simplicity can be oriented along the z-axis), cos θ is the electron angle relative to the
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µ−

νµ

ν̄e

e−

W−

µ+

ν̄µ

νe

e+

W+

Figure 3.5: Decays of muon and antimuon via the Weak force since the muon changes
lepton flavour.

polarization axis, and Θ(x) is the Heaviside step function defined as

Θ(x) =

0 x < 0

1 x ≤ 0
(3.45)

It is important to note that the sign of the polarization term flips when working with

the antimuon. The energy distribution in the rest frame of the muon is Eq. 3.44

dNe−

dE

∣∣∣∣∣
µ−

=
f(y)

Emax
(3.46)

This is not the energy distribution in the V rest frame and a boost must be applied

in order to achieve the desired result. Only a single boost factor must be used where

γ = Eµ
mµ

= mV
2mµ

, which when combined with Eq.’s 3.28, 3.29, and 3.30 results in the

updated energy distribution in the V rest frame.

dNe−

dE

∣∣∣∣∣
V

=
1

Emax

∫ +1

−1

dx
y′2

(γ(1 + βx))3

[
3− 2y′

γ(1 + βx)

]
Θ

(
1− y′

γ(1 + βx)

)

+
P

Emax

∫ +1

−1

dx
xy′2

(γ(1 + βx))3

[
1− 2y′

γ(1 + βx)

]
Θ

(
1− y′

γ(1 + βx)

) (3.47)

Where the electron is effectively massless under the assumption that mV � me,

x = cos θ, and y′ = yγ(1 + βx) is in the V rest frame as required.

The electron and positron equally contribute to the energy spectra and their
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contributions can be summed together to give the total electron energy.

dNe

dE

∣∣∣∣∣
V

=
dNe−

dE

∣∣∣∣∣
V

+
dNe+

dE

∣∣∣∣∣
V

(3.48)

By summing the two together the polarization term disappears because the positron

has the same form but with the sign of P negated. This makes sense because in vector

decays there are as many up polarizations as there are down ones provided that the

initial vector is unpolarized.

The total energy spectrum for e, the sum of electrons and positrons, can be found

analytically by solving the first term in Eq. 3.47 yielding the energy distribution

dNe

dE

∣∣∣∣∣
V

=
2

Emax


0 : y′ >

√
1+β
1−β

2y′2

γ

[
3

1−β2 − 2y′ 1+β2/3
(1−β2)3/2

]
: y′ <

√
1−β
1+β

1
βγ

(
3
2

(
1− y′2 1−β

1+β

)
− 2

3

[
1− y′3

(
1−β
1+β

)3/2
])

:
√

1−β
1+β

< y′ <
√

1+β
1−β

(3.49)

3.7 V → π+π−

This decay channel behaves almost identically to the previous channel, with some

slight changes. The first change is that the net polarization of the muon depends if

it decays from a positively or negatively charged pion. The second change is that

there will be two boosts needed to achieve the final spectra of the electrons since the

charged pion decays almost exclusively to muons, with a maximum energy transfer

of Emax = mπ/2, and the resulting muons decay into electrons or positrons.

The net polarization of the muons can be found by examining each pion. For the

π+ decay to an antimuon and muon neutrino there is a net spin of 0, since the pion is

a spinless particle. The neutrino is by definition a left-handed particle which means

that its spin angular momenta points in the opposite direction of its linear momenta.

Therefore, in order to have a net spin of zero in the decay, the antimuon must have

its spin angular momentum pointed exactly backward along its momenta. Therefore,

if the polarization is aligned along the axis the antimuon is travelling along, the net

polarization for the antimuon is -1. A similar treatment can be done for the muon,

resulting in a polarization of +1.
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Figure 3.6: Two masses of V are shown to demonstrate the effect that the mass and
polarization have on the energy spectrum of the electron. For a mass that is equal to
2mµ, no polarization effects appear.

Knowing the polarization, the energy spectra for the electron is

dNe−

dE

∣∣∣∣∣
µ−

=
f(y)

Emax
(3.50)

Where f(y) is Eq. 3.44. A γ̄ factor can be computed for the decay of V → π+π−.

γ̄ =
Eπ
mπ

=
mV

2mπ

, β̄ =

√
γ̄2 − 1

γ̄
(3.51)

The energy and momentum of the muon in the pion’s rest frame are also necessary.

Eµ− =
mµ

2

(
1 +

m2
µ

m2
π

)
, pµ− =

mµ

2

(
1− m2

µ

m2
π

)
(3.52)

A new angle, cosα, can be defined to be the polar angle of the muon relative to

the boost direction of the pion in the pion rest frame. The angle cos θs is the angle

between the electron momentum and the muon polarization in the muon rest frame.
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The z-axis can be chosen as the direction for the emitted muon without loss of

generality, which also aligns with the muon polarization axis. The values for γ and β

can be calculated for the emitted muon.

γ =
( mπ

2mµ

)(
1 +

m2
µ

m2
π

)
, β =

√
γ2 − 1

γ
(3.53)

This however is not the required frame since V is not at rest, so it must be boosted

to the pion rest frame. Since the muon-electron system implicitly lies in the x-z plane

by the choices made earlier, other boosts must be considered in an arbitrary direction

n̂, which is the direction in which the pion is emitted from V . This leaves new values

γ and β as the boosts necessary to be in the V rest frame. The new boosted frame

is:

E ′′ = E ′γ[1 + β(p̂e
′ · n̂)]. (3.54)

Where E ′ is the energy of the electron in the pion rest frame given by Eq. 3.37,

with the new values for γ and β as defined in Eq. 3.53, with Eo = mµ/2. The two

other variable in the equation are p̂e
′, the unit vector in the direction of the electron

momentum in the V rest frame, and n̂ is the pion boost direction in the lab frame.

The value for n̂ can be set to n̂ = (sinα cosφ, sinα sinφ, cosα), which results in the

dot product

p̂e
′ · n̂ = sinα cosφ sin θ′ + cosα cos θ‘ (3.55)

cos θ′ =
cos θ + β

1 + β cos θ
(3.56)

The final result of combining everything together gives the lab frame electron energy

as a function of the particle masses and the independent variables y ∈ [0, 1], x ≡
cos θ ∈ [−1, 1], z ≡ cosα ∈ [−1, 1], and φ ∈ [0, 2π]. These four variables are all

uniformly distributed over the specified ranges.

dNe−

dE

∣∣∣∣∣
V

=
1

2
× 1

2
× 1

2π

∫
dz

∫
dx

∫
dφ
∣∣∣∂(E ′′, z, x, φ)

∂(E, z, x, φ)

∣∣∣−1

dNe−

dE ′′

∣∣∣∣∣
µ−

 (3.57)

This is a complicated integral to solve, and a Monte Carlo method can be used to

find the distribution of the electrons and positrons.

An interesting feature about this decay is the polarization. It is set to P = +1 for
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Figure 3.7: Electron energy distribution for V → π+π−.

the muon decay, and as such the sign in front of P is left untouched. When examining

the charge conjugate mode, the positron spectra, the sign in front of the P is negated,

and P = −1, so the electron energy spectrum in Eq. 3.57 is also the energy spectrum

for the positron. Thus, the total electron energy spectra is

dNe

dE

∣∣∣∣∣
V

= 2
dNe−

dE

∣∣∣∣∣
V

(3.58)

3.8 V → π+π−π0

This channel follows the V → π+π− channel closely but instead of mono-energetic

pions there is an energy distribution for the three pions. The final energy spectra

are similar to Eq.’s 3.4 and 3.57, but include a term which accounts for the energy

distribution of the pions.

The energy spectrum of the final state particles was found by examining the

scenario of the vector boson, V , at rest and determining the energy of the pions. For
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V

π+

π−

π0

ω

ρ−

Figure 3.8: Decay of V → π+π−π0. There are two more similar decays where the
difference is that π+ switches places with π− or π0. To conserve the charge the ρ−

changes to ρ+ or ρ0 respectively.

the analysis, the pion mass was averaged to ∼ 138 MeV. The distribution of energy

for the pions was calculated by performing a numerical integration of Eq. 3.21 and

plotting 1
Γ

d2Γ
dE+dE−

for E− against E+ in the bounds as stated in Eq. 3.23 and Eq.

3.24. The results are shown in Figure 3.9.

Figure 3.9: Result of calculating 1
Γ

d2Γ
dE+dE−

for mV = 500 MeV (left) and mV = 900

MeV (right) by using Eq. 3.21.

With an understanding of what to expect from the analytical method, a Monte

Carlo method was created for further analysis. The Monte Carlo method generated

random uniform values of E+ and E− between the bounds given in Eq. 3.23. The

energy of the last pion could also be determined from conservation of energy, E0 =

mV − E− − E+. Weights could be generated from Eq. 3.22, and 2D plots were

generated for the different pion energies. As expected, the Monte Carlo method

(Figure 3.10) was not only faster to compute yielding the same results as the analytical

method, but it was able to generate 1D histograms of the energy and momentum
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distributions for the pions (Figures 3.11 and 3.12).

Figure 3.10: Result of calculating 1
Γ

d2Γ
dE+dE−

with the Monte Carlo method for mV =

500 MeV (left) and mV = 900 MeV (right) by using Eq. 3.21.

Figure 3.11: 1D histogram of each pion energy for mV = 500 MeV from the Monte
Carlo method.
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Figure 3.12: 1D histogram of each pion energy for mV = 900 MeV from the Monte
Carlo method.

Figure 3.13: Energy distribution for a pion (charged or uncharged) from the decay
V → π+π−π0.

The distributions of the energy and momentum of the pions were averaged to

obtain an overall energy and momentum distribution. The results of the distribution

can be seen in Figure 3.13 for various masses of V .

With the energy distribution of the pions calculated, they can be used in further
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analysis to obtain energy distributions for the decay products of the pions. The

method of obtaining the final energy spectra is similar to the V → π0γ and V → π+π−

channels. Where the final distribution of the photons, electrons and positrons are

weighted by the energy distributions generated above. The results for this channel

are shown in Figures 3.14 and 3.15.

Figure 3.14: Electron energy distribution from V → π+π−π0.
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Figure 3.15: Photon energy distribution from V → π+π−π0.
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Chapter 4

Cosmological Constraints on

Electromagnetic Energy Injection

By examining the dark vector models up to 1 GeV, hadronic channels had to be

introduced to ensure the proper behaviour for higher masses. My work centered

around calculating the branching ratios for each model and EM energy spectra for each

channel. This chapter features the results of applying my results to the work of my

collaborators, David Morrissey and Graham White, by constraining their calculations

to measurements from BBN and the CMB power spectrum.

4.1 Big Bang Nucleosynthesis

The channels described in the previous Chapter produce photons, electron, or positrons.

These particles can cause an EM cascade to occur in the Intergalactic Medium (IGM).

If these decays happen at an early time in the Universe when elements are first being

formed, the cascades can have enough energy to destroy the elements forming. This

is known as photodissociation, and can change the abundance of elements formed in

the early Universe. The EM cascade can also deposit its energy into the IGM. If

the EM cascades occur at a later times after BBN has completed the effects of the

cascades can be seen in the CMB.

To find the energy spectra for photons, electrons and positrons up to the leading

order for the relevant decay channels and models mentioned one can compute using

dNa

dE
=
∑
c

Brc
dN

(c)
a

dE
, a = γ, e (4.1)
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Where the spectrum for e is the sum of electrons and positrons. To compute the full

spectra, non-leading order terms from final state radiation (FSR) for each channel

are necessary and described in full detail in [60]. We only examine EM effects in the

early Universe which correspond to times after ∼ 104s which is when pions stop in

the plasma before decaying. At earlier times, pions can induce hadronic effects before

decaying [61]; however, the focus of this thesis is on EM effects only.

Big Bang Nucleosynthesis (BBN) is the process in the early Universe when light

elements were created and has been a successful tool in constraining dark matter

models. When the dark vectors decay, they inject photons, electrons and positrons

which interact with the IGM creating EM cascades. When the temperature of the

IGM is T ∈ [1 eV, 10keV], the most noticeable reactions are

� Photon photon pair production (4P): γ + γBG → e+ + e−

� Photon photon scattering (PP): γ + γBG → γ + γ

� Pair creation on Nuclei (PCN): γ +NBG → NBG + e+ + e−

� Compton Scattering (CS): γ + e−BG → γ + e−

� Inverse Compton (IC): e± + γBG → e± + γ

� Final state radiation (FSR): X → e+ + e− + γ

Where the BG subscript is used for particles from the IGM. The most important

reaction for the photon cascade is 4P and for electrons and positrons it is IC. These

cascades are created very quickly when compared to the scattering of the cascades

off of the light elements, and as such the cascades can be treated as a source for

photodissociation for the light elements [62].

To understand where the energy spectra are introduced one can start by defining

the differential number density per unit energy of particle a.

Na =
dna
dE

, a = γ, e (4.2)

Where a is either photons or the sum of electrons and positrons. With this

quantity the Boltzmann equation for the evolution of the number density may be

define as
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Process Threshold (MeV) Peak Value (mb)

D + γ → p+ n [63] 2.220 2.47
3He + γ → p+ p+ n [64] 2.486 1.02
3He + γ → D + p [64] 5.490 1.18
T + γ → n+ D [65, 66] 6.260 0.818
T + γ → n+ n+ p [66] 8.480 0.878
4He + γ → T + p [67] 19.81 1.31
4He + γ →3 He + n [68, 69] 20.58 1.28
4He + γ → D + D [70] 23.85 0.0051
4He + γ → n+ p+ D [67] 26.07 0.182

Table 4.1: Nuclear processes that are relevant for the photodissociation effects from
an EM cascade, as well as threshold energies and peak cross sections [62]. The three
most important processes are the deuterium depletion, helium 4 into helium 3 and
helium 4 into deuterium.

dNa
dt

(E) = −Γa(E)Na(E) + Sa(E) (4.3)

Where Γa is the relaxation rate at energy E, and Sa describes all sources injecting

energy at E both fully derived in the Appendix of [62]. Typically there is a Hubble

dilution term included but since the relaxation rate is much faster, the Hubble term

is omitted [62]. Using the assumption from above that the relaxation rate is much

smaller than the interaction with nuclei from BBN, a quasistatic approximation can

be made dNa/dt → 0, [62, 71] which when applying to the Boltzmann equation a

solution can be found.

Na(E) =
Sa(E)

Γa(E)
(4.4)

The source terms come from direct injection from decaying particles and transfer

reactions moving from higher energy E ′ to a lower energy E. Therefore, the source

term can be described as

Sa(E) = R
dNa

dE
+
∑
b

∫ EX

E

dE ′Kab(E,E
′)Nb(E ′) (4.5)

Where dNa
dE

is defined in Eq. 4.1, the decay of V limits the maximum energy in the

cascade to be EX ≤ mV /2 and Kab is the transfer kernel for the reactions shown

above and is fully explained and derived in the Appendix of [62]. Finally, R is the

injection rate defined as
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Figure 4.1: BBN limits for log10(mV YV /GeV) in the parameter space of mass and
lifetime on exclusive decay channels V → e+e− (upper left), V → µ+µ− (upper right),
V → π+π− (lower left), V → π+π−π0 (lower middle), V → π0γ (lower right).

R(t) =
n0
V

τV
e−t/τV (4.6)

Where n0
V is the number density of the vector boson before decays occur and τV is

the lifetime of the vector boson.

For BBN, the evolution of the photon cascade is of interest since it is responsible

for the photodissociation of light elements. This occurs at low energies and at theses

energies the electron cascade is negligible due to the IC process. However, when one

examines higher energies the IC effect becomes stronger and eventually matches the

photon cascade effects. Thus, a universality is achieved for EM cascades when above

a threshold energy and the EM spectra is required when below it.

Ethres. =
m2
e

22T
(4.7)
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Figure 4.2: BBN limits for log10(mV YV /GeV) in the parameter space of mass and
lifetime on models A′ (upper left), B − L (upper right), Lµ − Le (lower left), Le −
Lτ (lower middle), Lµ − Lτ (lower right).

Using the photon cascade, the Boltzmann equation can be used to describe the

evolution of the light elements

dYA
dt

=
∑
i

Yi

∫ ∞
0

dEγNγ(Eγ)σγ+i→A(Eγ)− YA
∑
f

∫ ∞
0

dEγNγ(Eγ)σγ+A→f (Eγ)

(4.8)

Where Nγ is the photon cascade spectrum, A and the sums run over the relevant

isotopes and YA = nA
s

are number densities normalized to the entropy density. The

most important nuclear species for the analysis were hydrogen, deuterium, tritium,

helium 3, and helium 4. Table 4.1 describes the photodissociation of the species in

question.

Eq. 4.8 can be solved for the interweaving equations by switching time into redshift

z and utilizing abundances of light elements predicted by PArthENoPE [72, 73] and

measurements from [74, 75, 76]. The uncertainties for the abundances were added in
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quadrature of the theoretical and measured quantities.

Yp = 0.245± 0.004 (4.9)

nD

nH

= (2.53± 0.05)× 10−5 (4.10)

n3He

nH

= (1.0± 0.5)× 10−5 (4.11)

Where Yp is the helium mass fraction, nD

nH
is the abundance ratio of deuterium to

hydrogen, and
n3He

nH
is the abundance ratio of helium 3 to hydrogen. With these limits

in place, the parameter space for the mass mV , lifetime τV , and predecay yield mV YV

of the dark vector can be found for either exclusive decay channels or for the five dark

vectors shown in Figures 4.1 and 4.2.

Comparing the top left plots in Figures 4.1 and 4.2, one can see that in the regime

when mV < 2mµ, the same mV YV is obtained. Not only that, but compared to Figure

8 in [62] the same results are seen for the injection of an electron and positron up

to 100 MeV. The inclusion of the branching ratio and energy distributions allows

the extension of the results obtained in [62] to higher masses of the dark vector

decay. Thus, a larger range of parameter space for sub-GeV dark vector on the mass

and lifetime can be constrained by measurements using BBN. Examining Figure 4.2

further, the spikes from the hadronic resosnances can be seen around mV ≈ 770 MeV.

4.2 CMB

The decay of the dark vectors before recombination can alter the power spectra of

the CMB due to the EM energy injected. The CMB is a very good probe since its

calculations follow very well understood physics. Thus, detecting small deviations

from the expected signal can be held at high significance [77]. Injecting a small

amount of energy allows for small modification and allows it to be consistent with

the ΛCDM model, but if the injected energy is too large it become inconsistent with

the model. Thus, one can see the CMB is a powerful method to constrain the results

of the EM energy spectra from the decay of sub-GeV dark vectors. If the energy is

injected at a later time anistropies can be made which would further distort the CMB

power spectra, further supporting an unknown source of energy injection.

The energy injected from the decaying dark matter is not immediately deposited in

the IGM, instead the energy is deposited over a period of time. Not only is the energy
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Figure 4.3: CMB limits for log10(mV YV /GeV) based on Planck measurments in the
parameter space of mass and lifetime on models A′ (upper left), B−L (upper right),
Lµ − Le (lower left), Le − Lτ (lower middle), Lµ − Lτ (lower right).

not injected immediately, not all of the energy will be deposited into the expected

source, thus the efficiency of depositing energy is necessary too [78, 79]. The injected

energy comes from the decay of the dark vector(
dE

dz

)
inj.

= mVR(t(z)) (4.12)

Where R is defined in Eq. 4.6, and t is the injection time transformed into a function

of redshift z. This can all be summarized by a complicated function f ′c, which is the

ratio between the energy deposited to channel c at redshift z and energy injected at

redshift z′. (
dE

dz

)
c,dep.

= f ′c(z)

(
dE

dz

)
inj.

= fc(z)
mV n

0
V

τV
(4.13)

The variable c is for the channels which consist of ionization of hydrogen ions,
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ionization of helium ions, Lyman-α excitation of hydrogen atoms, heating of the

IGM, and energy converted into continuum photons that are observed as distortions

of the CMB energy spectrum. The function fc(z) for decays can be described by [78]

fc(z) =

H(z)
∑
a

∫∞
ln(1+z)

d ln(1+z′)
H(z′)

∫
Tc(z

′, z, E)E dNa
dE
e−t(z

′)/τV dE∑
a

∫
E dNa

dE
dE

(4.14)

Where H(z) is the hubble parameter, a sums over γ and e, Tc(z
′, z, E) are complex

transfer function that described the fraction of energy injected at redshift z′ that is

deposited at redshift z into channel c due to an injection of particles with individual

energy E which are fully explained in [78, 79]. The next term t(z′) is the time at

injected redshift z′, τV is the lifetime of the dark vector and dNa
dE

is defined in Eq. 4.1.

Figure 4.3 displays the deviation of the CMB power spectrum relative to Planck

measurements in the parameter space of the mass mV , lifetime τV and pre-decay yield

mV YV of the dark vector. The small deviations from the Planck measurements allow

a larger parameter space to be examined for sub-GeV dark vectors. The deviation

present around mV ≈ 770 MeV for A′ and B−L come from the spike of the hadronic

channels in their branching ratios. Interestingly, the effect of the π+π− channel can

be observed by comparing the two models. There are larger deviations if it is included

(A′ model) and much smaller deviations if excluded (B −L model). Focusing on the

A′ model at this mass there is a reduction in the constraint due to muons injecting

less EM energy than electrons, and pions injecting even less than muons. The final

three models introduce small deviations but with no interesting features around the

meson resonances since those branching ratios were set to zero.

4.3 Production of Dark Vectors

The previous Chapter showed that the dark vectors can decay into several different

channels. The opposite is also just as viable where particles can annihilate into the

dark vector with the same decay width, known as freezing in. This is one of many

production mechanisms with freeze in being the minimal production mechanism [80].

This production mechanism also corresponds to a minimal density of dark vectors,

while only assuming that the dark vector is reheated once the temperature is above

its mass. Freeze in occurs before freeze out, since at freeze out dark matter decouples

resulting in no more interactions. The density of the dark vector can be calculated
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by using the Boltzmann equation, but this time, having particles annihilate into the

dark vector. Explained in [48, 81], it takes the form

sẎV = C [fV ] (4.15)

Where C is the standard collision term [81], and in the case for underpopulated

dark vectors assuming Maxwell-Boltzmann distributions for the particle and ignoring

thermal corrections.

C[fV ] =
3

2π2
ΓVm

2
V TK1

(mV

T

)
(4.16)

Where ΓV is the total decay width of the dark vector, T is the temperature of the

IGM, and K1 is the modified Bessel function of the first kind. This can be solved by

using the substituion x = mV /T which removes time from the equation. Solving this

below and above the QCD phase transition, ΛQCD ≈ 157 MeV, one can find the net

yield

YV = (YV )I + (YV )II (4.17)

With

(YV )I =
3

2π2
m3
V Γ̃V

∫ xQCD

0

dx
K1(x)

x2sH
(4.18)

(YV )II =
3

2π2
m3
V ΓV

∫ ∞
xQCD

dx
K1(x)

x2sH
(4.19)

Where Γ̃V is the total decay width into leptons and quark pairs below the ΛQCD limit,

and xQCD = mV /ΛQCD. The quantity YV is important as it is used to describe the

dark vector yield before the particle decays in the early Universe. To determine the

decay yield, one multiplies the yield by mV . Finally, a new definition of the effective

coupling constant can be constructed so the results can be compared to other works.

εeff =
√
αV /αem (4.20)

New constraints have been set on the lifetime, mass and coupling constant of dark

vectors for various models and shown in Figures 4.1, 4.2 and 4.3. The constraints

can be summarized by plotting in a new parameter space of the effective coupling

against the mass of the dark vector boson with the thermal freeze in abundance of

the dark vector displayed in Figure 4.4. Upon examining the figure, one can see that

as the effective coupling becomes weaker, the lifetime becomes longer. This makes

sense since a stronger coupling to the SM would result in a larger abundance of SM
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Figure 4.4: Cosmological limits on dark vectors from EM energy injection as a func-
tion of the dark vector mass mV and effective coupling εeff assuming a thermal
freeze-in abundance. The dark vector varieties shown are A′ (upper left), B−L (up-
per right), Lµ − Le (lower left), and Le − Lτ (lower right). The shaded green regions
indicate the exclusions from BBN due to photodissociation, the shaded red regions
show the exclusion from the CMB power spectrum measured by Planck, the dashed
red contours indicate the projected limits for a cosmic variance limited experiment.

particles to be present; therefore, a larger effect would be seen in both BBN and

CMB measurements. It can also be seen that the upper part of both wedges follow

a lifetime curve for the dark vector. The BBN contour is bound above by τV = 104

sec, and CMB is bounded by τV = 1013 sec. These are the minimum lifetime required

for the EM effects to be observed. As for the lower part of the wedges this cut off

appears due to the coupling becoming too weak for the EM effects to be significant

on BBN and the CMB power spectrum.

4.4 Cosmic X-rays

Under the assumption that decaying dark matter can produce SM particles, a positron

can be one of the final states. The positron can interact with an electron from

the IGM, and the two particles can annihilate into a photon which then propagates
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Figure 4.5: Effective lifetime contour plots, log10(τeff/sec), for cold dark matter com-
pared to an exclusive e+e− decay in the parameter space of the mass mV and effective
coupling εeff of the dark vector. The inner most black line corresponds to an τeff of
1030 sec and the outermost black line corresponds to 1038 sec.

through the Universe. This interaction could account for unknown signals not pro-

duced from stars, nor predicted from the SM. Some photons produced from the decay

of dark matter can have the same effect; however, this section focuses on positron

creation from decaying dark matter.

To set lower bounds on dark matter decaying exclusively to e+e−, the energy

injection of dark matter can be compared to a simplified model for the dark vector

decaying exclusively to e+e−. But first, the equation for energy injection from a

particle of mass m and lifetime τ is needed.

Einj = mY s0
1

τ
exp(−tUni/τ) (4.21)
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With tUni ≈ 4.35× 1017 s being the age of the Universe. To simplfy the comparison,

the lifetime for dark matter can be changed into an effective lifetime τeff , which is

set to be much larger than tUni. The effective lifetime is the lifetime that dark matter

would need to produce the equivalent signal of the dark vector today. It should be

noted that the dark vector lifetime will be much smaller than the effective lifetime.

mV YV s0
1

τV
exp(−tUni/τV ) = (mY s0)DM

1

τeff
exp(−tUni/τeff ) (4.22)

Using τeff � tUni the equation becomes

τeff =
(ΩCDMρc)τV exp(−tUni/τV )

mV YV s0

(4.23)

Where (ΩCDMρc) = (mY s0)DM ≈ 1.24 × 10−7MeV/cm3. Figure 4.5 gives a lower

bound of 1030 sec for the effective lifetime of dark matter. As for the sharp drop off

seen where the blue fades away quickly, this is due to the decoupling of dark matter

in the early Universe.

Future experiments will be able to constrain the effective lifetime, but for now more

data is required from cosmic X-rays to determine the sensitivity. The bounds found

from this are reasonable given that current experiments don’t rule out the effective

lifetime and future experiments will depend on the energy spectra from decays.
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Chapter 5

Conclusion

From cosmological evidence, it is clear that dark matter is present in the Universe. If

it is a particle, it can have full-strength weak interactions with the SM (i.e. WIMPs)

but it is must have very tiny couplings to the SM through the strong and electromag-

netic forces. Extensions to the SM must be made to accommodate new dark forces.

To interact with the forces, a portal is necessary for the dark forces, which is the

motivation for dark vectors. The dark vectors have some interaction with the SM

particles, either through the kinetic mixing of the photon or coupling to anomalous

currents. This thesis explored the dark photon kinetically mixing with the photon,

and four currents of B − L, Lµ − Le, Le − Lτ , and Lµ − Lτ . The branching ratio for

these models was calculated in the sub-GeV region. The electromagnetic energy spec-

trum for each channel was calculated as well. Together, the two could give the total

electromagnetic spectrum for both the photon and the sum of electrons and positrons.

Understanding the behaviour of these models in the sub-GeV region allowed the ex-

tension of parameter space. With constraints from BBN and the CMB, the parameter

space for the lifetime and mass of the decaying dark vectors were constrained. Cosmic

X-rays were also explored and limits were set on dark matter decaying with a large

lifetime. The results of BBN and CMB measurements were summarized in Figure 4.4

which parametrize the limits to the effective coupling constant and mass of the dark

vector. The models were extended beyond their previous known limits allowing more

areas for experiments to search.

Future works could involve extending beyond the sub-GeV limit including complex

hadron resonances, and including more decay channels for the cosmic X-rays analysis.

The Lithium abundance issue is another project that could be explored.
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