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Abstract

The Standard model of particle physics is extremely successful in explain-
ing accelerator data. However, it is incomplete and fails to resolve sev-
eral phenomena known as beyond the Standard model (BSM) problems.
The BSM problems may be solved by introducing new particles. In ad-
dition to particle experiments, cosmological observation offers a way we
can put limits on the parameters of these new particles. This work gives a
detailed qualitative description of several such cosmological constraints.
The observations used are described, and then ways in which new parti-
cles could impact such observations. Then, these constraints are applied to
two case studies: the scalar portal and the neutrino portal. In both cases, a
significant part of the parameter space unexplored by direct experimental
studies can be excluded based on these cosmological arguments.
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Chapter 1

Introduction

1.1 Standard Model of Elementary Particle Physics

As the name implies, the Standard Model (SM) concerns elementary par-
ticles. These particles, with no known sub-structure, are considered the
fundamental constituents of matter and forces [1]. Mathematically, the
different particles are described as excitations of one of several quantum
tields, which together form the Standard Model [2].

The full quantum field theory is based on the gauge group SU(3) x
SU(2) x U(1). In this expression, SU(3) is the symmetry group of the
strong interaction, giving rise to 8 massless spin-1 gauge bosons, called
gluons. SU(2) x U(1) is the symmetry group of the electro-weak interac-
tion, from which the W+ and Z bosons, as well as photons, arise as spin-1
gauge bosons as well.

Additionally, among the elementary particles are the spin—% fermions,
which are classified into three flavors of both leptons and quarks. Leptons
are only charged under the electro-weak interactions, while quarks also
have a color charge, corresponding to the strong force.

Finally, there is the spin-0 Higgs boson. The Higgs field is responsible
for the electro-weak symmetry breaking, which gives mass to the W* and
Z bosons through the Higgs mechanism. The SU(2) x U(1) symmetry is
spontaneously broken, leaving a residual U(1)gy symmetry, which is the
gauge symmetry of the electromagnetic interaction. This leaves a mas-
sive Higgs boson and a non-vanishing vaccuum expectation value (v.e.v.),
which lends the fermions their mass as well.

Since the original formulation of the electro-weak sector with the Higgs
mechanism[3-5] and then the strong sector[6-8], the Standard Model has
had all of its necessary predicted particles experimentally confirmed [9-
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2 Introduction

19]. The culmination of this success, the discovery of the Higgs boson in
2012 [20-23], has firmly cemented the SM as an accurate and self-consistent
theory up to the Planck scale [24].

1.2 Beyond Standard Model

However, the SM might be self-consistent, but it is also incomplete. Cer-
tain observations cannot currently be reconciled with the SM in its current
form; these are called Beyond Standard Model (BSM) problems.

The most immediately obvious shortcoming of the SM is the lack of
a description of gravity and its corresponding force carrier, the graviton.
However, since quantum gravity starts to play a role in phenomenology
only at the Planck scale, O (10" GeV), we currently lack the data needed
to distinguish between different models'. In fact, even a 100% accurate de-
tector the size of jupiter could not detect even a single graviton in the life-
time of the universe [26], so we do not expect conclusive data on quantum
gravity any time soon. For now, our classical model of gravition, General
Relativity, is very accurate for energies we can currently access[27], so we
do not consider this a BSM problem here.

Generally, something is called a BSM problem only when an observed
phenomenon is inconsistent with the SM. The most glaring issues are:

Neutrino Oscillations and Masses

In the SM, neutrinos are massless particles. They belong to one of three
flavours: electron, muon or tauon; their lepton flavours are conserved in
reactions [28]. However, since the original “Solar Neutrino Problem”, in
which it was found that the amount of detected electron neutrinos was
not consistent with the theoretical predictions[29], numerous experiments
have consistently shown that neutrinos are massive, and they change be-
tween the three flavours [30]. This phenomenon is known as neutrino os-
cillations. Though there is theoretical precedent for such oscillation mecha-
nisms [31], there is no mechanism for neutrino mass generation in the SM
without introducing new physics [32].

iIn some models of quantum gravity, particularly those with extra compactified spa-
tial dimensions, the gravitational interactions are modified at high energies by propaga-
tion of gravitons into the higher dimenional space-time. As a result, in these models, the
Planck scale where we might observe quantum gravity effects is significantly reduced,
allowing for some current tests of certain phenomenological models for quantum gravity
[25]
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1.2 Beyond Standard Model 3

Baryon Asymmetry of the Universe

We find, from a wide range of observations [33-36], that our universe is
composed of matter, with no cosmologically significant amounts of anti-
matter. This apparent asymmetry is unlikely to be an initial condition of
the universe, since inflation would exponentially dilute any pre-existing
baryon number [37]. Generation of a baryon asymmetry requires the ful-
filment of the “Sakharov conditions”[38]:

1. A baryon number violating process; clearly, if the initial baryon num-
ber is zero, some baryon number violation must occur in order to
generate asymmetry.

2. C and CP violation; particles and anti-particles must behave funda-
mentally differently, otherwise the process in 1. would act symmet-
rically both ways and cancel out.

3. Non-equilibrium; in thermal equilibrium, even non-conserved quan-
tum numbers will remain symmetric, so the baryon number viola-
tion must occur when the universe is out of equilibrium.

As it turns out, the first condition is obeyed in the SM (in the early uni-
verse) [39]. As for the second condition, the SM does exhibit both C and
CP violation [40, 41], but the CP violation is too weak to account for the
observed asymmetry [42, 43]. The third condition could in principle be
fulfilled in the SM, provided that the electro-weak symmetry breaking is
a first-order phase transition [39]. This is, however, ruled out by the ob-
served mass of the Higgs boson [44—46]. Therefore, in order to explain
baryon asymmetry, we need some addition to the SM.

Dark Matter

Dark matter is perhaps the most well-known unsolved problem in all of
physics and needs little explanation. There is a wealth of observational ev-
idence, including measurements from galaxy rotation curves [47], galaxy
clusters[48], gravitational lensing [49, 50] and the Cosmic Microwave Back-
ground [34], that the majority of matter in the universe does not emit any
electromagnetic radiation. This “dark” matter composes about 27% of the
total energy of the universe [34].

The only particles in the SM that are both electrically neutral and stable
are neutrinos, which, since they have mass, could account for a portion of
the observed dark matter. In order to constitute all dark matter, though,
the sum of neutrino masses is observed to be too small[34, 51]. Also, in

3
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4 Introduction

this case structure formation would evolve quite differently, which would
leave significant marks on our current universe[52]. In addition, phase-
space arguments require fermionic particles to exceed a few hundred eV
to account for all dark matter in Dwarf galaxies (a few tens of eV for galax-
ies) [53, 54]. All in all, SM neutrinos cannot provide an explanation for the
majority of dark matter, so we require an extension.

Of course, some unsatisfying aspects of our current understanding of
physics may also be considered problems, such as some Hierarchy prob-
lems or the origin of the Cosmological Constant, but these do not exhibit
incongruencies between theory and observation, so they are typically not
included in BSM problems [37].

1.3 Portals

Although neutrino mass generation generally does require adding some
new field to the Lagrangian [32, 55] and both issues with the SM for pro-
ducing baryon asymmetry require introducing additional particles as well
[56, 57], dark matter has several proposed solutions. Although attempts
to explain dark matter phenomena by modifiyng gravity have come under
scrutiny in light of some challenging measurements[58, 59], a more exotic
proposed solution, primordial black holes, remains a reasonable candi-
date!! [61-63]. That said, most of the compelling dark matter candidates
do involve introducing new particles to the SM [64], which seems natural,
since we know that it is incomplete from the other BSM problems.

So how do we go about adding one or more additional particles to the
SM? A new particle that interacts with the SM could directly address some
BSM problem, or act as mediators, or portals. These portals would couple
to some hidden sectori!, connecting it to the SM. Since such a coupling
must retain the existing gauge (and Lorentz) symmetry of the SM, there is
limited number of possible portals, especially when we add the condition
of renormalizability. This means that for each loop order, we can adjust pa-
rameters in order to calculate observables in finite terms, which preserves
unitarity (makes sure probabilities do not exceed 1)[2].

iiRecent microlensing measurements put stringent constraints on the abundance of
primordial black holes in a certain mass region, but this does not exclude the possibility
of the majority of dark matter comprising lighter black holes [60].

iii Additional particles that are not currently part of the SM are collectively referred to
as the “dark” or “hidden” sector.
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1.4 Cosmological Beam Dump 5

There are only three renormalizable (coupling dimension < 4) por-
tals'V[37, 65]:

e Scalar portal; introduces a new scalar particle S, coupling with the
Higgs doublet H:

Ls = (x1S+aS?)(H'H) (1.1)

e Vector portal; introduces a new U(1) massive gauge field A/, cou-
pling with the U(1) weak hypercharge field By,:

Lay, = 5 P (1.2)

e Neutrino portal; introduces a new fermion N, coupling with the
SU(2) lepton doublet L:

ﬁN = Fa(eabitx,aH;)N (1.3)
witha,b € {1,2} anda =¢,v, T

Note that the term “portal” sometimes refers to both the coupling term
itself and the associated particles.

1.4 Cosmological Beam Dump

While portals can be, and are, constrained in particle experiments, cosmo-
logical constraints can offer sensitivity to generally much much weaker
couplings. In a beam dump experiment, exotic states are generated by
shooting a high-energy particle beam into a fixed target. After propagat-
ing through some filter, they decay or scatter in the empty environment
inside the detector, generating some measurable signal.

Cosmological constraints are analogous in that new particles are produced
in the hot, dense plasma of the early universe, subsequently decay to af-
fect various stages of universal evolution, generating a measurable signal.

VWe describe here superficial renormalizability based on a power counting argument.
Actually, higher dimensional couplings can be considered as effective field theories, ap-
plicable up to a certain energy scale. These apparent “non-renormalizable” terms could
in fact arise from a complete renormalizable theory with more degrees of freedom.
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6 Introduction

This method of studying weakly coupled particles has therefore been aptly
dubbed the cosmological beam dump [66].

In this work we will aim to provide a general scheme for contraining
the parameter space of these portals using cosmological observations. In
the next chapters, we will briefly discuss these observations and their ori-
gins, and then the way that portals could impact these phenomena. We
then provide as case studies detailed discussions of the Scalar and Neu-
trino portals, applying the previously discussed techniques to constrain
them, focusing on sub-GeV masses.

In particular, we will focus on qualitative descriptions and physical
understanding of these techniques. This leads to general analytical and
semi-analytical constraints which are very broadly applicable. However,
these constraints typically cannot compete with the efficiency of numeri-
cal work and simulations. The downside to numerics is that they can be
difficult to understand and control. As such, the main goal of this work is
not so much to constrain the parameter space of weakly coupled portals,
as it is to give a detailed, qualitative description of the physics involved in
several methods to do so.
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Chapter

Astrophysical and Cosmological
Observations

There are many different observations that have the potential to constrain
decaying or annihilating particles. The majority and most important of
these fall within the categories outlined and briefly explained below.

2.1 X-ray Background

The X-ray and gamma-ray backgrounds are diffuse spectra of x- and gamma-
raysi. Since the inital discovery in 1962[67] (1964 for gamma-rays[68]), the
characteristics and origin of this background has been of considerable in-
terest. Over the years, detailed measurements of the total spectrum have
been performed, down to sub-keV energies [69, 70] and up to 100 GeV[71].

One relevant feature of the X-ray sky at energies above ~2 keV is the
Galactic Ridge X-ray Emission[72, 73]. This is a narrow strip along the
galactic plane that sources a significant X-ray contribution, which are gen-
erally considered to be originating from discrete sources, like accreting
white dwarfs and coronally active stars[74-76]. The near isotropy of the
rest of the background points to an extragalactic and possibly cosmolog-
ical origin[77]. The X-ray spectrum is thought to originate mostly from
discrete sources as well, particularly quasars and other Active Galactic

iTypically, a distinction is made in the literature between the X-ray background and
the gamma-ray background, on account of the different energies requiring different de-
tectors for the measurement of the spectra. Up to ~100 keV energies are considered
X-rays and higher energies are classified as gamma-rays.
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8 Astrophysical and Cosmological Observations

Nuclei (AGN’s)[78-80]. The gamma-ray spectrum is largely associated
with supernovae[81, 82], with the very high energies originating from X-
ray-selected BL Lacertae objects[83, 84], which are an extreme subclass of
AGN]J85].

A discussion of the X-ray background in the context of new physics
is incomplete without mention of the 3.5 keV line. This is an emission
line found in the X-ray spectrum of several galaxy clusters and the An-
dromeda galaxy[86—89]. Several origins have been proposed, including
astrophysical solutions[90, 91] and new physics solutions (notably, decay-
ing dark matter[92]). Though the topic is subject to prolific debate[93-95],
more observational data is needed for a concensus conclusion. For a more
comprehensive account of the observations and possible solutions, see [96]
and references therein.

2.2 Cosmic Microwave Background

The Cosmic Microwave Background (CMB) is diffuse, nearly isotropic
background radiation consisting of faint microwaves. A major triumph of
modern precision cosmology, measurements of the CMB hold special sig-
nificance, since it’s the oldest remaining electromagnetic radiation. Since
its accidental discovery in 1964 [97]1, details of the structure of the CMB
have served as confirmation of the Big Bang description of the universe
and provided important insights about its evolution. Nowadays, preci-
sion measurements of minute temperature anisotropies from the Wilkin-
son Microwave Anisotropy Probe (WMAP)[99] and the Planck spacecraft
[34] are some of the most important verifications of the ACDM model of
cosmology.

Origin of the CMB

In the early universe, the temperature of the plasma exceeded the ioni-
sation energy of a hydrogen atom, 13.6 eV, which means that electrons
and protons could not effectively combine to form neutral hydrogen. Dur-
ing this time, the universe was opaque for photons, because of the abun-
dance of charged electrons participating in Compton scattering (or Thom-
son scattering, if you will).

At some point, due to the expansion, the temperature got low enough so

iiTechnically, the first registered measurement of the CMB occured in 1941, but its
significance was not recognised at the time[98].

8
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2.2 Cosmic Microwave Background 9

that neutral hydrogen atoms could not simply get ionised by that back-
ground. This did not occur at a temperature T = 13.6 eV, because there
are many more photons than baryons (as we will see below), so the high-
energy tail that was capable of ionising the hydrogen remained significant
until much lower temperatures; almost all electrons were bound at around
T = 0.26 eViii, This process is called “recombination”. At this point, there
are are no longer charged electrons to scatter the photons, and they start to
travel freely. This period is sometimes referred to as photon decoupling,
or the “time of last scattering”. It is precisely these photons that have trav-
elled ever since recombination from the surface of last scattering, roughly
370000 years after the Big Bang[102].

Features of the CMB

400 -

300 -

200 -

Intensity [MJy/sr]

100 |- -

0 1 1 1
0 5 10 15 20

V [/cm]

Figure 2.1: Spectrum of the CMB from FIRAS data[103], fitted to a blackbody
spectrum with temperature T = 2.728 K. In order to make the uncertainty visible,
the error bars shown correspond to a confidence of 4000, which is indistinguish-
able from 100% confidence. Image from [104].

One striking aspect of the CMB is its frequency spectrum, pictured in
Figure 2.1, which is of a near perfect blackbody form. It was measured
quite precisely by the FIRAS instrument aboard the COBE satellite[103]

liiStrictly speaking, the dynamics of this process are more involved. Direct recombi-
nation of electrons to the ground state of hydrogen is not efficient, so they enter in the
excited states first and then cascade down. Both the cosmic background and emitted pho-
tons can ionise atoms with excited electrons, so an accurate temperature figure requires a
more detailed approach. The T = 0.26 eV number is a result of this calculation[100-102]

9
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10 Astrophysical and Cosmological Observations

and it remains the most perfect blackbody spectrum ever measured[105].
This is exactly what would be expected from a simple Big Bang model, but
energy release in the early universe (such as that from decaying or annihi-
lating particles) could distort this spectrum[106, 107], details of which we
will discuss in the next chapter. As such, these measurements have put
stringent constraints, or ruled out entirely, alternative models of cosmol-
ogy or structure formation [108, 109].

Another important feature is the anisotropy, meaning the CMB tem-
perature is not exactly the same in every direction. The characteristic
shape of this anisotropy is shown in Figure 2.2. The exact structure of
this anisotropy, especially at smaller angular differences, is very rich and
many complex physical phenomena have subtle effects, but its basic ori-
gin is as follows:

6000FT " T I e ]
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Figure 2.2: Temperature power spectrum of the CMB as a function of the mul-
tipole moments ¢ from Planck. These arise from the Fourier decomposition of
the spectrum into spherical harmonics. Higher multipoles correspond to smaller
angular scales. From [34].

Before recombination, as was discussed, the photons are tightly cou-

10
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2.2 Cosmic Microwave Background 11

pled to the electrons and protons due to Compton scattering. Since the
photon mean free path is so small at this time, a fluid description is ap-
plicable; the photon-baryon fluid. There is a significant pressure, com-
ing from the photons, and a significant gravity from the baryons, which
have competing effects. Gravity causes the fluid to clump, while pres-
sure causes it to spread out. This results in “sound waves” in the plasma,
acoustic oscillations. These density perturbations, creating compressed
hot spots and diluted cold spoty, are the main source of (primary) anisotropy
[105, 110, 111].

However, recombination is not instantaneous. Due to decreasing free elec-
tron densities, the photon mean free path gradually increases from al-
most zero to the size of the observable universe. These free moving pho-
tons diffuse, due to the pressure, equilising the density fluctuations by
dragging along some of the baryonic matter from hot to cold. This is
called diffusion damping, and it decreases anisotropy in small angular
scales[110, 112, 113].

Then, between recombination and now, the travelling photons are sub-
ject to a number of effects that can cause additional (secondary) anisotropy.
These can be classified into two categories: gravitational effects and ioni-
sation effects. Gravitational effects can be effectively summarised as such:
metric distortions along the path of the photon will induce gravitational
redshift[114]. This is because, due to the expansion of the universe, the
depth of the potential well changes as the photon travels, so that the blueshift
from infalling does not cancel the redshift from outgoing[110]. Examples
of these types of effects are the Integrated Sachs-Wolfe (ISW) effects!”, and
the Rees-Sciama effect, which is the non-linear extention to the late-time
ISW[115].

The scattering effects are caused by the period of reionization, when the
universe temporarily reverted back to a charged plasma, due to ioniza-
tion from photons emitted by the first stars and quasars [116]. In this
time, though the electrons density was much diluted compared to the
pre-recombination era due to the expansion, Compton scattering again
occured. Anisotropy could then arise from scattering by ionized regions
of varying bulk motion with respect to the Hubble flow (the Vishniac
or Ostriker-Vishniac effect[117, 118]), inhomogeneities in the ionization
fraction[119] or the Sunyaev-Zel'dovich effects[120], which can induce both

VNot be confused with the non-integrated Sachs-Wolfe effect, which describes the
gravitational redshift induced from potential wells at the surface of last scattering, part
of the primary ansiotropy induced by density perturbations, together with the intrinsic
temperature fluctuations[114].

11
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12 Astrophysical and Cosmological Observations

temperature and spectral distortion anisotropies due to the upscattering of
photons by high-energy electrons from galaxy clusters[110, 111].

Effective Number of Neutrino Species

Through their specific influence on the CMB anisotropy, detailed measure-
ments of many cosmological parameters have been made, such as the cur-
vature of the universe k, the dark matter density (0pp; and the baryon-to-
photon ratio 7 = ng/n,, the ratio of number densities of baryons and pho-
tons', which will be of particular importance. Another parameter found
from the CMB, which we will be especially interested in for the purpose of
contraining new physics, is the effective number of neutrino species, N,sf.
It parametrises any additional energy density in the neutrino bath; its def-
inition requires some introduction.

The (effective) number of relativistic degrees of freedom:

7
ge= ), 8&ityg ) &

bosons fermions

(where the 7/8 factor comes from the Fermi-Dirac distribution as opposed
to the Bose-Einstein distribution) is an important evolving parameter in
cosmology. In particular, it determines the radiation energy density p,,; =
g*g—gT4 (and thus the expansion rate in the radiation-dominated era) and
the total entropy density of the universe 5 = g, % T3 (non-relativistic con-
tributions to the entropy are always negligible) [102].

As the early universe cools down, many particles become non-relativistic
at some point and no longer contribute to g, making it decrease monoton-
ically [121]. In the standard model, the last of these particles to undergo
this transition are electrons and positrons, as they are the lightest massive
particles (recall that neutrinos are assumes massless). This happens when
the cosmic temperature crosses the eletron rest mass (~ 0.5 MeV), so new
electrons and positrons cannot be created from the background anymore
(they only annihilate). However, shortly prior to this, the neutrino inter-
action rate with electrons and positrons becomes smaller than the rate of
expansion (the Hubble rate), so the average neutrino will never interact
with the other SM particles again; this is called “freeze-out”.

VThis ratio 7 is time-independent, since at temperatures well below the electro-weak
scale, there are no baryon number violating processes[102].

12
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2.2 Cosmic Microwave Background 13

The neutrino freeze-out, which occurs at T ~ 1.4 MeV[122], effectively de-
couples the neutrinos from the photon-electron bath"i. So when the elec-
trons and positrons annihilate, all the energy from the electron/positron
part of the radiation energy density gets transferred only to the photon
bath, and not the neutrino bath, creating a temperture difference.

This can be shown explicitly by using entropy conservation in a comov-
ing volume. This applies for systems in equilibrium, which the photon-

electron bath obeys. Thus we can write: g7 a3 T?; = constant, with T, the

photon temperature and g5 the degrees of freedom of the photon-electron
bath. Since we have g7 = 11/2 before electron-positron annihilation and
gz = 2 after, we can equate:

e,y 373 ey 373
a’T = a’T.
8 7 |pefore 8 T after
11
3 _ 3
7T7before - 2T’yafter

4 1/3
= T’ybefore = (ﬁ) T’yafter

Since the neutrino temperature does not change during this process, after
electron-positron annihilation, we can say Ty = Tafter and Ty = Tpefore =

(4/11)'/3T,,. Now, any deviation from this energy relation is parametrised
in term of Ny like p, = eff%T§[122, 125, 126], or:

8 (11\*?p, 11\*? /1, \*
=z (5) 5= (3) (5) =D

As can be easily seen from the right-hand side, the standard case we just
considered gives N ¢s = 3, which seems appropriate, given the 3 neutrino
species in the standard model. However, detailed calculation of the tem-
perature evolution of the neutrino bath actually gives N,¢r ~ 3.045 — 3.046
for the standard model value[127, 128]. This is because neither the neu-
trino decoupling, not the electron-positron annihilation happens instanta-
neously, and since the are quite close in time, there is some relic interaction,

ViMuch like the CMB from photon decoupling, there is a background of relic neutrinos
originating from neutrino decoupling. This takes place at a significantly earlier time, it
would be another valuable and detailed source of information on the early universe. In-
direct evidence for its existence has confirmed its existence[123], but direct detection of
the neutrino background remains out of experimental reach, because low-energy neutri-
nos are notoriously difficult to detect[124].

13
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14 Astrophysical and Cosmological Observations

slightly heating the neutrino bathvi. That said, we will not consider this
difference in this work, because it will be small with respect to the effects
we consider.

7000 : : : :
- 6000 | .
[N
i 5000
~
E 4000
N
= 3000
<
E 2000
~
1000 }
O 1 1
0 500 1000 1500 2000
)

Figure 2.3: CMB power spectra for the cases with N,s; = 1 (blue dotted line), 3
(red line) and 5 (green dashed line), where the other cosmological parameters are
kept unchanged. From [125].

The way N,y is constrained by the CMB anisotropy is often misunder-
stood [133]. As shown in Figure 2.3, naively changing N,¢s while keep-
ing other parameters fixed results in significant changes to the spectrum.
These occur because a change in the radiation density implies a change in
the expansion rate (the Hubble parameter H) before and during recombi-
nation. This has a noticeable effect on other observables we can measure
from the CMB, including the A energy density and the total matter den-
sity, and consequently, the sound horizon r;, the distance sound waves
could travel since the start of the universe until recombination[134]. The
sound horizon angle 6; = r;/D 4, where D4 is the angular size distance,
is very tightly constrained by the angular position of the acoustic peaks

ViiThe modern value is a result of both finite temperature QED corrections[129, 130]
and flavour oscillation effects[127, 131, 132] that have to be accounted for

14
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2.2 Cosmic Microwave Background 15

of the CMB anisotropy spectrum (not their height), making the constraint
very insensitive to changes in the model[34, 134].

That said, it is quite difficult to constrain N, ff by using 6;. While 6; is
well constrained, rs and D 4 are calculated from other cosmological param-
eters, the constraints on which are much more model-dependent. Since
there is some uncertainty in the measured values of the baryon and total
matter densities, the effect on 6; of a change in N,fs can be compensated
by changes in the other parameters within their allowed ranges.
However, the diffusion length r;, the characteristic length scale for dif-
fusion damping, has a much weaker dependence on these densities[134,
135]. Even though the diffusion angle 6; = r;/D 4 is less strongly con-
strained by observation, we can use it to constrain N,¢¢ independently of
other cosmological parameters as follows:

Changes in N, do not induce significant changes in the inferences of
the baryon density (), the redshift at matter-radiation equality 1 + zgg or
05[133]. Thus, we should study the effects of varying N, ¢ while keeping
these quantities fixed (by adjusting the A and dark matter densities). Then,
we find that r; « H™!, so we can infer that D4 o« H~! as well, in order to
keep 0 fixed. In contrast, r; o H ~1/2 which means that 6; o< H'/2. This
means the damping angular scale increases with increasing N,fs, which
leads to more diffusion damping[133, 138]. Figure 2.4 shows the effects,
when the fixed parameters are considered, as well the fact the effect of Big
Bang Nucleosynthesis on the CMB can be partly degenerate with the effect
of N.¢r. We will take a closer look at that.
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Figure 2.4: Top: CMB anisotropy data from WMAP[136] and the South Pole Tele-
scope (SPT)[137] and several theoretical curves with varying N,¢s and fixed Q,h?,
1+ zgg and 6;. Data and curves are normalised at ¢ = 200. Middle: Same as top,
except normalised at { = 400. Bottom: Same as middle, except Y, the helium
mass fraction (a parameter from Big Bang Nucleosynthesis, see below), is varied
to keep 0, fixed. The lack of scatter indicates that N.¢s indeed affects the CMB
through diffusion damping primarily, like Y, (see below for explanation). In ad-
dition, a phase shift forms, which is subtle and described in [138]. Image from
[133].

2.3 Big Bang Nucleosynthesis

Big Bang nucleosynthesis (BBN) describes the production of light nuclei
(other than 'H, which is just one proton) in the very early universe. Be-
sides the CMB, it is the major source of information on the early uni-
verse, occuring even earlier in its evolution; during the first ~ 20 min-
utes after the Big Bang [139]. The theory of BBN began in the 1940s with
the famous Alpher-Bethe-Gamow paper[140], and has since evolved into
a powerful framework with very good agreement between theory and
experiment[139, 141, 142].
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2.3 Big Bang Nucleosynthesis 17

Standard BBN (SBBN), which assumes the Standard Model for micro-
physics and the ACDM model for cosmology, starts with protons and neu-
trons. When the universe cooled below the hadronisation (or Hagedorn)
temperature Ty ~ 160 MeV, quarks became confined and formed matter
[121, 143-145]. Since all other hadrons rapidly decay'!l, eventually only
protons and neutrons will be present in significant amounts[147]. They
are produced and destroyed the weak processes:

p+e<n+v,

and crossings. This keeps protons and neutrons in chemical equilibrium,
with a ratio related to their masses: n,/n, = R, ~ exp(—(m, —my)/T).
At T =~ 0.75 MeV[148, 149], these interactions undergo freeze-out, so the
equilibrium is lost. At this point, R, ~ 0.18 = RY, but while the pro-
tons are stable, neutrons will decay, so this ratio will drop by the time
other nuclei can form as such: R,(T) = R%exp(—t(T)/t,), where 7, ~
880s[150, 151] is the neutron lifetime.

This is important, because nucleosynthesis is delayed; the universe first
has to cool down to a temperature where deuterium (*H or D) doesn’t get
dissociated by the high-energy tail of the photon background. The rea-
son we have to wait for deuterium, which is not very tightly bound and
quite easily dissociated, is that the chances of three or more nucleons to
come together to form a nuclues are negligibly small, so the main produc-
tion processes for nuclei are two-body reactions. Thus, the heavier nuclei,
starting with tritium (*H or T) and helium-3 (*He), require an abundance
of deuterium. This is called the “deuterium bottleneck” [36, 152].

As it turns out, the characteristic temperature associated with nucle-
osynthesis is Tns ~ 75 keV, depending logarithmically on 7[102]. At this
point, nuclear reactions proceed rapidly, and the interconnected reaction
channels (see Figure 2.5) start to produce and burn up the different nuclei.
At the end, most neutrons will be caught in helium-4 (4He), because is
has the largest binding energy of all the light nuclei* and so the final *He

Viii Actually, there is a significant amount of pions up until quite late, in fact dominat-
ing the protons and neutrons until ~ 6 MeV, because of production from high-energy
photons[146, 147]

X Actually, there is also a non-trivial reason for this: burning of 3He and T proceeds
faster than their production from deuterium burning. If this was not the case, then the
production processes of *He (*He + D —* He + p and T + D —* He + 1) could not burn
up the remaining 3He and T after deuterium burned out and those neutrons would not
end up in 4He[102].

17
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Figure 2.5: Schematic representation of the most important reactions in BBN.
Along the reaction paths only the initial elements are written, since the result
can be easily inferred. From [152].

abundance can be estimated from the neutron/proton ratio at Tys ~ 75
keV. This is typically presented as a mass fraction Y, = 4niy./np =
2R, /(14 R;). We find R, (Tys) ~ 0.14, which gives Y), ~ 0.25.

More precise values can be found*, but that typically requires a full
numerical calculation of the entire BBN process, though detailed analyt-
ical work can also yield good results[152]. Similarly, the abundances of
the other light elements, all the way up to “Be, can be calculated given
the nuclear reaction rates, which can be found from experiment. Thus,
the only free parameter in SBBN is 7 (or, equivalently, the baryon density
Qph?)4, which can be checked with the independent value from CMB|36,
141]. Then, using the CMB measured 5 value, the BBN predictions can
be checked with the measured abundances, providing tight constraints on
deviations from SBBNJ[141, 156].

XIncluding small but relevant corrections from several sources (including radiative, fi-
nite mass, QED plasma and neutrino decoupling effects) yields the value Y, = 0.24709 &
0.00017 [142, 153]

XN, ff 1s an example of a parameter which can vary in non-standard BBN that then
becomes another imporant parameter[154, 155].
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2.3 Big Bang Nucleosynthesis 19

Observed Abundances: Helium

One problem that one faces when determining the primordial *He abun-
dance is the fact that it is also produced in significant amounts post-BBN
in stars. Thus, this needs to be taken into account for the different mea-
surement methods used to determine Y.

A common and very effective type of measurement uses He and H
emission lines in low-metallic®, extragalactic HII regions[36, 142, 157—
159]. These are interstellar regions of ionised hydrogen, formed when
stars born in giant molecular clouds become hot enough to ionise the sur-
rounding gas[160]. Due to stellar nucleosynthesis, both increased amounts
of helium and metals are found in these regions. Therefore, in order to get
the primordial “He abundance, a correlation is found between abundances
of helium and metallicity (typically represented by oxygen[36, 158]) with
multiple measurements in these regions and this is (linearly) extrapolated
down to zero metallicity. This is quite a complex method, and despite its
efficacy, it does introduce significant systematic uncertainties[161, 162].

Another type of measurement uses not emission but absoption lines
from intergalactic gas clouds, back-lit by quasars. These quasar absop-
tion line systems have the potential to be near-pristine, so very low in
metallicity[163, 164], which decreases the need for extrapolation. Although
the application of this technique for the determination of the primordial
helium abundance is of a recent origin[165], it is a promising way of pro-
viding an independent measurement from the previous method, thus coun-
tering some of the systematic uncertainties associating with it.

Finally, the CMB can be used as an independent measurement of Y. In-
stead of assuming SBBN and calculating Y}, from the measured value of 7,
we can allow Y}, to vary freely and derive model-indepedent constraints,
because Y} has a direct effect on the damping tail of the CMB. This can
be explained as follows: helium recombines earlier than hydrogen*iii, be-
cause it has a higher ionisation energy. Therefore, only the electrons that
are not caught in helium take part in the hydrogen recombination. The
electron number density around the time of recombination can thus be ex-
pressed: n, = (1 — Y, )np. The photon mean free path in the fluid, which is

XiTn astronomy, all elements heavier than helium are considered metals, contributing
to the metallicity Z [36].

Xiil Actually, helium recombination proceeds in two steps, because it can catch two elec-
trons. The second helium recombination finishes around the time hydrogen recombina-
tion begins [168-170].
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Figure 2.6: CMB power spectrum for Y, = 0.1 (green dashed line), Y, = 0.24 (red
line) and Y, = 0.5 (blue dotted line). All other cosmological parameters are taken
from the first WMAP results[166]. Image from [167].

the characteristic length scale for diffusion damping, depends on the free
electron number density A, o« 1/n,, so a higher Y}, increases the damping
of the CMB anisotropies[167, 170]. This is shown explicitly in Figure 2.6.
In fact, since the effect of N, and Y}, on the damping tail of the CMB is
partially degenerate, both can be allowed to vary, giving combined model
independent constraints. Including an independent emission line mea-
surement from [158] and using the Planck 2018 results for the CMB gives
at 20 confidence[34]:

0.0077
Y, = 0.2437+00077
Negr = 2991073

This is the range for N,¢r we will be using. For Y),, however, in concor-
dance with [171], we will use a wider upper limit from [157]: Y, < 0.2573.
As we will discuss, only the upper limit will be relevant for our con-
straints. Since this is the largest experimentally found deviation from the
SBBN value, so it will result in the most conservative bounds.
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2.3 Big Bang Nucleosynthesis 21

Observed Abundances: Deuterium
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Figure 2.7: D/H observations from [172] (blue circles) and [173] (red squares), as
a function of metallicity, represented by oxygen concentration. There is no strong
correlation between O/H and D/H, congruent with [165], indicating that these
are indeed primordial abundances. Image from [139].

The deuterium case is almost the opposite of the helium case, in that
while helium is created in stars and not destroyed, deuterium is only de-
stroyed in stars, and there are no known astrophysical production mech-
anisms for itVV. As a result, all deuterium must be of primordial origin,
and its abundance monotonically decreases over time. Thus, all measure-
ments of deuterium provide a lower limit on the primordial deuterium
abundance[142].

These measurements are all done using the absoption line method de-
scribed above. The systems suitable for deuterium detection have to obey
certain specific conditions[176], so they are few and far between. Mea-
surement of deuterium abundance has had a tumultuous history[142] and
even in the past 25 years, many measurements have shown a considerable
dispersion[177-184], indicating some unaccounted systematic uncertain-

XV Technically, production of deuterium is possible in proton capure of neutrons in stel-
lar flares[174], however this is a small effect and cannot compensate for the total destruc-
tion of deuterium[175].
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Figure 2.8: Schramm plot, showing abundances of *He (by mass fraction), D, *He
and ”Li (by number relative to H) as a function of the baryon over photon ratio
(or equivalently the baryon density ()},). The green horizontal stripe corresponds
to observation, while the blue curves correspond to BBN calculated values, with
the measured value of 17 from Planck 2015 [185] shown as a vertical stripe. Data
for abundances are taken from [186]. Image from [139].

More recent works, as shown in Figure 2.7, show a significant improve-
ment in precision[172, 173], with the most recent work showing remark-
able precision and consistency[165]. These low uncertainty results are
reasonably consistent with BBN calculations[139, 142, 165, 186, 187]. We
use the value found in the most recent and most precise measurement:
D/H = np/ny = (2.527 £0.030) x 10~° at 1o confidence[165].
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2.3 Big Bang Nucleosynthesis 23

The consistency between observation of primordial abundances and
measured cosmological values in conjuction with the BBN framework is
shown in Figure 2.8. Notably, these is a discrepency in the “Li abundance.
The characteristic dip in the BBN values over # comes from lithium pro-
duction dominating the low 7 regime and ”Be production domination the
high 7 regime. The 7Be eventually decays into “Li, which is stable, so both
contribute. “Li can be both produced and destroyed in their post-BBN evo-
lution, but using low-metallic gas clouds and metallicity correlations to
approach the primoridal values, observed lithium abundance remains in-
constistent with BBN calculations with the cosmological parameters from
the CMB([36, 139, 142]. This cosmological lithium problem is an important
unsolved issue in astrophysics, but it will not be considered in this work.
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Chapter

The Impact of Portals

Portals could, depending on their abundance, influence the aforemen-
tioned observations measurably, through decay or annihilation into SM
particles. Consequently, those measurements provide constraints on the
parameters of these portals. We focus here on the effects of particle decay,
but these general constraints can be straightforwardly adapted to fit an
annihilating particle scenario.

3.1 X-ray Background

Increasingly detailed observations on X-ray and gamma-ray spectra put
upper bounds on the luminosity from decaying or annihilating dark mat-
ter particles. I explicitly mention dark matter here, because any hidden
particle that survives until present day' will inevitably act as at least a part
of the observed dark matter, since it must interact gravitationally. In this
light, much work has been done on both model-specific and general con-
straints on dark matter[188-195].

These constraints can be subdivided into two categories: local flux
from the Milky Way halo and flux from cosmological distances, originat-
ing from the smooth distribution of dark matter throughout the universe.
For decaying particles, which will be our chief interest, both of these are
of similar importance[189, 196]. The local galactic contribution of decay-
ing dark matter to the differential photon flux per unit energy is given

iOr rather: until the relatively recent history from which the X-ray and gamma-ray
signals originate.
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26 The Impact of Portals

by[189, 195];
dq)G - 7’6‘0@ dNrY

dE ~ 4mmpy "M dE Jom

Here, 1, ~ 8.5 kpc is our distance to the galactic center, p, = 0.3GeV/cm3
the local dark matter density, I'pps the dark matter decay rate, dN,, /dE the
decay spectrum and

(3.1)

]DM :/ ﬁds dQ
Los. Po

is a dimenionless number describing the density of decays along the line-
of-sight (1.0.s.), where s is the distance from the sun in units of rol, over the
solid angle Q). For decays, the specific galactic density profile p(s) is not
very important[195]; we will use a Navarro-Frenk-White (NFW) profile,
which can be succinctly written[197, 198]:

oNFw (r) = ﬁ

with r. = 20 kpc, the critical radius, which indicates a slope change. Im-
portantly, r indicates a distance from the galaxy center, so there should
be a conversion. Written in terms of s, as defined above, and [ and b, the
longitudinal and latitudinal coordinates, respectively[189]:

r2(s,b,1) = 1% [(s —cosbcosl)? + (1 — cos®bcos® 1)

Then, the extragalactic contribution is isotropic, but it comes from many
different distances. As a result, because each photon is redshifted ac-
cordingly, even a monochromatic photon line would get smeared out to
a continuous energy spectrum. In addition, different comsologies pro-
duce differen results. Since we are interested in recent decays, we need
only consider the history of the universe after radiation domination (so
only matter and a cosmological constant A will be relevant): H(z) =
Ho/Qp + Qum(1+2)3, where Hy is the current Hubble parameter and
Oy, A are the respective matter and A density contributions to the uni-
verse. Taking a flat universe (), + Oz = 1) and defining x = QA /Oy, =
3, we can then write the extragalactic differential photon flux per solid

iiNote that we use here the dimensionless definition for s, used in [189], and not the
dimensionful distance used in [195].
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3.1 X-ray Background 27

angle[195, 199-201]:

dz(I)EG . FDM”%M /oo dNry 1 dz
dOdE ~  4m Jo dE(z) H(z) (32)
Tpund,, [ dN, 1 '

= dz
47tHov/Qy Jo dE(z) /x4 (1 +z2)3

where 1Y, is the number density of dark matter presently, and E(z) =
E - (1+ z) is the energy of the photon when emitted at redshift z, when E
is the energy is has at detection.

Typically, one would consider a decay to a monochromatic photon line,
which yields dN., /dE = 6(E(z) —mppm/2) = (1/E)6((142z) —mppm/2E).
The integral in z then reduces:

® dN, 1 4 — 1 1 2 J2E 1
o dEG) Vit (42 E fer(gp mVm i)
where we omitted the DM subscript on the mass m for ease of notation.

This shows clearly that a monochromatic line evolves into a continuous
spectrum at detection.

Dark matter decaying into charged particles will generate additional,
different photon spectra through final state radiation. For different pos-
sible decay products with different initial energy distributions, this can
get quite complex. For simplicity, we will consider only masses below the
electron-threshold, so these final state radiations will not apply.

Comparing these calculated signals to the observed spectra can put
very general, quite strong constraints on decaying dark matter. As shown
in Figure 3.1, decaying dark matter lifetime must exceed 10%° seconds,
more than 10% times the age of the universe. However, a particular par-
ticle does not need to account for all dark matter; multiple portals may
well be collectively responsible for the observed phenomena. Since we
are primarily concerned with constraining these portals individually, we
have to adapt these general constraints. In particular, photon flux from
both sources scales as ®, o« I'pyppm, so a constraint on the lifetime of
a particle comprising all dark matter translates into a weaker constraint
on the lifetime of a particles comprising only a part by exactly the ratio of
densities: Tpyr = TpMm - %. The specifics of this with respect to certain
portals will be discussed in their respective sections. Importantly, we as-
sume in these constraints that the particle we constrain follows the density
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Figure 3.1: Constraints on lifetime of a scalar dark matter particle ¢ decaying only
to two photons. The ¢ particle is assumed here to be the source of all dark matter
density in the universe. From [195].

distribution of dark matter.

Following the general analysis done in [195], we use data for 3-50 keV
photons from the High Energy Detector A2 onboard the High Energy As-
tronomical Observatory 1 (HEAO-1) [77] and data for 20-511 keV photons
from the SPI instrument on INTEGRAL [202]. The well-resolved 511 keV
line is removed in the latter dataset.

3.2 CMB Spectral Distortions

The impressive precision with which the CMB spectrum corresponds to a
perfect blackbody[107] can be used to contrain injected energy before and
during recombination (from decaying particles, for example)[203, 204].
This is because while thermalisation is very efficient at early times, several
processes responsible for thermalisation eventually become slower, due to
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3.2 CMB Spectral Distortions 29

the expansion. As a result, injection of electromagnetic energy at different
times will induce different distortions in the CMB energy spectrum[205,
206].

Very early injection z > z, ~ 2 x 10° has no measureable impact on

the shape of the spectrum, because at this time, Compton scattering, dou-
ble Compton scattering and Bremsstrahlung act very fast to keep every-
thing in equilibrium; all additional energy goes into the temperature of
the CMB[207]. After that point, we can distinguish two types of distor-
tions, called u-type and y-type distortions [? ].
First, between z, 2 z 2 z,, ~ 5 x 10%, Compton scattering is still effi-
cient, so a kinetic equilibrium is achieved, but double Compton scattering
and Bremsstrahlung become slow. These latter processes produce pho-
tons, while the former process cannot, so the number of photons at this
point can change only on slow timescales. This means that for low fre-
quencies, the situation is unchanged and full equilibrium is achieved, but
for high frequencies the number of photons is effectively fixed. There-
fore, at high frequencies, a change in the number of photons induces a
change in the energy of the system. Thus, if electromagnetic energy is in-
jected at this time, a frequncy-dependent chemical potential y(v) forms,
which is approximately constant at high frequencies and vanishes at low
frequencies[206, 208].

Then, for z < z,,, Compton scattering stops being very efficient, so a
full equilibrium between electrons and photons can no longer be achieved.
Thus, there is no effective way for photons in different frequency ranges
to distribute their energy. Thus, injected energy at this time induces a de-
crease in temperature for the low-frequency photons and and increase for
the high-frequency photons; this is called Compton y-distortion[206, 209].

These types of distortions are characterised by the dimensionless pa-
rameters y and y. The p parameter is simply the dimenionless chemical
potential, so that the Planck law of blackbody radiation is distorted at high
frequencies to become[107]:

213

Su(v, T, u) = T

with v the photon frequency.

The Compton y parameter describes the energy change throughout the
Comptonisation process. Qualitatively, v is the fractional energy change
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30 The Impact of Portals

per scattering event times the number of events[209]. The former is just
the electron temperature (different from the photon temperature) over the
electron mass. The latter is simply the scattering rate of photons, which is
the Thomson cross section times the electron number density (given non-
relativistic electrons), integrated over the entire time of process. Thus, y is
typically defined as[207, 210]:

T.
= [ ““n.opdt
y /meneUT

where T, m, and 1, are the electron temperature, mass and number den-
sity, respectively, and o7 is the Thomson cross section.

Spectral distortion resulting from general injected electromagnetic en-
ergy are given by[204, 205]:

_ 1401/ prdQ/py) 4, (3.3)

Z/
—="d7 (3.4)

where d(Q/py) is the infinitesimal injected energy element, normalised
to the photon energy density™. In the case of a non-relativistic decaying
particle X, this can be cast in a more familiar form:

. —t/T
d(Q/py) = IPEMin — Txxe XBVEMg (3.5)
Py P X

where myx, nx and tx are the mass, the number density and the lifetime
of the decaying particles, Brgy is the electromagnetic branching ratio (the
sum of the branching ratios of electromagnetic final decay products) and
p is the photon energy density. Using dt = —dz/((1 4+ z)H(z)), we can
use the previous expressions. See Appendix A for a detailed derivation of
those formulae, based on [205, 208].

These parameters are very tightly constrained by the FIRAS[107]:

[ <9-107°
ly| <15-107°

These are the values we will be using.

iiThough this is an uncommon notation, we show it here for consistency with [66, 211].
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3.3 Neutrino Energy 31

3.3 Neutrino Energy

In absence of other effects, injection of energy into the neutrino or the
photon baths after neutrino decoupling raises or lowers N, ¢, respectively.
This can be readily seen from (2.1). In general, decay products can always
be thought of as contributing to one or both of these baths. The neutrino
bath requires neutrino decay products, but this is not too uncommon, es-
pecially from decaying muons and mesons. The photon bath increases in
energy from decay into photons directly, but also electrons, which annihi-
late into photons eventually.

In this light, on a long enough timescale, all energy from decay prod-
ucts end up in either the photon or neutrino bath, so we may write Br, +
Brey = 1. Assuming decay happens well after neutrino decoupling, we
can then calculate the change to N, ¢ by simply comparing the energy den-
sities right before decay, and assume instantaneous decay. This gives the
formula[66]:

8 (2)4/3 osM + pxBry

N,rr = = 3.6
S 7\ 4 oM + oxBrem 36)

where pfl\g u are the standard model neutrino and photon energy density
and py is the decaying particle energy density before decay. This is an ef-
fective formula, and it will not be applicable for decay that happens before
or during neutrino decoupling, since the energy injected as different decay
products will still interact mutually and complicate the result[212].

In addition, since these constraints effectively measure the energy den-
sity of the new particles with respect to the SM radiation, there will be a
regime possible where the new particles dominate the radiation. In this
case, the evolution of the universe will be heavily impacted, so we would
like to constrain this region securely. To this end, we check the bounds
from (3.6) with a numerical calculation, which includes effects on the ex-
pansion of the universe from the new particles, by solving the following
series of coupled differential equations:

(M +4Hppy = p—XBTEM
[

: _ bx
Pv + 4H|01/ — TX Brv (37)
881G
H? = T(PEM + v + px)
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32 The Impact of Portals

with H = d/a and px = mxny.

We then track the temperature evolution of the neutrino and electromag-
netic baths and use (2.1) to find N,sr. We can then be sure that these con-
straints hold, even in the case that the new particle dominates the energy
density of the universe. That said, we do not include neutrino decoupling
effects, using instantaneous decoupling, so these results are not reliable
near neutrino decoupling.

However, there is also a somewhat counterintuitive effect occuring if
neutrinos are injected sufficiently early (even shortly after neutrino de-
coupling). In fact, decay to relatively high-energy neutrinos can increase
the energy of the photon bath relative to the neutrino bath. This happens
because high-energy neutrinos will either form electron-positron pairs (to-
gether with thermal anti-neutrinos) or interact with the thermal neutrinos,
which will in turn also becomes high-energy neutrinos. In addition, high-
energy neutrinos can scatter off electrons or positrons and transfer part
of their energy. These processes combined can result in a decreased Ny,
even when decay products are solely neutrinos[213, 214].

We avoid this complication, which requires sophisticated simulations
or at the very least dedicated semi-analytical work to properly take into ac-
count, by considering only the effect of decays on N, s after this no longer
occurs. We can estimate the freeze-out of these high-energy neutrinos by

taking the interaction rate [122] I'non—eq ~ GI% T*E,"” (where Gr is the fermi
constant) and finding when it gets smaller than the Hubble rate:

T2 1.66\/3.T?
N MTJ[ B Mpy
1.66,/3«

G2MpiE,"

G M3, Ev”

2-1.662 - g,

G2T*E < H(T)

= T? <

=1>

where in the last line, we used the time-temperature relation in a radiation
dominated era T? = M5,/ (2t), with M} = Mp;/(1.66,/g+) the reduced
Planck mass.

Thus, our contraints are only applicable after this time. In this work, we

will take the upper limit EXY < my/2 for the decay of particle X, and use
the SBBN value for g, = 3.36 after neutrino decoupling.

32

Version of July 22, 2021- Created July 22, 2021 - 14:39



3.4 BBN 33

3.4 BBN

With meaurements of BBN being one of the only probes we have of the
very early universe and the impressive congruency with which the theory
desribes the observed quantities, there has naturally been a wealth of re-
search done applying BBN to constrain new physics (see [36, 149, 215-218]
and references therein). The effect of portals on BBN can be categorised
into three types: extra energy changing the expansion rates; change of
neutron-proton ratio R; dissociation of light elements.

The first category is easily described, but rather difficult to apply. In-
jection of significant amounts of energy changes the expansion rate (and
time-temperature relation), which changes the timescales associated with
the various BBN processes. This effect cannot be well estimated; even
small differences in expansion rates during BBN can drastically impact
the resulting light element abundances. Thus, the entire BBN process
needs to be numerically reevaluated in order to find the results of this
injection[219-226]. As a result, we will not consider these effects in this
work.

The second category can be split up into: change of the standard weak
n <+ p rates (and thus the ratio) by injection of high-energy neutrinos
or electromagnetic particles[227] and addition of new n <+ p processes
through injection of hadrons (specifically mesons)[212, 226, 228].
We use constraints using this latter “meson mechanism” as derived in
[171] for Heavy Neutral Leptons, specifally. These are, however, general
constraints for particles decaying into mesons, particularly charged pions
7+ and kaons K*. These mesons drive n <+ p conversion through the
reactions:

7T*+p—>n—|—7'[0
nt+n—p+nr°

These reactions have no kinematic threshold, and their cross sections are
much larger than the normal weak rates[216]. Because of approximate
isotopic symmetry, conversions thus proceed the same in both directions,
and thus drive R, to unity. The effect of Kaons is similar, but slightly
more involved, since there is no isotopic symmetry (because the reaction
K* +n — p + X does have a threshold) and neutral Kaon take part in the
conversion as well. As a result, the driving due to Kaons leads to a slightly
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34 The Impact of Portals

different R, value. This is discussed in detail in [171].

The injected mesons will decay quickly (lifetime T ~ 1078 s) if they do
not partake in the conversions first. Therefore, the instantaneous number
density of a meson m produced in decay of particle X is:

T
nX(T) = nX(T)BrX%mi (3.8)

The total number of n <+ p reactions per nucleon (at time ¢t > 7x) is then:

Ny = 3 [ m(T () (o, o)t 39)
m
3 4,dec
~ Y (B ) Bt By Pl (3.10)
m a ng
with PJ,, = w, the probability of a meson m to take part in a

n < p conversion before decaying. In the last line we assumed a particle
thermalising at early times and decoupling at some time, but this is easily
adapted to fit a non-thermalising particle.

At some point, N,ii_)p drops below unity; we name this temperature Tp.
Then R, relaxes to the SBBN value. If T is sufficiently close to the freeze-
out of the weak n <+ p rates (at T;_, ~ 0.8 MeV), the there is not enough
time to relax all the way back to SBBN, and R, remains increased. This
directly increases the helium mass fraction Y,. Using a measured upper
bound on Y,, we can find T(r)ni“, the minimum allowed value of T, and
translate it into an upper bound on tauy:

HTg™)

> < (3.11)

In Z(adEC)Snc)i(eCPCTganrX%m
o A ny (Tg"" )1

In the study of [171], a value T/™" ~ 1.5 MeV is found, nearly indepen-
dently of the mass of the particles. We assume this holds in general and ap-
ply it for our analyses. They also calculate the probabilities for pions and
Kaons to take part in a conversion before decaying: Peono ~ 1072 —-101!
for T ~ 1 —2 MeV. Though we will use the precise values for the con-
straints, it should be noted that relatively large differences (such as even
order of magnitude differences) quickly become negligible, due to the log-
arithm. This makes this a very powerful constraint.
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3.4 BBN 35

This will hold for lifetimes up until they become so large that there will
be a significant amount of mesons present after BBN. Then, these mesons
could dissociate the helium, as we will discuss below, and counteract the
overproduction from which we constrain the injection of mesons in the
first place. This provides an upper limit to the applicability of this bound.
This process may be neglected only if the number of mesons partaking in
dissociation is much less than the number of helium nuclei at the earliest
BBN temperature TppN:

Ngiss(ToBN) < Napge(TBN) (3.12)

where m is a meson species, and:

m
m diss

Ngiss = X - Brx—m T
decay

with X the new particle, I'} . = (00)%\ sy the dissociation rate for m. In

accordance with [171], we use Tgpn = 84 keV, assuming that at this point
most of the nucleons are bounded in helium. We will use the conservative
limit n}: /1y < 0.01, so the number of mesons must be less than one
percent of the number of helium nulei.

Then, the final way to impact BBN: through dissociation of light ele-
ments. This can be either photo-dissociation, through high-energy photon
decay or final state radiation, or hadro-dissociation, where hadrons (typi-
cally mesons) can dissociate the the light elements [222, 226, 229-232]. The
results of this dissociation can be quite complex, because the final states
are fed back into the BBN reaction network, potentially changing many
different abundances. As a result, these constraints generally require so-
phisticated numerical methods at least, and often full BBN simulations
[216]. Photo-dissociation adds complexity, because different photon ener-
gies can dissociate different elements. Since the most abundant element
(helium) is also the hardest to dissociate, there is a balancing effect to con-
sider, depending on the source of the radiation.

Taking inspiration from the semi-analytic description of BBN in [152],
we can make some justified approximations to derive a bound from meson-
dissociation of helium that approaches the efficacy of numerical methods
on the same system.

Since the helium abundance is orders of magnitude larger than the
other light elements (excluding hydrogen, of course), helium capture of
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36 The Impact of Portals

meson decay products dominates over other hadro-dissociations. We con-
sider the two processes:

n~ +*He »2n+D (3.13)
K~ 4+*He - I1+D (3.14)

where we use the cross sections (0v)% & 4.1mb and (0v)K ~ 20.4mb
from [216]. Helium capture of pions or kaons can also result in other
elements, T and 3He, but the D final state is dominant, so it will give
the most effective constraining power. These cross sections must first be
adapted with a Coulomb interaction term, which in the non-relativistic
limit (which is applicable, since BBN takes place around T ~ 75 keV) is
given by[102, 216]:
27¢

F(Z,0) =+ o (777 (3.15)

where § = % is the Sommerfeld parameter, with Z the nuclear charge

and v the relative velocity. A good approximation is to use (v) ~ /2T /,
where yt is the reduced mass of the particles involved. This Coulomb inter-
action is also the reason there is no effective process with positive mesons,
since they have an additional Coulomb barrier from the positive nuclei.

As production of deuterium during BBN from helium dissociation will
lead to the extra deuterium being partially burned in the producting of the
heavier elements, we will conservatively consider only the production of
deuterium after deuterium burning has ceased. Thus, we have to find the
freeze-out temperature of deuterium burning. Using an estimate for the
cross section [102]:

3
(00)pp ~ 3" 10*15% T3 exp(—426- T, V%) (3.16)

where Ty ~ T/(86keV) is the temperature in units of 10° K. This ex-
pression is reasonably accurate in the temperture range we are interested
in. Using the approximate deuterium abundance at freeze-out from SBBN
np ~ 3-10"°ny ~ 2.5-10"°ny0.75n5, we can find the approximate tem-
perature at freeze-out, when the interaction rate becomes the same as the
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3.4 BBN 37

Hubble rate:
TZ
I’ID<0'?)>DD = M;;l
_ 27(3) 1.66,/g-T?
) 5 3. = Yo
3-10 0.7517 72 T <0”0>DD Mpl
86 keV 97(3)y Mpy _ocm?
T8/3 40 1/3y _ 2/3109-20510
exp(4.26( T ) ?) 2166, /5.2 (86keV)“~10 .

where 7 is the baryon-to-photon ratio and we take g, = 3.36, since this is
well after neutrino decoupling. Solving for T, we arrive at TfD_O ~ 45 keV.
Thus, we will only take into account excess production of deuterium after
TfD_O. First, it is convenient to write the evolution of deuterium in terms
of its mass fraction Xp = 2np/np, because this is a comoving quantity
and the comoving number density of baryons does not change in time
(baryons are not created nor destroyed at this time). We can then write the
evolution of this deuterium fraction in the absence of deuterium burning:

dX 2M4r. 1
= LA (3.17)

m

for both 7~ and K~ mesons. Using ng = nn,, niy, ~ np/16 (assum-
ing Y, ~ 1/4 and each helium nucleus has four baryons) and n, =
Brx—m(tm/tx)nx(T) (as we did in the previous BBN constraint), we can
then simply integrate to find the extra deuterium produced". Note that
we assumed here that from the point of TfD_O onwards, the light element
abundances do not change significantly, which is a fair assumption, as can
be seen in Figure 3.2.

Knowing the extra deuterium that would be produced from hadro-
dissociation of helium from the decay products of our particle, we can
constrain it by the small posible uncertainty there is currently between the
measured value of D/ H and the theoretically predicted value. Taking the
measured value D/H = (2.527 £ 0.030) x 107> from [165] and the latest
theoretical value D/H = (2.51 £ 0.06 & 0.03) x 10~° from [187] (where the
two errors are from the uncertainties in the nuclear rates and the baryon
density, respectively), we can take the largest possible difference to get the
most conservative bounds. Thus, we require the extra deuterium from he-
lium dissociation to be less than 0.137 x 10~°. We do note that, in order

IV After rewriting np /ny ~ np/(0.75ng) = (2/3)Xp
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Figure 3.2: Relative mass fractions of different particles and nuclei during BBN.
From [152].

to use the theoretical value, other deviations from SBBN must be absent
or negligible. In particular, we cannot apply these bounds if the energy
density of the early universe is changed significantly, which will limit the
applicability of this constraint.
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Chapter I

Scalar Portal

Our first case study, the scalar portal (or Higgs portal), holds a unique
position within the portal families, because of its possibility to be super-
renormalizable (that is, have a coupling dimension of 3). It has been stud-
ied in connection to dark matter[233-236], inflation[237, 238] and hierar-
chy problems [239-241], and as a mediator to a richer dark sector [242,
243]. Following the work of Fradette et al.[66], we will focus on the super-
renormalizable coupling and compare results.

4.1 Phenomenology

4.1.1 Higgs-like Scalar

The scalar portal describes a coupling of a scalar particle to the Higgs field.
The scalar S that is introduced is chargeless, but it can have a mass term
(1/2)m%S? and possible self-interaction terms of the form A35% + A45* +
etc.. We will not consider these further interactions. The scalar part of the
Lagrangian is:

Lo = %aysaﬂs — (1/2)m3S? + (AS +aS?) (H'H) (4.1)

When the temperature of the universe cools down to below T, ~ 160
GeV[244], the electro-weak symmetry is sponaneously broken, and the
Higgs field gains a non-zero vacuum expectation value v = 246 GeV and

it reduces:
0
H={ otn
V2
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40 Scalar Portal

with h the Higgs boson field. Due to this symmetry breaking, the La-
grangian in (4.1) also gets reduced (we omit the kinetic term for clarity):

L= (AS+ asz)((”“;—h)z) —(1/2)m3s?

%(AS + aS?)v? + (AS 4 aS?)vh + %(AS + aSHH? — (1/2)m%S>
= A(%Shz +vSh) + tx(%Szhz +vS%h) + % {szs + (a0? — mg)SZ]

We can redefine our field and write the last term as a mass again:

Aot
8(av? — m3)

% [AYJZS + (av? — m%)SZ} = %(zwz —m%)§% —

~ 2
ms= a»
=——5"—-K
2S

where we defined S = S + Av?/ (2av? — m%) and mig? = m% — av?. Because
we may always redefine our field this way without loss of generality [235,
245] and the constant term K does nothing in the Lagrangian, we simply
take our redefined values and call them S and m;.

Adding also the mass of the Higgs boson, we are left with:

2 2
Lom T _Msgry Appg %122 i L aons (42)
2 2 \2_\,_/ \2\,_/ —— N
(@) (b) () ()

In this expression, while (a), (b) and (c) dictate the interaction vertices
between the S and &, (d) introduces a mixing between S and h. In fact,
we will consider in this work only the super-renormalizable portal, which
means « = 0, and both (b) and (c¢) will not be present. The addition of
those quartic terms does indeed introduce new production channels, and
thus change phenomenology from our case. A phenomenological analysis
including the quartic coupling is done in [246].

The mixing term (d) can be combined with the masses to form a mass

matrix: Lo
M = (_th levz>
s Av —5my

This can be diagonalised with a rotation matrix R, rotating at an angle 6, so
that RTMR = diag(my, my). The condition for diagonalisation is then[37]:

2Av
tan(20) = 57— (4.3)
h S
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4.1 Phenomenology 41

Assuming small mixing, this can be approximated to form the basic ex-
pression:
Av

2 .2

0 = (4.4)
This means that we can use 6, called the “mixing angle”, instead of A as a
parameter for S.

Through this mixing, which is diagrammatically represented in Figure

Figure 4.1: Diagram of the mixing between h and S. Depending on the masses,
free oscillation may not be efficient, but this mixing process can be though of as
part of every interaction between S and the rest of the SM.

4.1, the scalar S effectively interacts with the rest of the SM through the
couplings with the Higgs. In effect, to first order, all interactions of the
Higgs boson get supplemented with an interaction with S, through the
transformation: & — h 4 6S. This allows us to write the effective interac-
tion Lagrangian for S with the SM:

£i=- Y ﬂSff+29m%,\,(1+£2)SW+W’
fefermion Y v 4.5)

1 h 30m? om?
- 9m§(5 + ;)SZZ - 7’15;12 — U—thhB

where f are all fermions, and W and Z are the massive vector bosons.

4.1.2 Decay and Lifetime

If mg = my, then the decay of S would follow exactly the branching rates
of the Higgs boson, and the total rate would be surpressed by factor 62
[247]. However, in the case we consider, namely mg < m;, things get a
little more complicated.

The available decay modes for S naturally depend on its mass, as decay
products must always be lighter than S itself. In addition, because the cou-
pling with SM particles, as seen in (4.5), is proportional to the mass of the
particles (a result of the Higgs mixing), heavier particles generally domi-
nate interaction with S. Because of this, as we parametrically increase the
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42 Scalar Portal

mass mg and new heavier decay products become possible, these heav-
ier decay modes will quickly dominate the decay, and shown very high
branching ratios (see Figure 4.2).

1F
Br ¢
e —
g —
T
01 F m
z K —
S
c ——
b
Y—
0.01 | i 9—
L R e ]

5 10 50
mg [GeV]

0.1

Figure 4.2: Branching ratios for S decay as a function of mg, for a particular value
of = 107°. The empty range shown related to theoretical uncertainties, though
around mg ~ 1 GeV are significant uncertainties as well (see main text). Image
from [212].

For very low masses (mg < 2m,), the only possible decay channel is to
photons. Since photons are massless, there is no coupling with the Higgs
(or vice versa, if you will), so the decay to photons goes through a loop of
heavy charged particles[246], just like Higgs decay to photons [248]. This
calculation is non-trivial, since the light quarks (1, 4 and s) are confined at
low energies. Calculation thus involves virtual loops of pions and kaons.
We follow the result presented in [66]:

0%a’m? (50 2
(S —y)= T (E) (4.6)

where « is the fine-structure constant.

For higher masses, leptonic decay channels, S — eTe™ and eventually
S — utu~ open up. These are more straightforward, with the decay rate
given by[212]:

3/2
. 0%m? 4m?
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4.1 Phenomenology 43

where [ is just the lepton in question and v is the Higgs vaccuum expecta-
tion value.

10” C ]
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Figure 4.3: Branching ratios for decay to muons (top) and lifetime (bottom) of
a Higgs-like scalar p with § = 1. Comparisons between different works are
shown(Voloshin[249], Truong and Willey[250], Donoghue[251], Duchovni[252]
and the Higgs Hunters’ Guide[253]), showing the range of uncertainty. Image
from [247]

However, the decay from S in the mass range 2m, < mg S 4 GeV
is subject to significant theoretical uncertainty[246, 247, 254, 255]. As can
be seen in Figure 4.3, around 1 GeV, different models differ by as much
as multiple orders of magnitude. The reason for this is the breakdown
of different perturbative schemes. At low energies (well below A, ~ 1
GeV, the chrial symmetry breaking scale), Chiral Perturbation Theory can
be effectively used to find the pion interaction (a general description of
the methods is given in [256]), but this fails near A,. Then, at high ener-
gies (mg > 2.5 GeV), quark-gluon perturbative results are applicable. In
between these regimes, dispersion relations can be matched to the low-
energy results, but for mg > 1 GeV, this becomes questionable, due to the
lack of experimental data on high-energy meson scattering and the uncer-
tain contributions of scalar hadronic resonances[246]. A detailed review
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44 Scalar Portal

of the methods of computation and their uncertainties is given in [254].

In order to avoid most of the issues associated with this uncertainty,
we restrict ourselves to masses mg < 1 GeV, and then use the baseline
lifetime and pionic decay rates presented in [212], which uses data from
the 7t7r phase-shift analysis from [257] for mg > 600 MeV. This lifetime
graph for a particular value of § = 107 is seen in Figure 4.4. Note that
for all decay rates, we have I'g 62, because from “Fermi’s Golden Rule”,
we know that T' « |M|?, where M is the matrix element corresponding
to the process. All interactions of S with the SM go through the mixing,
so M « . This way, we can easily find the lifetimes for general values of 6.

' Baseline -
Spectator Model

| L I R L M |

0.1 05 1 5 10 50
mg [GeV]

Figure 4.4: The baseline and spectator model curves of the lifetime of a scalar S.
The latter uses low-energy theorems for the pion decays until the c threshold and
scales kaon and 17 meson decays appropriately. Shown for § = 10~°. We use the
baseline results up until ms = 1 GeV. Figure from [212]

4.2 Production in Early Universe

421 Freeze-out Yield

First we consider the case of complete thermalisation with the SM sector.
This does require relatively strong coupling (8 > Oiermal ~ 1070)[66]. It
will be convenient to describe the amount of S in terms of the abundance:
Ys = ng/5, where ng is the S number density and 3 is the entropy density
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4.2 Production in Early Universe 45

of the universe. This abundance will remain constant through the expan-
sion, because the 3 scales in the same way as the number density (both
remain constant in a comoving volume).

In the thermalised case, the abundance of S is maintained at its relativistic
equilibrium value:

yed _ ng'  457(3) 0.28

5 § 0 2mie T g

(4.8)

where we used the relativistic number denstiy for a boson (with one de-
gree of freedom): n(T) = ({(3)/7%)T? and the entropy density 3(T) =
(2712 /45)g. T? [102].

The abundance will remain at this equilibrium value until either: it be-
comes inefficient due to the expansion, in which case S will decouple with
the abundance (4.8); or the temperature cools down to below mg and S be-
comes non-relativistic. As it turns out, the latter case does not occur for our
mass range mg < 1 GeV, because S interacts primarily with the heaviest
particles (t, W, Z and h), which become non-relativistic well before S does.
At that point, the efficiency of S production is exponentially decreased,
so S freezes out with the abundance given by (4.8)[66]. At freeze-out, as
we know this happens at T > mg, we have g. = 61.75 — 106.75 [121].
For conservative results, we assume the least abundance, so we take the
g+« = 106.75 case, and arrive at qu ~ 0.025.

g S h S
\ Y d
AN /
N ’
N /
N ’
t t t
(a) QCD production type diagram. (b) Compton-like scattering diagram.

Figure 4.5: Two examples of production processes for S, both of which show a
heavy quark propagator.

Actually, it is not quite a trivial matter that production of S is saturated
around the electro-weak scale (~ 100 GeV). Indeed, the heaviest particles
with the largest Yukawa couplings couple strongest to S, which seems to
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imply that high-temperature production dominates. Two such dominat-
ing producting channels are shown in Figure 4.5. However, largeness of
the Yukawa couplings may be compensated by the mass term in the de-
nominator of the propagator. A large mass term in the progagator will
surpress the production channel, and since all of these propagators are
those of very massive particles, this could cancel out the effect of large
Yukawa couplings.

However, this is resolved if we consider that this takes place in a very
hot bath. As such, the masses in the propagators are replaces by the effec-
tive thermal masses, because particle interactions are screened by thermal
excitations. This becomes especially relevant near the thermal mass. No-
tably, the Higgs boson is affected by this, which results in a change of
v(T). We will discuss this below, but for now it suffices to know that all
SM particles get a thermal mass of the form m o T, with constants of pro-
portionality of order O(0.1) [258]. This means the effect of the propagator
is similar for all particles, and since the Yukawa couplings still dictate the
interaction with S, indeed its production is dominated by high tempera-
tures.

4.2.2 Freeze-in Yield

The other possibility is that the coupling is so weak that S never ther-
malises with the SM, and so gradually more S is produced during the
electr-weak temperatures, until the production becomes insignificant. This
is called “freeze-in” to constrast the regular freeze-out paradigm. This oc-
curs for 0 < Oiermal-

We note here that there is no expected significant production coming
from oscillation from the Higgs boson, nor inverse decay (2 — 1) pro-
cesses, because of the relative smallness of mg. This is confirmed by anal-
ysis in [66]. Thus, we consider 2 — 2 channels, mainly consisting of the
heaviest particles.

Taking the processes X +Y — Z + S, we can do a rough estimate of the
freeze-in yield using the total production interaction rate I'x = ny(ov),
with ny the number density of initial particle Y and (cv) the thermally
averaged cross-section for the process. Since we are approximating all
production processes, with different cross-sections, we will simply esti-
mate the dependence of the total cross-section with a qualitative argu-
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4.2 Production in Early Universe 47

ment: we know the cross-section scales as | M |?, so we expect the scaling
(0v) o 0%y% (with yx the Yukawa coupling of species X). Then, from di-
mensional arguments, we add a temperature dependence (which follows
the (0v) o 1/s present in all processes [66], where s is the Mandelstam
variable) (0v) ~ y%6%/T?. Then, taking ny ~ T°, we have I'x ~ 6?y%T,
though we stress that there is no reason to assume that the constant of pro-
portionality is of order O(1).

Then we can find the yield using the Boltzmann equation:
n's +3Hng = 5Ys =
d3
/ Z ( & ) AL f3) (L £ fa) IMP(270)*6 (p1 + p2 — p3 — pa)
i=1
(4.9)

where f; the distibution function of i.

We also have a relation between the last part of (4.9) and I'x: we can
also write:

1
FX = ny<(70> = nym /dHZdHS|M|2(27T)25(4)(PX+pY — Pz — pS)

where dIT; = % Using a Boltzmann approximation for the distibu-

tion functions f7 and fs, we can fill this in (4.9):

— ZszEyfxfer - 2mxrx/ d?’py / d3px
§Ys = /dHXdHY ny ny (271)3fY (271)32]5fo

The first integral is exactly the number density (with a factor gy the de-
grees of freedom), and the second integral:

d3 \/ _ T
mx

(271)32E,

where Kj (x) is the modified Bessel function of the second kind.
All together, we find:

272

SYN
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with gx y the degrees of freedom of X and Y, I'x the total interaction rate.
Taking the standard time-temperture relation dt/dT = —M},;/T°, we can
integrate this function to find:

Ys

_ 45M.gxgymiy%6? / edT e ()
0

4rt4g, T4 T

N 45M,gxgym3y%6° (mx>2 1 mx

A ) Ko (=2
4y, Tyw) m3 2(Tw

(4.10)

)

where Ty =~ 160 GeV is the temperature of electro-weak symmetry break-
ing. When we fill in some values: using g, = 106.75 as the very high
temperature value and taking t for both X and Y for the dominant pro-
duction channels, with m; = 172.76 GeV, y; ~ 1, and g = 6 (3 for the
colour charge, 2 for the spin) we find:

36 - 45Mpy262 2
5~ o (ﬂ) Ka(224) ~ 101467
4714 - 1.66g3 “my Tw

Tw

Now, as we will see momentarily, this is a significant overestimation. One
of the major factors in this is the possible prefactors. From the cross-
sections per process given in [66], while most channels do indeed scale
as (0v) o y30%/T?, there is a a prefactor of order O(0.1 — 0.01) for all of
them, so this could account for some overestimation.

In addition, we have neglegted here to account for thermal effects.
As mentioned, all particles develop an effective thermal mass term due
to screening of interactions from thermal excitations. In the case of the
Higgs, the mass amounts to m%l,T(T) = ¢, T?, with ¢;, = (8A; + 4y? +
3¢3 + g%)/16 ~ 0.425 [258]. Adding this term to the original Lagrangian
changes the potential of the Higgs:

V(H) = (—p* + &, T?)[H* + A |H|*

where u and Ay, are the normal Higgs parameters for the mass and quartic
couplings. This gives rise to a new potential minimum, and since normally

this is given by v = %/ A, we redefine v(T):
2 2 2
2 ue o T > o
T = —— =
v ( ) /\h )\h 90 )\h

And this new, thermal v(T) approaches 0 as the temperature increases.
The effective Higgs mass now becomes m? = 2(u? — ¢, T?) = 2A,0*(T).

48

Version of July 22, 2021- Created July 22, 2021 - 14:39



4.2 Production in Early Universe 49

This effect changes not just the Higgs mass, but the new thermal expec-
tation value v(T) also changes the SM particle masses, which are defined
as m, = ypv, where p is the particle and y, is its Yukawa coupling. In
addition, the mixing angle is adapted. Naively, we would expect to find:

Av(T)
m2(T) — m%

0(T) = (4.11)

However, this expression suffers from a divergence at m;,(T) = mg. This
is resolved by consideration of not just the “bare” mass mixing in the La-
grangian, but also the thermal vacuum polarization.

The S self-energy is given by:

a2v?(T)

M= i) - )

where ITj, is the thermal Higgs self energy, with Rell;, = ¢, T? the Higgs
thermal mass.
Then, in the on-shell limit:

02 =Ts/T)y =
o =S G ) — )+ (BT

where I'y; is the Higgs width.

We can represent this diagrammatically as well: instead of only consid-

ering direct mixing (as portrayed in Figure 4.1), now we include thermal

loops in the definition of the mixing angle, like we see in Figure 4.6.

Note that this Higgs width I'j, is very different from the zero-temperature
width. At high temperatures, I' includes both decay and inverse decay
processes, acting more like an equilibrium rate. In the regime of interest
(around electro-weak temperatures), I',(T) « T and I';(T) > I',(0) ~ 4
MeV [66, 258]. Thus, the high-temperature behaviour of the effective ther-
mal mixing angle is 0,7 ~ Av(T)/T?, which becomes quite small, due
to the temperature-dependence of v(T). Thus, this effect may account for
part of the over-estimation of the freeze-in yield.

Fradette et al. have carefully considered each production mode and
solved the Boltzmann equation to find the contribution from all chan-
nels individually. Additionally, production in the electro-weak symmet-
ric phase is considered. In this case, there is no non-zero Higgs vacuum
expectation value, so there is no mass mixing between the Higga and S,
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Figure 4.6: Examples of one-loop processes in production of S from h, including
fermionic and bosonic loops. Of course, S interaction with the SM always goes
via mixing with h, so the additional loop contribution comes from the thermal
Higgs self-energy.

(the Lagrangian is still just (4.1)) which means the only way to produce S
is through H explicitly. This greatly reduces the possible production chan-
nels, so the contribution to the total yield is relatively small.
Adding it all together, we have a total freeze-in yield of [66]:

Ys &~ 2.8 —5.2 x 10162 (4.12)

We will take a central value Yg = 4 x 10162

Note that, while this does depend on 0 as we expect (due to the |M]? in
the production interaction), there is no dependence on mass. However, we
would also expect this, since the production dominantly happens around
the electro-weak temperatures (>> mg)'. There is of course an implicit de-
pendence on the mass: if mg becomes larger, the assumptions made start
to no longer hold, and an alternative expression must be found. In partic-
ular, for mg ~ 15 — 20 GeV, the resonance with the Higgs start to become

iThis is not ubiquitously true, as we will see in the next chapter.
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4.3 Experimental Limits 51

important, due to the thermally adapted Higgs mass dropping down to
these numbers around the electro-weak temperatures [66].

In the following constraints, we assume at the time of the cosmological
effects of S, the production has ceased and settled on either (4.8) or (4.12),
whichever is higher (since freeze-in production can never be larger than
the thermalised abundance). Then, we describe ng(T) = Ys5(T) and ps =
mgng (wWhere we take the non-relativistic expression, which will be valid
for the mass ranges and temperatures we consider for each constraint).

4.3 Experimental Limits

Relevant Lifetimes on a 6 vs mass Plot

0.001 o
10_67 Force sueerere i
o 1070 :
10—12; i
: — 15=0.1s
10—15, Ts = trec i
: s = 1o
1 -18 . . .
0 1074 0.1 100
ms[MEV]

Figure 4.7: Overview of experimental progress in constraining the parameter
space of the scalar S. Includes constraints from short-range forces (Force)[259,
260], stellar cooling (Stellar)[261], supernova SN1987a (Supernova)[262, 263],
beam dump experiment from the CHARM collaboration (CHARM)[255, 264] and
direct search from the LHCD collaboration (LHCb)[265]. Included are curves of
the lifetimes relevant for obeserved effects: 0.1 s for BBN, t,,. ~ 103 s for CMB
constraints and ty ~ 5 - 10" s for X-ray constraints.

Figure 4.7 summarizes some of the main experimental constraints on
the scalar parameter space. We briefly describe these constraints here. By
no means is this an exhaustive list. For a more complete description of
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experimental status, see for example [266].

Force

Introducing a new light scalar or vector particle is expected to generate
a Yukawa potential between bodies at small distances, through the ex-
change of these bosons [267]. This would modify the gravitational inverse
square law with a Yukawa term [259, 260]:

V(r) == el (1 -+ ae*rm>

where G is the gravitational constant, and the new interaction parameters
are the stength « and the range A.

These parameters are now stongly constrained, which in turn limits the
possibility of a very light scalar S [259, 260].

Stellar Cooling

A new light particle (mass < 100 MeV) will be produced in the hot plasma
in supernovae and stellar cores. As such, it will contribute in energy trans-
port.

Though this type of constraint is typically called “stellar cooling”, it more
accurately refers to anomalous energy loss. The lack of this anomalous
energy transportcan be used to constrain the couplings of these new par-
ticles to the SM particles that make up the start [268].

In particular, a Higgs-like scalar will mix with plasmons in the star.
For masses below the plasma characteristic frequency, resonant produc-
tion can occur. This leads to very stringent constraints on new scalars with
small masses [261].

Supernova

A light, weakly coupled scalar will be produced in supernovae, and con-
tribute to its energy loss. This will shorten the duration of the observed
neutrino pulse emitted from core collapse. Specifically, the neutrino sig-
nal from SN1987a has been used to constrain axion-like particles [262] and
scalars [263].
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CHARM

If there are light scalars, they would be most efficiently produced by de-
cay of B and K mesons. This is still very unlikely, so many events would
be required to produce even a small signal. The beam dump experiment
by the CHARM collaboration [264] shoots a proton beam on a fixed, thick
target, producing the mesons in copious amounts.

Subsequent analysis of the CHARM data has found no scalar signal,
which is used to constrain the parameters of said scalar [255].

LHCb

A direct search for scalar particles in BT — K™ + S, with subsequent scalar
decay to muons, from the LHCb collaboration yielded an upper limit on
the branching ratio of B decay to scalars [265]. This is then translated into
a constraint on the parameters of the particles, be it 75 or 6.

4.4 Results

We will directly compare our results with Fradette et al. [66], since the
same system and the same types of constraints are used. For the X-ray and
spectral distortion bounds, we expect no difference, but for the N, ff and
BBN bounds, Fradette et al. used numerical solutions to the Boltzmann
equations, which are computationally intesive. Our semi-analytic bounds
rely on some approximations, and thus we expect there to be some dif-
ference. We will present all bounds in terms of 75 for ease of visibility of
the cosmological times associated with them. Some jittering in the curves
from Fradette ef al. comes from the inexact data extraction, but the features
of the plots should still be clearly visible.

44.1 X-ray

Figure 4.8 shows the comparison of the constraints from X-rays, both in
terms of 0 and 5. In the left graph, included are the original constraints
as derived by Essig et al. [195]. This bound considers the scalar S as the
source of all dark matter, which puts stronger constraints on 0, but re-
quires a larger abundance of S than we see from primordial production.
Adjusting the density yields the other bound, which overlaps with that of
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Fradette et al..
‘ X-ray Boundson 6 X-ray Bounds on tg
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Figure 4.8: Constraints from X-ray signal production in terms of mixing angle (a)
and lifetime (b). The curves represent an upper bound in 6, and a lower bound in
Ts. Comparison is made with Essig et al. [195] and Fradette et al. [66]. “Adjusted
density” and “New” are the same curves.

This is the upper limit of the excluded range in terms of 75 (the lower
limit in terms of 6).

We consider the excluded region to extend down to t(, the current age
of the universe, since decays before that time cannot be detected now.
Note that this does not mean that 7g = t( is the lower limit, because de-
pending on the the abundance and mass, a measureable signal detected at
time tp may be originating from particles with lifetimes less or more than
to. Only the lifetimes for which the amount of detectable decay events at
to exceeds the experimental limits are excluded. This is calculated in the
exact same way as the rescaled upper limit. The full range of excluded
parameter space will be included in the final plot.
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4.4.2 Spectral Distortions

We will first rewrite (3.3) into a more tractable form, using (3.5). For the
y-paramter:

o / (zrec) mgYsSe™ t/TSBrEMdt
4 Zw PyTs

Zrec mSYS SO /t t/TSBTEM
4 Hzuy) TS P10

= %m5YSB1’EM—1 [ — TS /Tszm \/Ee_’:dé

where we used § & T3t73/2 and p, « T* « t72 to write § = 3(to/t)3/?
and py = p,0(to/ t)?, with tq the normalisation time-scale. In the last line
we used the substitution ¢ = t/7g, and for the integration boundaries, we
used t = tg/(z +1)% = to/z%. 39 = 2891cm~3 is the current-day entropy
density and p,0 = 0.26eVcm ™ the current photon energy density[66].
However, tj is not the current-day age of the universe. Instead, fp must
compensate for the fact that the universe underwent an evolution, and
stopped being radiation dominated at some point, which the other quan-
tities assume. We can find ty by using the evolution of p,, as we have just

defined it:
— fo ? — n_2T4 — ﬂ_zl Mpi ?
Pr=Fo\7) T15° T 155, \2- Le6t

ty =/ == — 2.4 % 10'9s
0 15 \/3:2-1.66 /oo

where we used g, = 3.36, since this all takes place well after neutrino
decoupling.
We can do exactly the same process for the y-parameter, and arrive at:

5 fo
H= 1.401Y5mSSOBrEM /%/ [ oTst . —(Bt/t) 5/,
p’YO 0 tO

Here, we did not substitute ¢ in the last equation, as we cannot get all fac-
tors of 75 out of the integral regardless, and it would become exceedingly
messy. We can now simply do these calculations and require the condi-
tions set by the experimental values of u and y.
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Figure 4.8 shows these constraints from spectral distortions in terms of
Tg, for both the p-type distortions and y-type distortions. Fradette et al. do
not show the full range of the excluded parameter space for masses below
2m,, but from the agreement between the constraints from what we can
see, we assume full congruency. Since there is some overlap between the
constraints from - and y-distortions, the combined bounds can exclude a
large range of parameter space.

u—distortion Bounds y-distortion Bounds

1015’ E 1018,

1013} /\L ] 1076}
z 1011 [ 1 E 1014
;3,7 109, B 2

— Fradette et al. 10712t — Fradette et al.
7| — New 1 — New
10 1010
105} !
. . . . . 108
0.01 0.10 1 10 100 0.01 0.10 1 10 100
mg[MeV] mgs[MeV]

(@ (b)

Figure 4.9: Upper and lower bounds from spectral distortions: p-type distortion
(a) and y-type distortion (b). A comparison with Fradette et al. [66] is made where
possible.

443 Ny

Before we apply our formulae, we will compare the energy density of the
S sector with the radiation energy density:
ps _ mshs _ 4msYs _yq
Orad g—g 9« T4 3 T

(4.13)

Note that this is a rough approximation, only valid in the regime where
ps/prag < 1, but we can use it to estimate the region of parameter space
where pg starts to become relevant. Using the standard time-temperature
relation t = M3, /(2T?), we find a maximum of this expression at T =
Tmax = \/Mp,;/Ts or t = tmax = Ts/2. This point is to be expected, because
earlier, the radiation energy density (scaling as p,,q « T*) decreases faster
than the S energy density (scaling as ps « T%). However, this stops when S
starts to decay in great numbers, decreasing exponentially, at which point
Prad takes over again.
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Substituting T4y into (4.13), with g, = 3.36 (since T}y is well below 1
MeV in the relevant regime), we can find our region of significant pg:

~ 0.7 <1IC/112V> \/? <1

This region is shown in Figure 4.10.

Os
Orad

Tmax

Region of Significant ps

107} K

_ 105
@
%
1000
10
1 5 10 50 100
mg[MeV]

Figure 4.10: Region of parameter space where ps 2 P, in terms of Tg and msg.
For higher masses, the lifetime starts to drop dramatically, due to new decays

opening up.

We will first show the results from our numerical description. In Fig-
ure 4.11 we show these bounds. We can notice that these bounds show
qualitatively the same features, with the exception of the high mass, low
lifetime part of the lower boundary. Here we see the curve from Fradette et
al. bend upwards, while the new results cut through. Since in this regime
decay happens quite shortly after neutrino decoupling, we can assume
this is caused by decoupling effects, which are taken into account by [212],
which is where the early-time bounds from Fradette et al. are taken from.

In addition, we can notice that the new constraints are weaker than
those from Fradette et al.. This is because they used a stonger constraint
on N,sr = 3.04 £0.33, from Planck 2015 [185]. We point out that this con-
straint assumes SBBN, and is thus less broadly applicable than the values
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Neff bound on Lifetime Neff bound on Lifetime
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Figure 4.11: Upper (a) and lower (b) bounds on the S lifetime from N,ss. These
constraints are somewhat weaker than those from Fradette et al. [66], owing to the
different range of N,ss used (see text). Here, we use Nygr > 2.56

of N,sr we consider. We show the results of our bounds, assuming this
stronger constraint, in Figure 4.12. Here, we see good agreement between
the curves, at the very least within the uncertainty range of Y.

Neff bound on Lifetime Neff bound on Lifetime

e — 10
9 ]

1077\ 1000
5 ]

10 1

— Fradette et al. — Fradette et al.
1000 — New 0.10 — New
1 5 10 50 100 0.01 1 5 10 50 100
mg[MeV] mg[MeV]
@y=x (b) y = 3sinx

Figure 4.12: Same as Figure 4.11, except we use the same range of N, ¢ as Fradette
et al., namely N,¢¢ > 2.71. The strange bumps in the lower bound are artefacts of
the numerical analysis, and will disappear when more detail is used to obtain the
curve.

Finally, we will show the excluded region we get from a simple ap-
plication of the formula in (3.6). We can note that, since we consider only
decay to electromagnetic particles (e*e™ and y), Breym = 1. Assuch, N,¢f
can only decrease as a result of S, so we use th lower bound N¢¢ > 2.56.
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Then, we can rewrite (3.6):

8 /11\%/3 SM
Nes = = (—) P <256

4/ oM +ps
L8 (VM edl
2.567 4 Ps Ps

1>ﬁ i_l _ 2 i_1 Prad
0s \2.56 2SM 256 0
Ps 2 3
—1) =01
Orad ” ng (2'56 )

where we used p;M = 3(7/8)(4/11)*/3p2M and ¢3M = 3.36.

As we can see, N, constrains the density ratio from (4.13) to be smaller
than ~ 0.1. Since (3.6) assumes instantaneous decay, and the densities are
evaluated right before this decay happens, the strongest constraints come
from this comparison at Tax.

Comparison of Ngs

1090 |
\
107 i
E 1 05 L
&
1000¢
10t — Numerical
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0.1+
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Figure 4.13: Excluded region of S parameter space from our numerical descrip-
tion of the system and the simplified formula (3.6). In the latter case, time is taken
att = tmax = Ts/2, so that ps/p,qq is largest.

These “stongest constraints” are shown in Figure 4.13 in comparison
with the constraints we found earlier from our numerial considerations.
It seems that the simplified formula actually overestimates the strength
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of the N,¢s constraint. The physical reason for this is such: the simpli-
tied formula assumes instantaneous decay. Att = tmax = Ts/2, though
the energy density is relatively largest, already 1 — exp(—1/2) ~ 40% of
the S particles have decayed. Therefore, at this time, there should already
be a significant injection of energy in the SM baths (photon bath, in this
case). But the simplified formula takes the SM baths as they were before
any injection. Thus, this method underestimates the SM baths, and so it
overestimates the effect of S on N,y

One solution is to simply take the values at an earlier time, such that
the approximation of instantaneous decay is more accurate. As it turns
out, we find a nice agreement between the numerics and the formula, if
we take t = 75/10, which is also the value used in [66]. The comparison
is shown in Figure 4.14, and now we find a much better agreement. In
addition, we see a small deviation in the high-mass, low-lifetime corner,
like we saw in the comparisons with Fradette et al.. This indicates that this
simplified formula may actually be more accurate in that regime, likely
per chance.

Comparison of Ngs

T T

10 — Numerical
Simplified Formula

1 5 10 50 100
mg[MeV]

Figure 4.14: Same as Figure 4.13, except the simplitied formula is applied at a
time t = 15/10.
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He Lower Bound on Lifetime
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Figure 4.15: Comparison between our upper bound (meaning the lifetime is less
than this) and the bound as given by Fradette et al.. The jittery behaviour in the
latter bound is not intrinsic, but an artefact produced by data extraction.

444 BBN

The application of (3.11) is not directly obvious, so we present some short
calculations first. We can rewrite:

3
dec dec
<adec ) 3 nS _ nS Agec Tdec
a ny (TH") My (Tiec) aoTy""

Then we can write:

nec B Ysg‘j“%T?’)dec  hyggdee
Ny (Taec) %@ngc 45¢(3)

and since all SM particles are in local equilibrium at T 2 1 MeV:

3 0
Agec Tdec _ 8
ag Té"m gtiec
It is then straightforward to find the constraint from helium overproduc-
tion.

Figure 4.15 shows the comparison of these constraints. Considering
that Fradette ef al. used a detailed numerical calculation scheme solving
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He Upper Bound on Lifetime
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Figure 4.16: Comparison between upper limit of the excluded space from helium
overproduction and the bound as given by Fradette et al.. While the curves are is
the same order of magnitude range, there is a significant difference.

the dynamical Boltzmann equations, and we use a very understandable,
semi-analytical argument, the resemblence between the curves is excep-
tional.

Then, for the upper limit to this contraint, we may simply use (3.12),
with a 1% limit specifically. We note first that the cross section of the pro-
cess (3.13), which we cited as (¢v)], = 4.1 mb, is specific to the product
of the reaction being deuterium. While this is the most common result,
the reaction could also produce tritium or hydrogen. In this case, we are
interested in the total cross section of the dissociation process, irrespective
of the products. Then, we have (0v)], . ~ 6.5 mb [216].

Then, taking into account the correction from (3.15), which amounts to
a factor of ~ 2.8 at T = 84 keV, we arrive at the upper limit, shown in
Figure 4.16. Here, the agreement between the limit as given by Fradette et
al. is much worse. However, the limits are of a similar order of magnitude,
and such a discrepancy is not unexpected, given the very different meth-
ods for obtaining the constraints.

For the deuterium bound, (3.17) is simply applied using the parameters
of S we discussed. The resulting bound is shown in Figure 4.17. While the
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Figure 4.17: (a): Comparison between our excluded region from deuterium
overproduction, compared to Fradette et al.. We see that the full BBN simula-
tion analysis unambiguously trumps our analytical bound, but the two exclu-
sion ranges do fully overlap, which indicates the accuracy, if not the efficacy, of
the analytical bound. Here, we let the extra deuterium production not exceed
AD/H < 0.137 x 107°. (b): Another comparison, except now we let the extra
deuterium production not exceed AD/H < 0.047 x 107>.

constraint does agree with Fradette et al., is it significantly weaker. This is
to be expected, since we are only considering extra deuterium production
after deuterium burning is frozen-out, and we take the most conservative
limit on the allowed extra deuterium.

To show the potential constraining power of our technique, we also
present in Figure 4.17 the same bound, except with a different limit on
the allowed extra deuterium. In this case, we take not the maximum pos-
sible difference between the theoretical value and the measured value as
in the regular bound, but a smaller range. We take the central value for
the theoretical value: D/H = 2.51 x 107° [187] and use the largest devi-
ation between that and the measured range from [165] to find AD/H <
0.047 x 10~°. Now, this coincides much better with Fradette et al., which is
not too surprising, because in a sense, using a BBN simulation code is very
similar to using the central value of a theoretical prediction. Nevertheless,
we stick with the weaker, but more conservative constraint.

4.4.5 Total Constraints

Finally, Figure 4.18 shows all of the constraints we previously discussed
in the same plot. Here, we can clearly see the overlap and non-overlap
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between different bounds, excluding a significant part of parameter space.

Bounds on S
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Figure 4.18: All constraints on S as previously discussed together in the same
plot. For details on each constraint individually, see text.
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Chapter 5

Neutrino Portal

Our second case study, the neutrino portal, is one of the most well studied
new couplings in physics. It is a promising candidate for the explanation
of neutrino masses [266], but it is also studied for possibilities of describing
dark matter [201, 269, 270] and baryon asymmetry [37, 271]. An especially
interesting model in which this portal plays the main role, it the Neutrino
Minimal Standard Model (vMSM), which aims to solve all three main be-
yond standard model problems in one unified framework [272-274]. We
will not consider these applications in particular, focusing instead on the
most general “no strings attached” form of the neutrino portal.

5.1 Phenomenology

5.1.1 Heavy Neutral Leptons

The neutrino portal describes a coupling of one or more fermions to the
gauge-invariant operator: (Lgq€,H;). Often a more compact notation
is used in literature, with suppressed indices: (L, - H )[266]. Here, L, =
(va, )T are the SM lepton doublets, with « € {e, i, T}; H is the Higgs dou-
blet, and ¢, is the 2-dimensional Levi-Civita (or antisymmetric) symbol,
sometimes represented as a Pauli matrix icy. In full, the neutrino portal
looks like this:

LNeutrinoPortal = szl(eabia,aH;;)NI +h.c. (5.1)

with F,; a Yukawa coupling term. Describing N new particles, we have
I € {1,..,N}. This coupling term fixes all gauge charges of N; to be
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zero [37]. This is why this type of particles is typically refered to as sterile
neutrino or Heavy Neutral Lepton (HNL). Uniquely, the lack of charges
allows for the introduction of Majorana masses M;. This Majorana mass
matrix may be chosen diagonally without loss of generality [54]. The full
Lagrangian then becomes:

1—
L= ESM—f-ZN[aNI ( a[L“HN[—f-zNC[M[N[—f-hC) (5.2)
After the electro-weak transition, this becomes:

L= Lsy+iNdN; — (MD]?Iﬂ“N] +
(A)

1— F
N MN; + “Ly,h*N; +h.c) (5.3)
2 V2

(B) (©)

Here, we defined MEI = F,jv/V?2, with v = 246 GeV. The (C) term (and
its conjugate) describe vertices of a neutrino, HNL and Higgs boson, and
is usually omitted (MAYBE FIGURE?). Processes involving these vertices
will not be relevant for the phenomenology of the HNL's in the range of
masses considered in this work, as we will see.

Similarly to the mass mixing we saw in the Higgs portal, there is a mass
mixing term (A). The mass part of the Lagrangian may be written as:

1, — (0 Mp),.
Emass:_z (1/ NC) (M]_T) M?) (1/ N)+h.c. (5.4)

where v = (e, #,7)T and N = (Njy, ..., Nyr)T. This leads us to a set of natu-
ral dimensionless parameters to describe the mixing strengths, the mixing
angles:

Uy = M M, ! (5.5)

Now the interaction of N; with the rest of the SM is like active neutrinos,
but suppressed by the mixing angles:

Lint = g W+NC2 M1 —s)l, +4CO859WZVNCZUM'Y (1—s)ve +h.c.
(5.6)

with 6y the Weinberg angle.

Up until this point, we’ve shown general formulae with multiple possi-
ble species. The number of parameters increases rapidly with the number
of HNLs. Specifically, a model with N sterile neutrinos has 7\ — 3 pa-
rameters [37]. However, they are not all important for phenomenology.
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5.1 Phenomenology 67

This is determined only by the masses and the mixing angles U, (so 4 pa-
rameters per HNL). Moreover, if they are not degenerate in mass, they are
produced and decay fully independently, without oscillating between ea-
chother (unlike active neutrinos) [275]. Thus, it will be sufficient to find
general constraints on the 4 parameters of just one sterile neutrino, which
we will simply call N from now on. In this case, the mass matrix M re-
duces to a single numbers, which we call my; similarly, we have just U,
for the three mixing angles.

One note: in the literature, one typically comes across a distinction

between Majorana HNLs and Dirac HNLs. This could be the cause of
some confusion to newcomers to the field. The distinction is important
as well, since Majorana particles are their own anti-particles, and thus in-
clude charge-conjugated channels in all their interactions.
First, we point out here that this distinction does not come from the pres-
ence of Dirac or Majorana mass terms. SM particles cannot have intrinsic
mass (Majorana mass), due to gauge charges, and as a result, the left and
right chiral Weyl spinors may be combined to form Dirac spinors. How-
ever, this can also happen if there is a Majorana mass term. One good
example is the two heavy HNLs from the vMSM: because of their mass
degeneracy, they can be combined to form a single Dirac HNL. This is
why such an particle is often considered. On the other hand, one can just
as well split such a Dirac spinor into two Majorana spinors, which will be
degenerate in some way [271].

We will consider a single Majorana HNL, but the phenomenology of a
Dirac HNL is very similar. In fact, assuming the parameters are the same,
the effect on cosmology of one Dirac HNL is exactly the same as the effect
of two Majorana HNLs. As a result, one may write Up = v2Uy;, where
Up is the Dirac HNL mixing angle and Uy, is the Majorana mixing angle
[224]. Since we will show constraints using the lifetime 7 (which scales
like Ts o< U~2), this effect is compensated for in the plots; they will look
the same for both Majorana and Dirac HNLs. Since the 4-dimensional pa-
rameter space is difficult to represent visually, whenever different mixing
scenarios are relevant, we will use the following: pure e-mixing: U, =
Ur = 0; pure p-mixing: U, = Ur = 0; T-mixing: pure U, = U, = 0.
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68 Neutrino Portal

5.1.2 Decay and Lifetime

Decay of N goes through the weak interactions, which means decay prod-
ucts may be leptons and quarks, which come in the form of mesons, be-
cause of quark confinement. Since the different leptons and mesons have
different masses, to which decay opens up if the my is high enough, the
decay rates are non-trivially dependent on the mixing ratio U, : Uy, : Ux.
We will show results for pure mixing for all of the three species (so1:0: 0
for e-mixing, 0 : 1 : 0 for p-mixing and 0 : 0 : 1 for T-mixing).

The various decay modes, depending on the mass my;, are given in,
for example, [274-276]. We can directly use these decay rates. In some
cases, the results from these works differ slightly (typically some numer-
ical factor difference). We defer to the most recent work [275] in case of
disagreement'.

Of particular importance is the decay of N for masses below the elec-
tron threshold 2m,. In this case, the dominant decay channel is N — vvv,
with a decay rate given by:

2.5
Gpmy

I'(N = vavglg) = (14 84p) 80 U, |? (5.7)
GZm?
T(N = ) vavplp) = 5o 5 U? (5.8)

ap

where we have defined in the last line U> = )_|U,|?, the total mixing
o
angle.

For these small masses, there is also a one-loop radiative decay channel to
a photon (and a neutrino). The decay rate is given by [277]:

2..,5

['(N — qv) = e

(5.9)
While this decay rate is less than one hundreth that of the main channel,
and so does not contribute significantly to the lifetime of N, this decay will
be important for its cosmological implications, since it produces a photon
with energy E = my /2 [270].

Note that, although the branching ratios will be unchanged, we have to multiply the
total decay rate, as given in [275], by 2 to account for charge-conjugation symmetry of the
Majorana HNL.
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This leads us into a discussion of the electromagnetic branching ratio,
Brgym. When discussing constraints on the scalar portal, we considered
Br3,, only for mg < 2my, so that the only possible decays are electron-
positron pairs and photons. Thus, in this regime, Br3,, = 1. In the case of
the neutrino portal, we need to consider this matter more carefully.

We can find the electromagnetic branching ratio by weighting the aver-
age energy carried by decay products by their respective branching ratios.
If a decay product of N is not either a photon, electron (or positron) or neu-
trino, it will decay itself. We can then weight their branching ratios from N
by the electromagnetic branching ratios of the decay products themselves.
The electromagnetic branching ratios of each decay product of N are given
in Appendix B.

We approximate the average energy from the decay products as fol-
lows. Two-body decays have fixed energies; for the process N — A + B,
we have E4/my = (1+R% —R3/2) and Eg/my = (1+ R% —R%)/2,
where Ry = myx/my the mass ratio.

The relativistic kinematics of general three-body decays are non-trivial.
Taking the process N — A + B + C, the energy of the decay products
depends on the angles. In this case, we make some approximations. For
the mass hierarchy m4 ~ mp > mc, we take C as massless, and then the
energy of the other two is given by:

my - 2sin?0 2

1+ 4R2 cos?26
EL 11 \/ 1 + 4R, cos 6.10

sinff sin? 6
where 6 is half the angle between A and B, running frorp 0<o0<m/2.To
find the average energy, we just average over all angles".

Similarly, for the case of my > mp ~ mc, we assume the light particles
are massless and find:

(5.11)

sin 0 sinZ 0

Eqa _ cos? 0 cos?@ cos?f + Ri
my sin® @

iiWe note that the assumption of uniform probability distribution for the angles is
not well founded, and most definitely incorrect. However, the result of this calculation
will at least be between the limits 1/3 < E4/my < 1/2, and show qualitatively the
same behaviour; namely that the light (massless) particle gets less energy than the heavy
particles. This will be a sufficient approximation.
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70 Neutrino Portal

where we average over all angles again. Here, 0 describes half the angle
between B and C.

The resulting electromagnetic branching ratios are shown in Figure 5.1.
Important features visible are: the low, but present, decay to a photon
below the electron threshold; the splitting of the lines for different mixing
schemes, due to the different lepton masses; at some point, Brgy actually
goes over 0.5, which means in that range, most of the decay energy goes
into the photon bath.

Electromagnetic Branching Ratio Electromagnetic Branching Ratio
1 ‘ w w ‘ 0.70
0.500¢ 1 0.65
0.60
= 0.100¢ E = 055
& 0.050; 1 50 —
— Pure e-mixing 0.50 — Pure e-mixing
0.010¢ Pure py-mixing Pure py-mixing
0.005F Pure t-mixing | 0.45 / Pure 1-mixing
: ‘ : : 0.40
0.001 0.010 0.100 1 0.15 0.20 0.25 0.30
mn[GeV] mn[GeV]
(@) (b)

Figure 5.1: Electromagnetic branching ratios from decay of N, depending on the
masses, for different mixing scenarios. Decay rates are taken primarily from [275].
(b) is a zoomed in version of (a), so that the regime where Brgy > 0.5 becomes
clearer.

5.2 Production in Early Universe

Before calculating the primordial yield of HNLs, it is of vital importance
to know the temperature dependence of the mixing angle. As we will see,
the suppression of the mixing in the very hot plasma of the early universe
determines the peak of HNL production, being much lower than what we
saw for the scalar portallil.

liiFor much of this section, I follow closely unpublished work done by Maksym
Ovchynnikov, to whom I am indebted.
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5.2 Production in Early Universe 71

5.2.1 Thermal Mixing Angle

Taking u# the 4-velocity of the plasma and p the neutrino momentum,
with no lepton asymmetry, the thermal self-energy is given by [278, 279]:

() = ~A |(p-u) = gp| (1=15) = —A¢(1=75)

_ 16V2(E)neGr |, . m%v]

2 2
3mw Zmz

A

with (E,) = (77*/1807(3))T = 3.15T is the average electron energy (as-
suming T > m,) and n, = (3((3)/47%)T? the (ultra-relativistic) electron
number density.

Thus, the neutrino propagator gets modified in the thermal bath:

1 1\" 1
L) =y e

where the v subscript denotes the neutrino aspect, not an index.

Dy(p)

Figure 5.2: Diagram of N production process. The blob on the left is some general
interaction process that results in a neutrino. The crossed dot denotes the mixing
of v into N.

Recalling the interaction part of the Lagrangian 5.3, specifically term
(A), we find that the process from Figure 5.2 is represented by matrix ele-
ment

M = UymnN(p)Dy, (p)7" (1 = 75)... (5.13)
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where (...) represents the rest of the interaction, v*(1 — y5) comes from the
neutrino interaction and « represents the different neutrino species.

After some tedious calculation, we find:

~ Y 4 1 —
M =~ u’meN(p)pz—i—élA(pc)’Y (1 '75)

~ Uy N(p)y* (1 —75)-.
with:

B u
' = 1+4A ((,;:.1%)2 1)

where we used the on-shell condition p?> = m3; and the Dirac equation
N p=m NN .

o=

Then we assume relativistic momenta (py > my), so we neglect the
1/4 term, and fill in the values for A, to arrive at the thermal mixing angle
uM.

u
uM(t) = S 5 (5.14)
1422107 (14y)" (152Y)

myn

This is congruent with the literature [280, 281].

5.2.2 Freeze-out Abundance

At temperatures T > my;, our HNL interacts in much the same way an
active neutrino would, and its total interaction rate is similarly given by:

't ~ bG2TOU? (5.15)

where b is some constant to be determined by the specific processes.
From this, we can already find the peak of production by finding the max-
imum of the quantity xy = I'l'/H. Already at first glance, we can see that
this fraction scales as y « T° at low temperatures, when the thermal effects
on the mixing angle are negligible, but as x « T~ at high temperatures.
This implies that there is some “sweet spot” for production in between
these regimes.

We can find the maximum of x by setting dx/dT = 0, which is a
straighforward calculation. The result gives:

1 my \1/3 my \1/3
Toiax = GeV ~ 11 GeV (5.16
" (3.22-107)1/6 <1GeV> ¢ (1GeV> eV (5.16)
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5.2 Production in Early Universe 73

This is significantly lower than the bulk of production for the scalar por-
tal, which happened near electro-weak temperatures. However, it is sig-

nificantly higher than my in the range we consider, which means that ()
holds.

The relativistic equilibrium abundance is then given, similarly to the
scalar portal (4.8), as:

€q
Yze\rq _ nTN _ %45@4(3) ~ 0.42 (5.17)

5 2 27 g, 9
where the extra factor 3/2 comes from the fact that N is a fermion (which
introduces a factor 3/4 from integration of the Fermi-Dirac distribution[102])
and the 2 spin degrees of freedom. We use two values of g,: for my > 1
MeV, we have most production occuring at temperatures T > 1.1 GeV, so
we use g = 86.25; for my < 1 MeV, we take instead g. = 61.75 [121].

If N is still relativistic during decoupling, then (5.17) gives its abun-
dance. The lower production temperatures, however, also create the pos-
sibility of decoupling while N is already non-relativistic. As it turns out,
we do not have to worry about this, since for the range of mixing angle
we consider, my < Ty, Where Ty, ~ (GEM},U?)~1/3 in the relativistic
limit. In terms of lifetime, it is true that for very small lifetimes, HNLs
with small masses' would decouple non-relativistically. However, those
small lifetimes HNLs will only impact cosmology through BBN, and for
our BBN constraints, we use only use heavy masses that can decay into

mesons, in which case, the HNL:s still decouple relativistically" [171].

5.2.3 Freeze-in Abundance

For the freeze-in abundance, we may rewrite (4.9) to find [171, 282]:

dY .
d—tN = Tt (yy — Yy (5.18)

VNote that small masses and small lifetimes imply very large mixing angles.

VStrictly, there is small range 100MeV < my < 200 MeV, wherein non-relativistic
decoupling could happen in the lifetime range of interest for BBN, which is considered in
[171]. We neglect this effect and, as we will see, arrive at qualitatively the same bounds.
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Using the standard time-temperature relation, this can be integrated over
all temperatures to find:

00 TZ
dT = —bG2M}, U2 / dr
0

6 212
{1+2.2-107(1GT€V) (Loev) }

T
2
[2.2:107 (1GeV
12 1GeV < m; )
. 28:107-b my

T V22.107 1GeV

where in the last line, we used g, = 86.25"%.

00 I“K}t
o TH(T)

= —bGEMpU?

Then the complete freeze-in abundance is given by:

Yy =YY (1 —exp [—6.0 10° - b 1"(§ZV UZD (5.19)
The prefactor b will be relevant here, so we must find it by looking at the
matrix elements for individual processes A + B — C + N. From the matrix
elements in [224], we arrive at b ~ 18 for the bulk of production happening
above T =1 GeV (so my > 1 MeV) and b ~ 12 for production between 1
GeV and Agcp ~ 200 MeV (so my < 1 MeV).

5.3 [Experimental Limits

Experimental limits on HNLs are strongly dependent on the hierarchy of
the mixing angles. Owing to the different scales of the lepton flavours,
it is more difficult to constrain a T-coupling than e- or p-mixing. Many
experimental searches, including for example at ATLAS [283], Belle[284]
and LHCb [285] have yielded good constraints on HNLs of masses up to
even O(100GeV), but we only present sub-GeV bounds, which typically
come from beam-dump experiments. Figure 5.3 shows some of these con-
straints, for pure e- and p-mixing, which we briefly describe. For a more
complete description of experimental status, see for example [266].

ViWe use this here for all masses, because g, is under a square root, so the difference
between 61.75 and 86.25 is negligible.
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Experimental Constraints on pure e-mixing Experimental Constraints on pure g-mixing

1074
-5
10 0.001
107 . _
(\‘Dj 10_7 CHARM ] aé_J:‘ 10_5 -
1 0—8 Pst91 ] - , ( CHARM
T2K 10— NUTEV 4
1079 ' — }
1010 . . . . k 10-° - i
0.1 0.2 0.5 1 2 0.1 0.2 0.5 1 2
my[GeV] my[GeV]
(a) Pure e-mixing (b) Pure p-mixing

Figure 5.3: Results of several particle experiments aiming to constrain the avail-
able parameter space of N. Including results from the PS191 experiment (P5191)
from CERN [286], the CHARM collaboration (CHARM) [287], the T2K collabora-
tion (T2K) [288] and the NuTeV experiment (NUTEV) from Fermilab [289]. See
text for details.

We do not show here constraints from specific applications, such as a
“see-saw” bound, which comes from the observed pattern of neutrino os-
cillations, or phase-space limits from dark matter.

PS191

The PS191 CERN experiment [286] was a dedicated search for signs of
heavy neutrino decays in a low-energy neutrino beam. Lack of any de-
cay events allows to constrain the mixing. All three pure-mixing case are
somewhat constrained, but the most stringent bounds belong to the e- and
p-mixing.

CHARM

The CHARM collaboration [287] performed a beam-dump experiment,
where protons were dumped into a fixed target of copper. Decays from
HNLSs were searched for, specifically electrons in the final state. No detec-
tion of any decay event puts constraints on the mixing.
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NuTeV

The NuTeV (E-815) experiment at Fermilab [289] searched for decay sig-
nals of HNLs in another beam-dump experiment. Protons were dumped
into a fixed Berillium-oxide target, with the specific aim of searching for
muonic final states. This puts constraints on the y-mixing case.

T2K

The T2K collaboration [288] searched for signatures of HNL decay, specif-
ically to leptons. The HNLs could be produced from kaon decay in the
standard neutrino beam, which is produced by dumping protons on a
graphite target. This puts constraints on mixing for all flavours, although
only the pure e-mixing bound is given in [288] (other bounds are marginalised).
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5.4 Results

Having discussed these constraints in detail, we now simply present the
obtained bounds.

54.1 X-ray

X-ray Constraint

5x 1023

1x1023;
5x10%2;
o,
= 1x 1022}
5)(1021‘

1x 1021
5x1020;

0.01 0.05 0.10 050 1
mN[MeV]

Figure 5.4: Lower limit on allowed lifetime of N.

Figure 5.4 shows the constraint from X-rays in terms of 7y. Since in
this case the decay rate responsible for X-ray production is not the same as
the decay rate that determines the lifetime, we first find a limit in terms of
the mixing angles U, and then translate it into a lifetime. This is straight-
forward, since neither rate in this mass range depends on the mixing hier-
archy.

Similarly to the scalar portal, we apply this constraint down to time ¢.
More specifically, down to the lifetimes at which the decay into photons at
to becomes too small to be distinguished. We show this in the final plot.
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5.4.2 Spectral Distortions

Here, the constraints are slightly different, depending on which mixing
scheme is used. We show results for all three mixing schemes in Figure
5.5. Both plots show a particular “pointed” shape in the low mass regime,
coming from the equilibrium abundance. We cut off the plots at my = 1
keV, since around this mass, the assumptions we used for the production
will cease to be valid.

‘ u-Distortions ‘ y-Distortions
2| ]
101 /\ 1015+
10[ ,
— 10 — Pure e-mixing —_ 1013 L — Pure e-mixing
(2] " (2]
= - Pure p-mixing = Pure p-mixing
= 108} ) Pure 7-mixing = . Pure t-mixing
10"
6l g_/ ]
10 10°
10~ 0.001 0.010 0.100 10% 10 10* 0.001 0.010 0.100
my[GeV] my[GeV]
(@ (b)

Figure 5.5: Excluded regions from spectral distortions: u-type distortion (a) and
y-type distortion (b). Excluded area is not filled for clarity. There is significant
overlap, particularly in the p- and T curves.

543 N,

Like we discussed for the scalar portal, it is prudent to check the relative
energy density contributions to the universe first. Applying (4.13) to the
N particle, we find a large range of significant py, shown in Figure 5.6.
Note that the comparison with p,, is less relevent for very long lifetimes,
since at late stages of universal evolution, radiation starts to become but a
small fraction of the dominant consituents of the univers (namely matter,
and then dark energy).

Nevertheless, there is a large amount of overlap between this region
of significant py and the excluded regions from spectral distortions. Since
those bounds assumed a standard universal composition, this is troubling.
However, this will be resolved by considering contraints from N,y
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Region of Significant py
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Figure 5.6: Region of parameter space where py exceeds p,,; when the ratio be-
tween the two is at its maximum.

First, we show the numerical constraints in Figure 5.7. We see that N,s¢
constrains the parameter space such that most of the region where py is
very large, is excluded. This is not unexpected, since N, ff almost directly
constrains the energy density. Contrary to what we saw in the scalar por-
tal, here, the N, s is bound both from below (N,¢s > 2.56) and from above
(Nesr < 3.42), since N can decay primarily into the neutrino- or photon
baths, depending on its mass.

Note also the low-lifetime, high-mass corner, where there is a sharp
cut-off in the excluded region from N,ss. As discussed, this comes from
the effects of neutrino injection in this region being difficult to predict, so
we omit it from our analysis.

Unfortunately, in this case, we cannot make a nice expression of the ex-
pected bound in terms of pn/p,,4, because the electromagnetic branching
ratio depends non-trivially on the mass. However, we may still use our
simplified formula and compare results. Like the scalar portal, we apply
the formula at a time t = 7y/10 and show the resulting excluded area in
comparison to the numerical results in Figure 5.8. Barring some slight dif-
ferences, likely due to the granularity of the data we produced, there is a
very good agreement again.
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Figure 5.7: Excluded region from numerically considering the impact on Ny,
compared with the region from Figure 5.6.
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Figure 5.8: Excluded region from numerical consideration and the simplified for-
mula from the impact on N.¢s. We find a good agreement between the two meth-
ods.

Importantly, since N,ss is measured from the CMB, there is a kink at
very high lifetimes, after which decay would not affect the CMB. We sim-
ply find the effect of decaying HNLs on N, at the time of recombination,
even if the lifetime exceeds the age of the universe at that point, taking
into account the differing abundances. This will be shown in the final plot.

54.4 BBN

Our method for the constraint from helium overproduction is directly
based on an application of it to the neutrino portal in particular [171].
Therefore, we can apply this bound directly, without any caveats.

In Figure 5.9, we show these bounds for the different mixing scenarios.
This is in good agreement with the original work, which cited 7y < 0.020
s for the lower bound and 1y 2 20 s for the upper bound [171].
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Figure 5.9: (a): Upper limits on lifetime of N from helium overproduction, con-
strained by measurement of Y. (b): Lower limits that require that the number of
dissociating mesons is less than one percent of the number of helium nuclei.

For the bounds from deuterium overproduction, we need to be careful.
As shown in Figure 5.10a, the excluded regions from D/ H partially over-
lap with the region of significant p)y from Figure 5.6. Note that we show
here the bounds from all mixing schemes, compared with the region of
significance from only e-mixing. The regions associated with each mixing
scenario look very similar, so for clarity, only one is shown. Since we as-
sume SBBN in these bounds, and deviations during BBN can have a large
impact on final light element abundances, these bounds are not applicable
in that region. Thus, we have to cut this region out of the excluded range.
For this, we do use the large px region from each mixing individually.

Figure 5.10b shows the adjusted constraints, where the large py regions
have been cut out of the excluded range. Despite this, we are still left with
a sizeable constraint.
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Figure 5.10

Bounds from D/H with Region of Large py
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(@) Excluded region of parameter space from deu-
terium overproduction (using AD/H < 0.137 x
10~°) for different mixing scenarios, plotted together
with the region of large py from Figure 5.6 for pure e-
mixing to show roughly where the constraints do not
apply.

Bounds from D/H

107F
106!
105!
104
1000¢
100¢

TN[s]

— Pure e-mixing
Pure p-mixing
Pure t-mixing

400 600 8001000

my[MeV]
(b) Excluded region of parameter space from deu-
terium overproduction (using AD/H < 0.137 x

107°), where the regions from Figure 5.6 have been
cut out of the excluded region.
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5.4.5 Total Constraints
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Figure 5.11: Summary of all constraints on N previously discussed.

In Figure 5.11, we show together all the constraints on N. Notable is the
kink in the upper limit of the N, ¢, constraint, visible at a lifetime of around
10'4 s and mass of roughly 30 MeV. Without concern for the fact that N, ff
is measured at recombination, the excluded range from N,rs would fully
engulf the range from X-ray. Now all contraints we considered play a
role, albeit a rather small one for the spectral distortions, in limiting the
available parameter space.
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Chapter

Conclusion and Outlook

In conclusion, this work presents a series of general techniques and prin-
ciples based on cosmological and astrophysical observations that can be
used to constrain the parameters of different classes of portals. We have
described qualitatively each of these methods and applied them to two
case studies: the scalar and neutrino portals, where our results match well
with previous work.

This approach lends well to generalisation to other portals, such as the
vector or axion portals. Of course, there will be different physics at play.
However, the qualitative description given in this work focused on the
physical understanding of the methods, so it should aid in expansion of
these constraints.

Each constraint used deserves a more detailed consideration in a ded-
icated work, and several could well be expanded beyond the applications
outlined here. The X-ray constraint could be expanded to incorporate final
state radiation and be applied to heavier masses. The N, ¢ constraint could
be considered more precisely and include neutrino decoupling effects. Ad-
ditional BBN constraints could be considered, like photo-dissociation of
light elements. The list goes on.

Clearly, there is much potential in cosmological constraints on weakly
coupled portal, and plenty of room for future research. With ever more
precise measurements, both in particle experiments on the ground, and
astrophysical observations in the sky, and the right researchers working
on them, solutions to our current problems are sure to come soon.
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Appendix A

Appendix A: Derivation of Spectral
Distortion Formulae

A.1 Chemical Potential Distortion

The kinetic equation governing elastic Compton scattering, called the Kom-
paneets equation[290], is:

) T. 1 0 d
() ey [ Geror)] o

where x, = v/ T, the dimensionless photon frequencyi, f (xe, t) the photon
occupation number, 7, the electron density, o the Thompson cross sec-
tion, and T, the electron temperature.

The equilibrium solution is a Bose-Einstein distrubution at the electron
temperature [205] (which is the same as the photon temperature, since it
is equilibrium), and since Compton scattering is very efficient during -
distortion formation, we start by taking a Bose-Einstein distribution with
a small chemical potential due to some injection:

1 uk1 eXe
fBe(pn) = e f8e(0) (1 —H 1) (A.2)
Then, the energy density can be found:

oo = 5 [ Foelidr = .00 (1-550) 4

iNote that in Planck units, this is also the dimensionless photon energy.
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114 Appendix A: Derivation of Spectral Distortion Formulae

where p,(0) = (712/15)T? is the photon energy density without chemical
potential and {(n) is the Riemann zeta function, with {(4) = 7*/90.
Similarly for the number density:

m(0) = 75 [ fuelidr = n,0) (1-530) A
where 11, (0) = (2¢(3)/7t?) T2 is the photon number density without chem-
ical potential and {(2) = 712 /6.

Taking the initial temperature before injection T; and the injected energy
dp, in order to satisfy conservation of energy, we must equate the total
energy before and after injection, so:

2
T 4 op
p’7|bef0re + 5P = ETi (1 + E)

_ _ 2(3)
= Prlatier = 516 ( - @O

And similarly, with the injected number of photons 1, in order to satisfy
number conservation (Which Compton scattering obeys), we have:

n’Y|before +on = 2%523) Ti3 (1 + fl_z)
20(3 2
e~ B 16

We can combine the two equations to get an expression for y in terms of
6p and én:

(A.5)

(A.6)

o

T_e4 _ 1+ Py
1=

1= an

<T§>4/3 (1+i—2)4/3 1
“\) T\, i =y,

%)(1 = -

3(3) 3, (@)

C0) (, don, 4Q) dp ] 4 o dn_dp
3 (4)( 3”7) 3@(3)(1—'_ 7)] 1+3”v (1+P7) 3ty Py
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A.1 Chemical Potential Distortion 115

Now we can approximate uén/n, ~ 0 =~ udp/p,, since y < 1 and
on/n, < 1,aswell as 6p/p, < 1. So finally, we have:

4n op

Sy Py 1 op on 1 op on
¢B) _ 44(2) 0(2) _ ~¢(3) 214185
¢4 3¢(3) 4C(a) 3 (@) Py My % ey

(A7)
For our purposes, that is, decaying particles injecting both photons and
heavier electromagnetic decay products, the injected number density will
be negligible with respect to the injected energy density (because a non-
relativistic particle decaying into photons means that the photons will be
much more energetic than the background). Thus, we may safely ignore
the number injection, and are left with:

_ 3 %P
K= 54, 1.401% (A.8)

We note here that the assumption that only Compton scattering takes part
is only valid in the high-frequency spectrum, as stated in the main text, so
these results apply only in that regime.

However, on longer timescales, the other processes are relevant as well,
particularly double Compton scattering', and the chemical potential evolves
as a function of time. Neglecting Bremsstrahlung effects, an established
chemical potential, without injection, will evolve according to [291]:

dpu K
T ' (A.9)

where t, ~ 10%279/2 5 (with z the redshift). The full derivation of (A.9),
and the origin of this t, is given in [291] and [205], but it is quite involved
and not further relevant. Importantly for our application is the solution:

2\ 5/2
u(z =0) = p(zo0) exp [— <i> ] (A.10)

where z is the redshift at which formation of u ceased, so free evolution
started proceeding, and z, ~ 2 x 10° is the redshift corresponding to the

iiDouble Compton scattering dominates over Bremsstrahlung in the evolution of the
chemical potential, as long as the baryon density of the universe Qph? < 0.09 [205]. For
higher baryonic densities, Bremsstrahlung start to dominate. Our univere is well below
this threshold; from Planck 2018 we have Qgph? = 0.0224 [34], so we are justified in
ignoring Bremsstrahlung for the evolution of the chemical potential.
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116 Appendix A: Derivation of Spectral Distortion Formulae

t, constant.

We see that these small distortions are exponentially damped. When we

add a continuous energy injection (due to a decay process), (A.9) is modi-

tied to: 5o/ )
du H Pinj/ Py
— = ——+ 1401 ———
dt by +1.40 ot

Here, we used (A.8) for the effect of energy injection on y. Integrating this

equation gives our final result:

ttreeze—ou / 5/2 d ini
U= 1.401/f texp [_ (ﬂ) ] (p ]/p’Y)dt
0 Zy dt

0 7\ 5/2 d(0:m:
= 1.401/ exp [— <Z—> ] Mdz'
Zuy Zy dz

and, setting pinj = Q we have arrived at (3.3).

(A.11)

A.2 Compton Distortion

First, we can describe the effect of energy injection on the photon energy
density by the continuity equation (or conservation of the stress-energy
tensor):

_ Opin
oot

%
ot
with H = a/a is the Hubble parameter.
In addition, we can write this:

1 d(a*py) iapl+4a3 01 1 Opin;

+4Hp, (A.12)

atp, ot o, ot | a*dt  p, ot

Rewriting the Kompaneets equation to be in terms of v instead of x, =
v/ T,, it becomes:

Yon oo L2 [ (1L pep)] e

ot ov mev2

Then, using:
1
pr= s [ Fr

we can integrate (A.13) over frequency to arrive at [113]:

1 aa4p7 1 1 ©
atp, ot = Aneor <Te‘—4pwz /0 vif(1 +f)dv> (A.14)
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A.2 Compton Distortion 117

where the last term represents energy transfer from recoil effects. Since
we assume the per-particle energy of the injected decay products is sig-
nificantly higher than the ambient photon energy, the distortion induc-
ing electrons, whether they are decay products themselves or upscattered
from high-energy photon decay products, are strongly heated with respect
to the background (T, > v).

Thus, we can ignore the recoil term, and we are left with the simple form:

oat 00
L9y gy e - 1 OFin (A.15)
a*p, ot me P, Ot

Then we can integrate over the full time this takes place and, using the
definition from arrive at:

treC treC d i 1

y= [ nordt = 1/ Alpwi/07) o,
tyy  Me by dt

1 2w d(oin/0y) |,

T4 dz/ dz

Zrec

again, setting pinj = Q we have arrived at (3.6).
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Appendix B

Appendix B: Average
Electromagnetic Energy from
Decay Products

In this appendix, we take the central values of branching ratios of decays
and the masses of these particles from [150]. We only consider branching
ratios that constitute 10% or more of the decay. For charged particles, we
only take one specific charge, since the electromagnetic branching ratio is
the same for both particles and anti-particles.

We start by taking the value of the average energy carried away by the
electron in muon decay (E.) /m,~ = 0.35 from [216]. Since muons decay

as u~ — e Tevy roughly 100% of the time, the electromagnetic branching
ratio of muons is: -
-
Brg,, = 0.35

For 1%, we have the decay mode 0 — 27 with branching ratio Br, 2, &~
1, so: .

Bi’gM — 1
For 7~ we have 7= — p~ v, with Bro-_, -, ~ 1. For 2-body decay, we
know that (E,) /m ;- = (14 (my/m-)?)/2 = 0.7865. Then we have:

Briy = 0.7865 - Brk,, = 0.275

For K™, the dominant branching fractions are B”K+ay+vy ~ 63.56% and
Brics _yp+ 70 = 20.67%. When we neglect the smaller contributing decays,
we do need to increase these fractions so that they make up 1 together.
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120 Appendix B: Average Electromagnetic Energy from Decay Products

As such, we divide both fractions by 0.6356 + 0.2067 = 0.8423. This gives
Brlf — 0.755 and Br?// — 0.245.

Kt —utvy, K+ —mt70
We take for the energy of u*: (E,+)/my+ = (1+ (m,+ /mg+)?) = 0.523
and we assume that 77+ and 7° both take about half of the total energy,
since their masses are nearly equal'.
In total, we have:

Brky = 0.755 - (0.523 - Bl ) +0.245 - (0.5Brfy; + 0.5Brfy,) = 0.294

neutral

U
cay to photons and 7%, both of which are purely electo-magnetic. For the

charged decay modes, the dominant decay is Br,_, 1+, 0 = 22.92%. We
eff _

n—meutral

For 7 meson, we have Br = 72.12%, where “neutral” describes de-

scale up the fractions to form 100% as we did for K to find: Br

0.759 and Br;fi — 0.241.

om0

We assume here that each pion takes about one third of the total energy,
on account of their masses being very close.
Then we get:

1 2
Brl,, = 0.759 +0.241 (§Br§10\4 + gBrE;I) — 0.884

For 0, we have Bry_, -+, = 1. Thus, we can directly write:

Br, = Brify = 0.275

For p*, we have Bry+ p+q0 A~ 1. Assuming both particles get half of the
total energy, we get:

0 1 1
B, = EBrg;4 + EBrng = 0.6375
Finally, ' meson, there are Bry -y = 42.5%, Br,_, 0, = 29.5% and
Bty om0, = 22.4%. Scaling up like before, we have Br;{iﬁn_ﬂ = 0.45,
Brf/,‘i j0, = 031and Bryr_ 00, = 0.24.

For the energies, we use an approximation, taking (Ey)/m, ~ 0.2 and

iThe actual values are (E+)/myg+ = 0.5026 and (E,.0) /my+ = 0.4974, which are so
close to 0.5 that we can safely neglect the difference.
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(Ey)/my = 0.6. We find this from (5.11) by assuming the pions are mass-
less. This is a rough approximation, but since these are fractions of frac-
tions, the relative error from this approximation will be small. The two
body decay gives (Ey)/m; ~ 0.66 and (E,/m,) ~ 0.34. In total, we find:

l 0
Bl =045+ (04 Brfy +0.6- Brly) +0.31- (034 +0.66 - Briy,)
+0.24- (0.4 Briy, +0.6-Brl, ) =063
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