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We have consensus models for both particle physics (i.e. standard model) and cosmology
(i.e. ACDM). Given certain assumptions about the initial conditions of the universe, the
marriage of the standard model (SM) of particle physics and ACDM cosmology has been
phenomenally successful in describing the universe we live in. However it is quite clear
that all is not well. The three biggest problems that the SM faces today are baryogenesis,
dark matter and dark energy. These problems, along with the problem of neutrino masses,
indicate the existence of physics beyond SM. Evidence of baryogenesis, dark matter and dark
energy all comes from astrophysical and cosmological observations. Cosmology also provides
the best (model dependent) constraints on neutrino masses. In this thesis I will try address
the following problems 1)Addressing the origin of dark energy (DE) using non-standard
neutrino cosmology and exploring the effects of the non-standard neutrino cosmology on
terrestrial and cosmological experiments. 2) Addressing the matter anti-matter asymmetry

of the universe.
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Chapter 1

INTRODUCTION
1.1 Standard Model of Particle Physics

All of the known observable matter in the universe is comprised of quarks, leptons and their
bound states. The quarks and leptons (the fermions) interact via the strong, the weak and
the electromagnetic force (the gauge bosons) whose force carriers are the gluons, the W and
Z bosons and photons respectively. The Higgs boson is responsible for the mass of quarks
and leptons. The Standard Model (SM) of particle physics is a consistent quantum field
theory that includes the fermions, the gauge bosons, the higgs boson and their interactions.

SM of particle physics was ‘born’ in 1897 with the discovery of electron by J.J. Thompson.
In 1905 Einstein proposed that the electromagnetic fields were not classical waves as sug-
gested by Maxwell’s theory of electromagnetism but were in fact quantized. The quantization
of light was conclusively proven by Compton in 1923, thus discovering the photon. The neu-
trino was first postulated by Pauli in 1930 to explain the broad distribution of electron
energies in beta decays. It was directly observed in mid 1950’s. In 1936 cosmic ray experi-
ments to search for the Yukawa’s meson (pion) discovered the muon (the heavier partner of
electron). In 1964 Gell-Mann and Zweig independently proposed the quark model to clas-
sify the all the hadrons (baryons and mesons) as ‘colorless’ bound states of quarks carrying
‘color charge’. In 1974 the fourth flavor of quarks (the charmed quark) was discovered after
discovering the J /1) meson which is a bound state of charm anti-charm quarks. Most of the
other heavier hadrons comprised of the charm and bottom quarks as well as the tau lepton
and its associated neutrino were discovered in the later part of the 1970’s. The top quark
which is extremely heavy compared to other quarks wasn’t discovered until 1995. The W

and Z bosons which were postulated by the electroweak theory of Glashow-Salam-Weinberg
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Figure 1.1: Standard Model history

were discovered in 1983. The discovery of the Higgs boson at the Large Hadron Collider at
CERN in 2012 finally completed the SM of particle physics. The time-line of the history of
the Standard Model is represented in Fig. [1.1} For an entertaining history of the SM see [1].

The SM provides a description for most of the phenomenon we observe and hence un-
derstanding it is the first stepping stone towards understanding the universe. The SM also
provides a framework using which we can model beyond Standard Model (BSM) physics. In
the following section we will briefly detail the SM and its interactions. For more details the

curious readers should consult [2].

SM Interactions

The quarks in the SM participate in the strong and electroweak interactions, whereas the

leptons and the higgs boson only participate only in the electroweak interactions. The



following Table gives the SM fermions and the gauge interactions they are charged under
. The SM Lagrangian is invariant under the gauge group SU(3). x SU(2)r x U(1)y. The
SU(3). gauge group is responsible for strong interactions while SU(2);, x U(1)y is responsible
for electroweak interactions. Since all the fermions in SM interact with the electroweak gauge
bosons, and all except the neutrino interact with the Higgs boson we will first start by talking

about the electroweak gauge and Higgs sector.

Gange SU(3 SU (2 U1
Field (3)e (2)r 1)y
u
Q= 3 2 1/6
d
U 3 2 -2/3
D 3 2 1/3
14
L= 1 2 -1/2
(&
E 1 1 1
G 8 1 0
we 1 3 0
B, 1 1 0
H+v
¢ = 1 2 -1/2
¢+

Table 1.1: The SM fields and their gauge charges under SU(3) x SU(2) x U(1) gauge group.

e Electroweak gauge and Higgs Sector



Let us consider a scalar Higgs field ® which transforms as (1,2,—%) under the SM
gauge group, i.e. it is a singlet under SU(3) transformations, a doublet under SU(2)
transformations and carries a U(1) charge of —1/2. The corresponding Lagrangian is
given by

1 1

1 1 ’ 1
. T 2 auv ,a v
L = 9 (D,®) (D,®) + ZA ((I)T(I) a 52; ) a ZF " Fu = ZBM By (1.1)

where D, = 0, — i [ggAZT “+ g1 BHY} is the gauge covariant derivative with Aj being
the SU(2) gauge fields and B, being the U(1) gauge field. The F**"F¢, and B"' B,
terms are kinetic terms for the gauge fields and }l/\ (<I>T<I> — %02)2 is the Higgs potential
V(D).

It is clear from the Higgs potential that the Higgs boson has a minimum at |®| = \/Liv.

Thus the Higgs field gets a vacuum expectation value (vev) which we can chose to be

B(z) = % Hf(@ (1.2)

where H is what we call the Higgs boson i.e. the perturbations of the Higgs field around
its vev. Plugging in the expectation value for the Higgs field into the kinetic term for

the Higgs field we generate a mass term for our gauge fields given by
2

L = —%2 ( 1, ) 924, =918 24, —i4) ! (1.3)
g2(A, +1A%) A% — 1B, 0

We can then redefine the gauge fields such that W = - (AL Fi42), Z, = cos(0.,) A —

sin(0y) B, and A, = cos(0y) A% + sin(0,) B, Here 6,, = tan~'(g1/g2) is the weak mix-

ing angle. Plugging the redefined fields in [T.3] and expanding we get that

1
Ly = —MjWHW, — §M§Z“Zu (1.4)

Thus by choosing a vev the Higgs field undergoes a spontaneous symmetry breaking

(SSB) [ which breaks the SU(2);, x U(1)y gauge symmetry to U(1).,, (electromagnetic)

Tts called SSB because the Lagrangian is still invariant under the original SU(2);, x U(1)y symmetry
but the physics is no longer symmetric since the Higgs boson chose a vev.



gauge symmetry.

The W* are the W bosons and have a mass of My = gov/2 and Z* is the Z boson with
mass Mz /cos(0,,). A" is the photon and is the massless gauge boson of the remnant

U(1)em symmetry.

There are other contributions to the symmetry-broken Lagrangian that can be derived
by expanding the higgs potential and the redefinition of the kinetic gauge boson terms
in the Lagrangian. We will however skip that derivation and interested readers can

consult [2]. Next we move to leptons which only experience electroweak interactions.

Lepton Sector

The SM leptons are fermions which are charged under electroweak interactions but
are singlets under SU(3). color charge. There are three generations of leptons, the
electron, muon and tau and their corresponding neutrinos. The SM fermions can be
described by considering two left handed Weyl fermion fields L and E, where L is a
SU(2), doublet and carries SM gauge charge (1,2,-3) and E is a SU(2) singlet with

SM gauge charge (1,1,-1). The lepton (for a single flavor) Lagrangian is then given by
L =iLlY5, (D,L), + iE'G, (D,E) — ye'®,L;E — (ye®;L;E)"  (1.5)

where D, is the appropriate gauge covariant derivative depending on the gauge sym-
metry each lepton field is charged under, y is the Yukawa coupling that couples the
fermion fields to the Higgs field and € is the Levi-Civita symbol where the index refer

to the component of the doublet fields. Note that the Lagrangian is gauge invariant.

The lepton doublet L is given by

where v is the Weyl neutrino field and e corresponds to the the Weyl electron field.
After the higgs boson undergoes SSB and picks up a vev (Eq. we get mass term for



the electrons from the Yukawa terms in the lepton Lagrangian given by Eq. [I.5 The
mass term is given by yveFE. Since there is no corresponding right handed neutrino

field (SU(2). singlet) in the SM, the neutrinos in SM are massless.

Expanding the kinetic terms in the Lagrangian [1.5| and redefining them in terms of
W bosons, Z boson and the photon, we get that the electrons couple to all the gauge
bosons while the neutrinos only couple to the W and Z bosons. The coupling with
the photon is given by the electric charge whose generator is defined as Q = T3 + Y

where T3 = % is a generator of the SU(2); gauge group and Y is the hypercharge.

Taking the neutrino as an example T3|v) = 1|v) since it is the upper component of the

doublet L. The hypercharge of neutrinos is the same as the hypercharge for L i.e. —%.

Thus Q|v) = 0 and hence neutrinos carry no electric charge and don’t interact with

photons. Electrons on the other hand carry charge Qle) = —1 and have electromagnetic

interactions. For details consult [2]

Quark Sector
The quark sector is phenomenologically the richest sector in the SM. SM quarks can be

described by introducing three Weyl fields, Q,U,D having gauge charges (3,2,%), (3,1,—%)

and (3,1,%) respectively. Note that the quark fields unlike leptons transform under the

fundamental representation of SU(3).. There are three generations of quarks, however

for illustrative purposes we will start with one generation. The Lagrangian for quarks

is given by
L =iQ"s,(D,Q),, + iU, (DU), + iD"s,(D,D), (1.7)
— (yleijq)iQajDa + h.c.) — <y”¢)j-QmUa + h.c.> (1.8)
1 g*0 -~
_ T yapveya apv ya 1.
4G Gl —32W2G Gl (1.9)

where D, are the appropriate covariant derivatives, « are the color indices. The
G, are the gluon kinetic terms and G“’“’wa is the CP violating part of the

QCD Lagrangian. The Lagrangian above is gauge invariant.



u

Since Q is a SU(2) doublet we can write it as ) = \% . Applying the charge
d

operator @ = T3 + Y on the up(down) type quark fields (u,U)(d,D) gives us a charge
magnitude of %(%) After the Higgs fields gets a vev, the quarks get their masses from
the Yukawa terms in the Lagrangian. Adding the flavor indices back we get the quark
masses to be

v

v ’ "
L, =———=d, DS — Ug US + h.c. 1.10
\/§ Yy \/§ YrsYVg ( )

where (I,J) = 1,2,3 are generation indices. Note that the Yukawa couplings don’t have
to be diagonal. In order to define quarks in their mass basis we can redefine our quark
fields by making unitary transformations on the quarks in the generation space given by
dr = Drydy, Dy = DiyDy, up = Uryuy and Up = U ;U where D, D, U, U are unitary
matrices. This transforms the Yukawa couplings y' — DTy'D and y" — UTy"U. There
is enough freedom in the unitary transformations to diagonalize the Yukawa couplings

and make their entries real thus defining a mass basis for the quarks.

The unitary transformations mentioned above leave all the kinetic terms in the La-
grangian unchanged except for the kinetic terms that couple up type quarks to down
type quarks, i.e. the kinetic terms involving the charged current interactions of quarks
with the W™ bosons. As an example consider the kinetic term uf®!a*W*+#d,; which
comes from expanding the first kinetic term in the Lagrangian given by Eq. [I.7] Af-
ter the unitary transformations of the quark fields described above the transformed
term becomes u!'* G*Wt#V;;d,; where V = U'D is a general 3 x 3 unitary matrix.
A complex unitary matrix can be defined by nine real parameters. We can use the
generational phase rotations, D; = €*’D; and U; = €”?'U;, which do not affect the
mass or other gauge coupling terms to get rid of five of the nine parameters, making the
first row and column of the 3 x 3 unitary matrix real. The remaining four parameters

can be parameterized by rotation angles 6 23 and a complex phase ¢;. Thus V' which



is also known as the Cabibo-Kobayasi-Maskawa (CKM) matrix can be written as

C1 51C3 5153
V=1 —s102 10203 — 82536 10283 + Sac3e® (1.11)

—S81S9  C152C3 + 253 18955 — Cacze®

where ¢;(s;) = cos(6;) (sin(6;))

The presence of complex phase indicates that charged weak interactions violate CP
symmetry. The CP violation is experimentally observed in Kaon and B meson oscilla-

tion and decay. For details consult [1].

So far we have only talked about the electroweak interactions in SM. However quarks
also have strong interactions which makes the quark sector phenomenologically very
rich. Asymptotic freedom of the SU(3). gauge interactions implies that free quarks
cannot exist at low energies. Quarks instead bind to form colorless mesons or hadrons.
We will not delve further into the strong interactions aspect of quarks. Interested

readers should refer to any modern field theory textbook for further information.

1.2 Problems with SM

The SM of particle physics is a consistent quantum field theory which has been phenomenally
successful in describing most of the observations in terrestrial experiments. An example of
the success of the SM can be illustrated by calculating the corrections to the fine structure
constant « to 1 part in 108[3]. However it does have empirical and philosophical problems
when it come to explaining some terrestrial, astrophysical and cosmological observations.

Here we enumerate the problems with SM.

1. Massive Neutrinos As we saw in the previous section, neutrinos in SM are massless.
However atmospheric and solar neutrino oscillation experiments indicate that the neu-

trinos must have masses with the atmospheric mass splitting Am?, =~ 107*eV? and



a solar mass splitting of Am2 ~ 107%eV?. Assuming the lightest neutrino is mass-
less and assuming a normal hierarchy this puts a lower bound on the sum of neutrino
masses X m, > 0.04eV. Current terrestrial bounds on neutrino masses are m,, < 2eV
while cosmological bounds assuming standard neutrino cosmology are X m, < 0.3eV.
Later in this thesis we will explore non-standard neutrino cosmology in Chapters [2|and

which can evade cosmological bounds.

The standard way of giving SM neutrinos mass is introducing a sterile neutrino (N)
with gauge charges (1,1,0) i.e. it does not interact with any gauge bosons. We can then
write the neutrino mass terms as (yCDTiLiN + h.c.) + my NN where the first term is
the standard yukawa mass term, while the second term is a majorana mass term for

sterile neutrinos. The neutrino mass matrix then becomes

0 m
M = o (1.12)

mp My
where the Dirac mass mp = yv after the Higgs boson acquires a vev. Assuming
my > mp and diagonalizing the mass matrix we get that the mass of the mostly
2
. . . m . . . .
active neutrino is m, ~ 72 and the mass of the mostly sterile neutrino is ~ my. This
mechanism for neutrino masses is known as the see-saw mechanism, since as the sterile

neutrino becomes heavier the active neutrino becomes lighter and vice-versa.

. Dark Matter Dark matter (DM) makes up 26% of the energy density of universe today
and has been observed only through its gravitational interactions. It is not known to
have any SM interactions, hence the name dark matter. It was postulated that heavy
neutrinos could act as hot dark matter. However observations of cosmic microwave
background and structure in the universe rule that out. Hence SM at present cannot
explain DM and any explanation of DM has to be BSM. We briefly mention some of
these in Sec. [L.3.1] and we will describe thermal WIMP DM and constraints on it in
Sec. [L3.2
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3. Baryogenesis There are more baryons in the universe than anti-baryons. The ini-
tial baryon asymmetry required to explain the present day baryon number density is
approximately one part in a billion and the production of this asymmetry is known
as baryogenesis. Sakharov conditions state that any model of baryogenesis must have

i)CP violation ii)Baryon number violation and iii) Departure from thermal equilibrium.

Initially it was thought that electroweak baryogenesis could occur in SM since the SM
satisfies the first two Sakharov conditions. It has CP violation in the quark sector
as we demonstrated in the previous section. Although the SM Lagrangian has no
baryon number violation, non perturbative processes known as sphalerons do violate
baryon and lepton number in SM. However since the Higgs potential and its thermal
corrections are well understood and they do not show a first order phase transition

there can be no baryogenesis in the SM itself.

We will discuss popular model of baryogenesis in Sec. [1.3.2 We will also present a
new model of baryogenesis in Ch[4]

4. Dark Energy Dark Energy constitutes about 69% of the energy density of the universe
today. The easiest explanation for dark energy is a cosmological constant. We can do a
naive calculation of the SM contribution [2] to the cosmological constant by considering

the contribution to the zero point energy by a scalar field which is given by
A4

1672

where A is the cut off of the theory. Choosing A = M, ~ 10'® GeV we get ppp ~

10197 eV* which is about 120 orders of magnitude larger than than the observed value
of ppr ~ 10719 eV*. Thus the naive calculation in SM massively overestimates the
the DE in the universe. We will discuss DE in more detail in Sec. [L3.1l The MaVaNs
models we discuss in Chapters [2] and |3 are also a models of DE.

5. Inflation In order to explain the flatness and horizon problems of the universe it is

postulated the universe underwent a rapid exponential expansion at early times. The



11

most plausible paradigm of inflation is slow roll inflation in which a scalar field rolls
slowly down an almost flat potential. However the only scalar field in the SM is the
Higgs boson and the Higgs potential does not satisfy conditions needed for slow roll

inflation. Hence inflation needs a BSM solution.

We will discuss inflation in more detail in Sec. [1.3.2

. Strong CP problem

As mentioned in Eq. the strong interactions violate CP unless # = 0. Since SM
does not set the value of 6, we expect the SM to have CP violation. However trying to
measure the amount of strong CP violation by measuring the neutron EDM moment

[4] constrains 0] < 2 x 1071,

The most popular way to solve the strong CP problem is to promote the # parameter
to a field called axion. The axion is a pseudo goldstone boson of a broken Peccei-
Quinn symmetry [5[6, [7]. The axion dynamically relaxes to zero after chiral symmetry
breaking. The axion solution is attractive because in addition to solving the strong CP

problem it can act as DM. For axion cosmology review see [§].

. Gravity Although the SM explains the strong and the electroweak forces it does not

explain gravitational force and gravity is not emergent from SM.

. Flavor hierarchy The mass (or equivalently Yukawa coupling) hierarchy for leptons
exceed three order of magnitudes with electron mass, m., = 0.5MeV and tau mass
m, = 1.7GeV. The hierarchy in the quark sector is even more extreme with the up
and down quark, m, ¢ >~ O MeV and the top quark mass m; = 172 GeV. SM does not

explain the large spread of masses or the origins of the Yukawa couplings.

. Naturalness (Hierarchy Problem) The largest mass scales in the SM are related

to the weak scale of ~ 100GeV. We know the SM should hold until energies of



10.

12

M, =~ 10" GeV beyond which we need a fundamentally different theory. We expect
there to be new particles between the weak and Planck scale in order to solve problems
with baryogenesis, DM and inflation and we expect these particles to couple to SM
and the Higgs boson. Radiative corrections from these couplings contribute to the
Higgs mass at the scale proportional to the scale at which the new particles enter. The
naturalness/hierarchy problem then is the question why are the weak and Planck scale

so separated.

The most attractive solution to the hierarchy problem is supersymmetry (SUSY). If
SUSY is exact each boson gets a fermion as their superpartner with the same mass.
The fermionic and the bosonic contributions to the radiative corrections of the Higgs
boson mass cancel exactly no matter the scale at which the new physics enter. However
since SUSY is not an exact symmetry the corrections to the Higgs mass is proportional
to the scale of SUSY breaking m?% o m%Usy. If mgysy is close enough to the weak
scale i.e. O TeV, there is no naturalness problem. Supersymmetry is a vast field and

the interested reader should look at this excellent review [9].

Examples of other popular solutions to the Heirarchy problem are extra dimensions
[10, 1], 12], composite Higgs [13] models and using dynamics in the early universe [14].
Other potential observational discrepancies

Although SM is phenomenally successful in describing observations, few anomalies
exist. None of these anomalies exceed the 5o ‘gold standard’ required to confirm new

physics. We will mention the few credible anomalies that have been observed.

Short baseline neutrino oscillation experiments are consistent with a sterile neutrino

with eV mass. See Chapter [2] for more.

Muon gyromagnetic ratio g, is measured to be larger than SM predictions [15].
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1.3 Standard Model of Cosmology (ACDM)

As we saw in the previous section, the SM of particle physics is incomplete and most of
its empirical shortcomings come from inconsistencies with cosmological and astrophysical
observations. Any consistent beyond standard model (BSM) description of particle physics
which addresses the shortcomings of the SM must confront cosmological observations and fit
in a consistent cosmological history. Thus a good understanding of cosmological history is
prerequisite in understanding the nature of reality. The ACDM model of cosmology provides
a consistent framework within which we can verify and constrain our particle physics models.
I will start by giving a brief overview of cosmology followed discussing the energy content of
the universe. I will end with detailed discussion of the timeline of the universe.

In order to get a sense of scale of how big the observable universe is let us start with our
solar system. The distance between earth and sun is about 5 x 107% parsec (pc). Our sun is
one star out of 100 billion in our Milky Way galaxy which has a diameter of about 30 kpc.
Our galaxy is just one within about 100 billion galaxies in the observable universe E] which
has a size of about 15.6 Gpc. The universe is also about 14.8 billion years old.

We know have a good understanding of how it all came to be and we will start by giving
a brief account of the history of the universe. In the beginning our universe underwent
a rapid exponential expansion in a process known as inflation. At the end of inflation,
the energy density of the universe came to be dominated by radiationE]. As the universe
continued to expand (although no longer exponentially) and cool it developed an asymmetry
between baryons and anti-baryons and formed a dark matter relic density. As the universe
cooled to temperature below an MeV the protons and neutrons combined to form heavier
elements (mostly Helium). Throughout this period the universe was a plasma of charged
particles and photons. As the universe cooled further the dark matter began to collapse

gravitationally to form deeper potential wells. As the baryons followed the dark matter into

2distance to the surface of last scattering

3Here radiation refers to all particles with a thermal description with T > m
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the potential wells, their temperature and pressure increased and were pushed back out. This
oscillatory behavior imprinted correlations of temperature in the baryon photon plasma. At
temperatures of around an eV the universe became neutral after the electrons combined with
the nuclei to form atoms. The photons in the plasma traveled unimpeded after that carrying
the information of photon temperature correlations with them which can be observed today.
As the universe cooled further the dark matter formed deeper wells into which the atoms
collapsed, cooled and formed dense objects like galaxies, stars and eventually planets and
life itself. We have included a schematic of the history of the universe in Fig. [1.2l We will
discuss the constituents of the universe and its history in much greater detail in the following
sections but we will start with some prerequisite definitions.

The universe is isotropic and homogeneous on large scales. Thus instead of using the full
Einstein equations to describe the evolution of the metric of the universe we can boil them
down to the Friedmann-Robertson-Walker (FRW) equations. The FRW metric is given by
ds* = —dt* + a® (t) dz*. Here a is the scale factor of the universe i.e. it controls the size of
the universe and is only a function of time. The FRW equation that we will be that governs
the dynamics of the scale factor is given by

. 2
(2) _ g _ BTG (1.14)
a 3

where p is the energy density of the universe and is a function of the scale factor and H
is the Hubble expansion rate. In order to understand how the scale factor of the universe
behaves through its history we need to understand the composition of the energy density of
the universe. In the following section we will discuss the constituents of the energy density

of the universe and the epochs in the cosmic history in detail.

1.3.1 Constituents of the energy density of the universe

The present day universe is made up of about 69 % DE, 26 % DM and 5 % baryons. Neutrinos
and photons make up for the remaining 0.1 %. We only consider a flat universe i.e. there is

no contribution to the energy density of the universe due to its curvature. For a flat universe
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Figure 1.2: Timeline of the Universe.

> Q= % = , where p, = % is the critical energy density of the universe. Even though
the energy density of the universe is dominated by DM and DE today, it was dominated by
photons and neutrinos earlier in the history of the universe. In Fig we plot the relative
energy density due to each component as a function of photon temperature (or equivalently

redshift 1+ z = ;;”((a?)).

1. Photons

In 1964 Penzias and Wilson discovered that the universe was bathed in a background
bath of photons. Modern experiments confirm that these photons have an almost
perfect black body spectrum with a temperature of T, o = 2.72K = 1.7 x 10~*eV/[16].
This is consistent with the fact that the photons were in thermal equilibrium with
the baryons (mostly protons and electrons) until the temperatures became low enough

to form hydrogen atom making the universe transparent to the photons. Since the

4The 0 subscript stands for present day values
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Figure 1.3: relative energy density, w; = p;/pir of photons, neutrinos, baryons, DM and

DE. As we can see the universe is DE dominated today but was matter dominated for

2 x107*eV £ T, < 1eV and radiation dominated for T, 2, 1eV.
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photons have a perfect thermal distribution,f,(p) = ﬁ, we can calculate their

energy density given by
3 2

= g”/(;lT];?’ep/Tp_ 1 71T_5T;l (1.15)
where g, = 2 counts the degrees of freedom (polarization states) of the photon. The
photon maintains its thermal spectrum as the universe expands. Since the universe
expands, the photon number density goes down as a% However energy of each photon
also decreases since their wavelength gets stretched as % Thus the energy density of
photons is proportional to a%l ﬂ Comparing this to Eq. [1.15/ we get that T, o % ie.
as the universe expands the photons get cooler ﬁ Hence we use the temperature of
photons as a proxy for the scale factor.

Plugging T, into Eq. we get that p, = 1.5 x 107'%eV* which gives us Q, =

Py

o= 6 x 1075, Even though photons make a tiny fraction of the energy density today

it scales as a%l and quickly dominates the energy density in the early universe above

T, % 1leV.

2. Neutrinos

Neutrinos are extremely light and act as radiation through most of the cosmic history.
At extremely high temperatures T > MeV the weak interactions through which neu-
trinos are created and annihilated are rapid i.e. I',eqr > H and keep the neutrinos in
thermal equilibrium with the photon and baryon plasma. As the universe temperature
drops below an MeV the weak interactions become slower than the Hubble expansion
rate and the neutrinos fall out of thermal equilibrium. Hence by the time electrons and
positrons annihilate the electrons are already out of thermal equilibrium, and the an-
nihilations only end up heating the photons and not the neutrinos. Thus even though

the neutrinos today have a thermal distribution, they are colder than the photons. The

Sfor a more rigorous derivation see [17]

6This is only valid when there is no entropy production
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. Analogous to the

/
%)13

ratio of neutrino and photon temperature is given by % = (
2

photons we can use the fact that f, = we can calculate the number density of

1
eP/TV —+1
neutrinos as a function of neutrino temperature

d®p 1 3¢(3) 3
v — Yu = gy T 1.16
n g / (271')3 ep/T" + 1 g 47T2 v ( )

where g, = 3 are the neutrino degrees of freedom [

Unlike the photons the cosmic neutrino background is not at present detectable since
the neutrinos interact extremely weakly and the cosmic neutrinos are extremely cold.
However we can detect the presence of cosmic neutrinos through the effect their energy
density has on nucleosynthesis and the CMB (See . The CMB and nucleosynthesis
measurements are both consistent with SM neutrinos with three flavors [16]. The
best constraints on neutrino mass assuming standard neutrino cosmology state that

¥m, < 0.3eV. If we saturate the bound by assuming degenerate neutrinos of mass

m,,;0.1eV each we get that p, = m,n, and 1, = ”;: =4x1073.

3. Baryons The energy density of the baryonic component |§| is harder to measure since
unlike CMB photons and neutrinos they don’t have a thermal description in the present-
day universe. However in the early universe when the temperature of the universe was
larger than the hydrogen binding energy, the baryons and photons formed a strongly
coupled plasma. Sound waves in this strongly coupled plasma left their imprints as
anisotropies in the CMB. Measurement of these anisotropies indicates 2, = 0.05 [16].

We will look at CMB anisotropies in more detail in [1.3.2]

Since protons and neutrons are much heavier than neutrinos, their energy density scales

as matter in the late universe (T' < 0.1MeV) i.e. py x 5.

4. Dark Matter As we briefly discussed in Sec. [I.2, DM has no known SM interactions

"Only 3 and not 6 because only left handed chirality neutrinos are thermalised

8baryons refers to all the nuclei and electrons
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with SM particles and only interacts through its gravitational force. Evidence of DM
was first found by studying the galactic rotation curves [I8] i.e. stellar velocities in
the gravitational potential of their host galaxy. It was observed (see Fig that
the stellar velocities became flat beyond a certain radius from the center of the galaxy
instead of monotonically decreasing as predicted by assuming the observed baryons in

the galaxy were the only source of the gravitational potential well.

The presence of DM has also been confirmed by observations of the bullet cluster and
the anisotropies of CMBH CMB anisotropies provide the best measurements of DM
density, €2, = 0.26. CMB and matter power spectrum measurements are consistent
with the fact that DM matter behaved as cold dark matter in the late universe cos-

mology (T' < 0.1 MeV). Thus ppay x =5 in the late universe.

Consistent DM BSM models are dime a dozen and span a mass range from 10724 eV
for non thermal fuzzy DM [19] to few M, for primordial black holes [20] acting as DM.
Popular models include non-thermal DM such as axions and sterile neutrinos [21], 22]
and thermal DM such as Weakly Interacting Massive Particles (WIMPs). It is beyond
the scope of this thesis to discuss the creation mechanisms and constraints on even
the popular DM models. However since most of terrestrial experiments are directed at

thermal WIMP scenarios we will discuss thermal DM in the WIMP context in [.3.1]

5. Dark Energy If we calculate (2 = %, just based on the contributions of photons,
neutrinos, DM and baryons we get that (2 =~ 0.3 # 1. This would indicate that we do
not live in a flat universe which would be theoretically unmotivated[f]. This theoretical
bias indicated that there should be another form of energy density that is smooth i.e.

does not cluster and is called dark energy (DE). Direct evidence of DE was found by

9Bullet cluster and CMB effectively rule out modified gravity as an explanation of galactic rotational
curves.

0There is a caveat called small scale structure problem which we will briefly talk about in Sec.

"Tnflation indicates that contributions from the curvature term to energy density should be negligible.
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studying the luminosity of distant Type IA supernovae which act as standard candles
[23, 24]. It was observed (see Fig that the higher the redshift of the supernovae
(SNE), the smaller its luminosity was compared to expected luminosity in a universe
with no DE. This indicated that the galaxies at high redshift were farther away from
us and that the universe was not just expanding but accelerating in its expansion,

indicating the presence of DE.

301+w) where w is called

The general equation of state (EOS) for DE is given by ppg o a~
the EOS parameter. If the DE is just a cosmological constant w = 1. In quintessence
models of DE, such as the ones we will look at in Ch. 3 w # —1 . Measurement of
the CMB anisotropies provide the best measurement of DE and assuming w = —1, we

In conclusion the ACDM model of cosmology provides a phenomenal consistency with
cosmological observations and is considered the standard model of cosmology. In the next

section we will use the ACDM model to describe the timeline of our universe.

1.3.2 Timeline of the universe

Our universe is 14.8 billion years old. The cosmic history can be divided into two parts
early universe cosmology, which includes inflation, baryogenesis, relic DM production and
nucleosynthesis, and late universe cosmology which includes recombination and structure
formation. Early universe cosmology is important to understand the first three minutes of
the universe which set up the initial conditions of the universe. Late universe cosmology is
important to understand how those initial conditions evolve and end up forming the galaxies

we see today. Both epochs are important to constrain BSM physics.

FEarly Universe Cosmology

Early universe cosmology extends from the beginning of inflation to the the end of nucle-

osynthesis, and covers the first three minutes of the universe. Even though this represents
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an extremely short time compared to the age of the universe, this era is extremely important
for setting up the initial conditions that later evolve to form galaxies, stars and life itself. We
will present this section chronologically starting with inflation and ending with nucleosyn-
thesis. In each section I will briefly discuss each of the epochs and present a vanilla BSM

model when required to explain them.

1. Inflation As we saw in the previous section, the universe is DE dominated today until
about z = 2, matter dominated till about z = 10* and radiation dominated before that.
Now we have good reason to suspect that before radiation domination the universe was
dominated by a slowly varying vacuum energy. If we plug in p ~ const. in Eq.
we get that a(t) o efl' where the Hubble H is also approximately constant. This

exponential growth of the scale factor is known as inflation.

The strongest argument in favor on inflation comes from the horizon problem. The
horizon is defined as the farthest distance a particle could have traveled from, to a
given point since the beginning of the universe. Thus the horizon gives us a measure
of the part of the universe that can possibly be in thermal contact at any given point

of time.

Before the epoch of recombination (last scattering) we know that the universe was hot
and the baryons and photons formed a thermal plasma. We can then calculate the size

of the horizon at last scattering, given by

dp(ty) = a(tL)/tL dat (1.17)

.a(t)
where t, is the time at the ‘beginning’ of the universe. Assuming that there was no
inflation and that the universe was radiation dominated at early times (¢, = 0), we

get that dy(ty) ~ m where z;, = 1100 is the redshift at the surface of last

(

scattering. Since we know the distance to the surface of last scattering d4 ~ i +le)_1
we can calculate the angular distance of the horizon in the CMB today by 6 ~ fl—i A

1.6deg. Thus if we assume that there was no inflation and the early universe was



23

only radiation dominated, the CMB should be a patchwork of 1.6 deg? patches each
having a different temperature. However the observed CMB has a remarkably uniform
temperature of about 2.7K. This is known as the horizon problem, which simply is
the question: How do different parts of the universe that were never in causal contact

have the same temperature.

Inflation solves the horizon problem by increasing the horizon size exponentially with

the exponential increase in its scale factor. Including inflation the horizon size at last

scattering is given by dy(t;) ~ %GN , where ay, H; are the scale factor and Hubble

at the end of inflation and N' = H;(t; — t,) is the number of e-foldings. To encompass

the entire observable universe into the horizon, dy needs to be large enough to satisfy

N arHy
> a0ty

temperature of T}, = 1MeV and N > 62 for GUT scale reheating (T, = 101°GeV).

e Assuming instantaneous reheating we get that A/ > 17 for reheating

The current paradigm of inflation is known as slow-roll inflation[?] For slow-roll infla-
tion consider the energy density of the universe dominated by an almost uniform scalar
field (inflaton) ¢ with a potential V(¢). Since the inflaton is almost uniform, we can
ignore the contributions to its kinetic energy coming from the spatial derivatives. The

energy density and the pressure of the scalar field are then given by

p=5#+ V() (1.18)
p=58 V(9 (119

The equation of motion of the scalar field in the expanding universe is then given by

¢+ 3HG+V () =0 (1.20)

where H¢ is the “Hubble friction” and V' (¢) = ?9_‘d/>’ We can quantify the 'slow-rolling’ of

H

the inflaton field by two parameters € and 7 known as the slow roll parameters. € = -

12Slow roll inflation was proposed by Linde [25]. Earlier version of inflation proposed by Guth always
ended up giving cold universes(See [26])
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H¢

quantifies the change in the Hubble parameter in one Hubble time (%) and n =

quantifies the change in ¢ in one Hubble time. In order to get nearly exponential
expansion we need to satisfy that the slow roll parameters e,n < 1. € < 1 gives
us %‘ < V167G and n <K 1 gives us ‘K/N((;;)) < 247G. Note that the slow roll
parameters wont always be satisfied. If we consider a polynomial potential V(¢) o ¢™

the slow roll conditions are satisfied for ¢ > M,;. When the slow roll conditions are
violated we consider the inflation to have ended. The scalar field is no longer supported

by Hubble friction and rolls to its minima leading to reheating.

Even though the inflaton field in mostly uniform, there are random fluctuations in the
inflaton field A¢ ~ H. These fluctuations which are small and are random gaussian in

nature are responsible for the structure we see today.

We can observe these fluctuations in the CMB. Since the inflaton rolls down the po-
tential as the universe expands, not all the modes have the same energy density in
them and smaller modes which formed later have lower energy density. This manifests
itself as ’spectra tilt’ (ny = 1 — 4e — 27) in the scalar power spectrum Py(k) oc k™1,
with ny = 1 representing a scale invariant spectrum E The tilt in the tensor power
spectrum can is given by ny = —2¢ whose imprint can be observed by the polarization

of the CMB. The current constraints on inflaton potential based on CMB observations

is given in Fig. [1.5a

2. Baryogenesis

As we discussed in the previous sections we have excess of baryons over anti-
baryons in our universe. The excess can be quantified by comparing the excess baryon
density with photon entropy n = % ~ 10719, Since we believe the initial conditions
of the universe dictate ng = ng, baryogenesis needs to take place between the end

of inflation and the beginning of nucleosynthesis. In order to achieve baryogenesis

13See [17] for in depth derivation
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we need to satisfy the Sakharov conditions. (1) Baryon number (B) has to be
violated since we have a universe with more baryons then anti-baryons. (2) C and
CP symmetries must be violated since we have more matter than anti-matter in
the universe.(3)The B, C and CP violating processes should take place out
of thermal equilibrium to avoid the reverse processes from washing out any baryon
asymmetry created. In this section we will discuss baryogenesis via the paradigm of

baryogenesis via leptogenesis.

As we mentioned in previous section the SM of particle physics does not satisfy
the Sakharov conditionf?] The SM does not violate baryon number (B) or lepton
number (L) at the Lagrangian level. However non-perturbative processes (sphalerons)
violate conservation of both B and L currents™] However sphalerons violate the baryon
and lepton number by equal amounts and the net baryon (lepton) number created by

sphaleron processes is given by

2
g ~

where F'(F) are the field strength (conjugate) tensors of the SU(2), group of the SM.
The sphalerons are only active between temperatures of 100GeV $ T 5 102GeV.
For T' < 100GeV the gauge fields associated with SU(2);, x U(1)y symmetry become
massive on account of SSB and supress the sphaleron rate, whereas for 7' > 10'2GeV
it can be shown that the sphaleron rate is smaller compared to the Hubble expansion

rate, thus suppressing the baryon violating effects of the sphaleron.

Since sphalerons convert baryons to anti leptons and vice-versa we can achieve baryoge-
nesis by starting with an initial excess of anti-leptons (n;_; # 0), which get converted

to excess of baryons via sphaleron processeﬂ Assuming the SM three generations

14 Although B is violated, the CP violation is not enough and there is no departure from thermal equilib-
rium.

15Sphalerons are essentially SU(2);, instantons at finite temperature.

16Processes that create equal initial excess of baryons and leptons do not give baryogenesis since the
sphalerons which conserve B-L end up erasing the baryon and lepton excess at each others expense.
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of quarks and one higgs doublet the excess baryon density at the end is given by
ng = (28/79)np_1, where np_; is the initial excess of lepton asymmetry over the

baryon asymmetryf|

There can be several ways of generating an initial lepton asymmetry, however the
most attractive way is by introducing three generations of heavy (right handed) sterile
neutrinos (/NV;) which not only give the active neutrinos mass via see-saw mechanism
(see Massive Neutrino in Sec , but also violate the lepton number via the Majorana
mass term my;;/V;N;. Introducing three generations of sterile neutrinos also introduces
CP violation in the neutrino mixing (PMNS) matrix in analogy to the CKM matrix
discussed in Sec. [I.1I} CP violating decays of the sterile neutrinos can create an excess
of lepton asymmetry which can then be converted into baryons. For examples where

sterile neutrinos have been used to achieve baryogenesis see [27].

Note that baryogenesis via leptogenesis needs fairly high reheating temperatures. For

an example of baryogenesis at low reheating temperature 7, < 200MeV see Ch. []

3. Dark Matter relic density creation

As already explained in the previous sections the SM does not explain DM and BSM
models for DM are plentiful. In this section we will focus on the Weakly Interacting
Massive Particles (WIMP) paradigm of thermal DM, since most terrestrial experiments

are set up to detect WIMPs.

Let us assume a DM particle (X) which was in thermal equilibrium with SM particles at
high temperatures (7' > my) and that the DM particle can annihilate to SM particles
(X +X — SM + SM). The Boltzmann equation of the number of DM particles per
co-moving volume a? is given by

d(na®)
dt

= — (n® —n2,) *{ov) (1.22)

"For a rigorous derivation see [26]
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where n?a*(ov) is the annihilation rate of the DM particles and n, is the DM number
density in thermal equilibrium equilibrium. At T" > mx the annihilation and produc-
tion rates of X are equal and n = n.,. However after the temperature drops below
myx, the SM particles don’t have enough energy to produce X. Thus at T" < mx the
annihilation term comes to dominate. As the DM particles annihilate their number
density keeps decreasing until the annihilation rate drops below the expansion rate. At
this time the DM partices no longer annihilate appreciably and their number density
‘freezes’ and decreases as a% till present time. We can numerically solve the differential
equation given in Eq. [.22] The temperature at which the DM freezeout happens is
given by Ty ~ mx /20 H

An analytical approximation to the solution of Eq. gives the contribution of DM

to the present day energy density to be

Q= 2.6 x 10710 (%)0'05 ((ov)GeV?) % (1.23)

where we have assumed a fermionic DM, and the relativistic degrees of freedom at
freezeout to be N' = 10. As we can see, if the cross section is specified the DM density
depends only weakly on its mass. However in general the cross section will depend on
myx. For fermionic DM annihilations to SM particles the cross section approximated
as (ov) = G%m%, where G is the effective Fermi coupling™} Assuming that weak
interactions mediate the annihilations and that mx < my we get that mx ~ O GeV
to get the correct DM relic density. This is known as the WIMP miracle where weak

scale couplings and weak scale DM masses give the correct DM relic density.

Since WIMP DM annihilates to SM particles we can detect them through their in-
teractions with SM particles (SM+X — SM+X) in laboratories. Several such ’direct
detection’ experiments have been conducted and the current bounds on DM interac-

tion are shown in Fig. [I.5b] Note that these bounds rule out the vanilla DM scenario

18The freezeout temperature depends mildly on mx

19 Assuming weak interactions mediate the annihilationGp ~ 1/m3%, for mx < mw
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described above. However once can easily construct models with different mediators
and DM couplings mostly to the heavy quarks and leptons to evade the direct detection

constraints

4. Primordial Nucleosynthesis

The excess of baryons created during baryogenesis can be processed to form heavier
nuclei in the early universe through primordial nucleosynthesis. Hydrogen is the most
abundant element in the universe followed by Helium (He') which through primordial
nucleosythesis makes up about 24 % of the baryons by mass. Primordial nucleosynthesis
forms heavier elements like Lithium and Beryllium in small quantities. However in
this section we will only discuss He* helium production. Primordial nucleosynthesis
observations are in line with their SM predictions for the most part so we wont discuss

any BSM physics in this section@.

Finding the primordial helium abundance is equivalent to finding the number of neu-
trinos that survive until the temperature of universe drops enough to start synthesizing
helium. At 7" > MeV, the weak interactions keep the neutrons and protons in ther-
mal equilibrium through the interactions(n +v < p+e7), (n +e" < p+v) and
(n <> p+ v+ e”). However since the neutrons are heavier than protons, the neutrons
as a fraction of the nucleons in thermal equilibrium can be shown to be

Nn I'(p—n) B 1
ny T(p—=n)+T(n—n) 14T

X, = (1.24)

where () = 1.3MeV is the neutron-proton mass difference. As the temperature drops
the weak interactions fall out of thermal equilibrium at 7" &~ MeV and the neutron
fraction at the end of thermal equilibrium is given by X, =~ 0.16. The neutrons
continue to decay into protons as the temperature drops further. Thus the neutron
fraction after thermal equilibrium is given by X,, = 0.16 x e %7 where 7 = 8865 is the

neutron lifetime.

20Predictions for Lithium are larger than their observations.
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Bound nuclei can form once the temperature of the universe drops below their binding
energy per nucleon i.e. once they can no longer be dissociated by photons. Since
He* has the highest binding energy per nucleon of the low atomic number isotopes
of Deuterium (d), Tritium (H?) and Helium 3 (He?), we would expect He? to form
first. However the number density of nucleons is low enough that only two body
interactions are in equilibrium. Thus He?* formation has to undergo a multi-step two-
body process given by p+n — d+v;, d+d — H>+p OR d+d — He® + n;
d+H?> — He* +n OR d + He®> — He* + p. Thus He* formation needs deuterium
formation as an intermediate process. However the deuterium binding energy is small
and deuterium number density does not grow large enough to form He® and H? until
the temperature drops to 7' ~ 0.1MeV (assuming ,h? = 0.02). This is known as the
"deuterium bottleneck’ and nucleosynthesis does not proceed until this temperature has
been crossed. As soon as the deuterium bottleneck is crossed the remaining protons
and neutrons immediately form helium. Since the neutrons have been decaying all the
way along until then, the mass fraction of primordial helium (Y}) is extremely sensitive
to the time (and hence the temperature) at which the universe crosses the deuterium
bottleneck. This temperature 7'~ 1 MeV is reached at approximately ¢t ~ 168s. Thus

the mass fraction of the Helium is given by
Y, = 2x X, = 2x0.16 x e 168/86 — .27 (1.25)

where the factor of 2 comes from the fact that A/(A — Z) = 2 for He*. Numerical
calculations give Y, ~ 0.24 which is consistent with He* observations in metal poor

regions of the universd®]|

Since Y, is so sensitive to the time when the universe crosses T ~ 0.1 MeV, it is
extremely sensitive to number of relativistic species present during nucleosynthesis.

Thermalized relativistic species in addition to the three relativistic neutrinos increase

21Metal poor regions are ‘pristine’ environments for primordial He* since stellar nucleosynthesis has not
affected its prevalence.
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Figure 1.5: Constraints of inflationary potentials from CMB showing 68% and 95% CL
regions for the scalar spectral tilt and r = Z—f from Planck Collaboration on inflationary
potentials on the left and constraints on WIMP-nucleon spin-independent cross section limits

(solid lines) and projected constraints (dotted lines) on the right.

the Hubble H and modify the H vs.T relation. He* observations are consistent with

three relativistic neutrino species during nucleosynthesis.

Late Universe Cosmology

Late universe cosmology refers to the period after nucleosynthesis. In this era the
inhomogeneities created by inflation, DM relic density production, baryogenesis and
nucleosynthesis evolve over 14.8 billion year to form galaxies, stars and the structure
we see today. This era of the universe includes the acoustic oscillations in the baryon-
photon plasma which are observed in the cosmic microwave background and the growth
of the DM perturbations. Since the CMB is presently our major source of constrain-
ing non-standard cosmologies and BSM physics a good understanding of this era is

important.
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Since we are interested in the evolution of inhomogeneities, let us start by defining
them. The distribution of any density component can be parametrized as f(z,t,p,p)
i.e. its a function of of the comoving coordinate x, time t, momentum p and direction p.
The metric perturbations can be written as goo = —1 — 2¥(z,t) and ¢;; = a®(t)d;;(1 +
20 (x,t)), where ¥ can be interpreted as Newtonian gravitational potential and ® is

the perturbation to spatial curvature. Since the photons are parametrized only by the

1

temperature, we can parametrize the photon perturbations as f, (v, p,t) = —rarersay -

Note that since the photons can ‘stream’ and are not isotropic, they are a function
of the direction p. The DM and baryon perturbations can be written as negmp =
04 (1 + Ocamp(x,t,P)) where negmp = [ d®p feamp are the number densities. They

can also in general have bulk velocity perturbations vegm p-

The evolution of the distribution of every component can be written as 3—{ = C[f],

where C[f] is the collision term that captures the interactions of the component. The
Oth order collisionless equations simply give the standard scale factor scalings for the
energy density each components (e.g. p, x a%) The interesting dynamics come from
considering the first order equations including collisions. As an example let us consider

the first order collision equation for photons

00 p;oe 9d OV .
ot T aom "ot gy~ neor Qo= Ot pu) (120

where n. is the electron number density, o7 is the Thompson cross section and 0 is
the photons temperature monopole. Parsing the equation the first two terms on the
LHS account for the effects of photon “free streaming” whereas the third and fourth
terms take into account the effect on photon temperature from gravitational potential
wells. The right hand side comes from the photon compton scattering off electrons.
As can be seen, if there is no bulk baryon velocity v, the Compton scatterings enforce

Oy = O is equilibrium i.e. makes the photon temperature uniform.

Taking the fourier transforms of the Boltzmann equations and replacing the time deriva-



32

/

tives with conformal time (n = fot %) derivatives we get
O + ikp¥O = —& — iky — 7 (0 — O + pwy) (1.27)
Ocdm + 1hVegm = —3 (1.28)
Bodm & Vg = —ikl (1.29)
a

by + ikv, = —3® (1.30)

. a ) 7 .
Oy + —vp = —1kWV + — (v, + 3i01) (1.31)

a R

N +ikpuN = —® — iku (1.32)
E*® + 3% (cb — g\y) = 47Ga* (PeamOedm + Pu0b + p-O0 + puNo) (1.33)
E (® + V) = —327Ga’ (p,O2 + p,Na) (1.34)

where R = %, (1t is the cosine of the angle between the perturbation wavenumber k and
photon direction p and N are the neutrino temperature perturbations analogous to ©.
In principle, this set of coupled differential equations along with the initial conditions
dictated by inflation allows us to solve the evolution of perturbations numerically.
However that does not give us an intuitive understanding of the evolution of these

perturbations. In the following sections we will try to give an intuitive understanding

of the matter power spectrum and the CMB.

We will begin by studying the evolution of dark matter perturbations.

. Matter Power Spectrum and Structure Formation

In this section we will be looking at the evolution of matter perturbations d.4,, through
the cosmic history. Our final aim is to understand the matter power spectrum P(k)
in Fig. [1.6] Understanding the matter power spectrum will help us understand the

evolution of DM halos and galaxies.

The matter power spectrum is the two point correlation function of matter perturba-

tions (5(k)d(K)) = 2m3P(k)&® <E - /{7) and describes the power in each fourier mode.
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In order to gain a physical intuition lets look at the answer in Fig. [L.6] (see [30]). The
primordial power spectrum has P(k) o k"™ where ny ~ 1. However the power spectrum
today is not linear in k. In fact the P(k) decreases as k increases for k Z, 0.03hMpc™?.
In order to understand this let us consider the evolution of mode with wavenumber k.
The mode k does not begin to evolve until it enters the causal horizon i.e. kn = 1.
The simplest regime to consider is when k is small (large wavelength) and has not
yet entered the horizon or entered the horizon recently. Such a mode has not grown
much and hence preserves the original matter power spectrum scaling P(k) o< k. This
can be seen for k < 107*hAMpc~! If however k is large (small scale), the mode enters
the causal horizon early when the universe is still radiation dominated. Free stream-
ing of radiation (photons and neutrinos) during radiation dominated era makes the
gravitational potentials within the free streaming scale decay. Thus modes that en-
ter the horizon during the matter dominated era do not grow efficiently until matter

domination begins, suppressing their power. This can be seen for k Z 0.1hMpc~'.

Let us try to quantify this slightly more. Instead of calculating the matter perturba-
tions deqm(k), we can calculate the the potential ®(k). The evolution of the potential
perturbations can be written as ®(k) = %®,(k) x T(k) x D(a) , where ®,(k) are the
primordial perturbations set up at inflation. The factor 1% is a suppression all modes
experience when they cross matter radiation equality. T'(k) is defined to be the transfer
function that calculates the evolution of each mode from deep inside radiation when
the scale factor is @ < a., domination to deep inside matter domination e > aeq-
D(a) is the growth function that describes the evolution of all modes for some a > aqqe.
We can relate the matter perturbation today to the gravitational potential today by
using Poisson equation ¢ = M};ﬁ%&dm. The k scaling of the matter power spectrum

can then be written as P(k) oc k x T?(k) where we have assumed n, = 1.

Let k.q be the scale that crosses the horizon at matter radiation. As we already men-

tioned large scales k < k4, enter the horizon when the universe is matter dominated.
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[t can be shown that ® remains is constant during matter domination. Thus T'(k) = 1
for k < key and P(k) o< k. In the case where k > k., we have to calculate the evolu-
tion of ® through horizon crossing in radiation dominated era. Assuming the radiation
perturbations are dominant i.e. p,© > pegmdcam, We can show using equations 1.27

and 1.33 from that

(1.35)

(k) = 30, (“’”W v3) - <kn/¢§>cos<kn/¢§>>

(kn/V/3)?
where 7 is the conformal time (comoving horizon) as usual. As can be observed, if we
ignore the oscillatory behavior ®(k) o< 7 today when kny > 1. Thus P(k) o« 5 for
k > keq. However our assumption p,© > pegmOcam is not valid throughout radiation
domination. Including this effect we get P(k) l"(klé—];q)Q for k£ > ke. Since we
know the behavior of the matter power spectrum for k > k., and k¥ < k.,, we can
interpolate the results to approximate the powerspectrum. Though we wont quote the

splined result here it is well consistent with the exact power spectrum plotted in [1.6]

Since after . all the modes scale by the same growth factor D(a), the scaling of

a®(a)
Q(aiate)

for a > ajqe. Since the potentials dont drow during matter domination we can show

the power spectrum does not change. The growth factor is defined as D(a) =

D(a) = a and in a universe with no DE we get the growth function today to be
Dy = 1. However since DE takes over at low redshifts we can show Dy = 0.7 since DE

will suppress the growth of structure (see [17]).

6. CMB and Recombination

As we have previously explained the cosmic microwave background is the radiation that
last scattered at the epoch of recombination. The CMB is not completely isotropic but
has fluctuations of O(107°) in its temperature. This is to be expected since the seeds of

this anisotropy are seeded during inflation as we have already discussed. However unlike

22This is tedious to calculate. See [17].
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the inhomogeneities seeded during inflation which are random gaussian in nature, the
anisotropies of the CMB are correlated. If we plot the two point correlation function of
the cosmic microwave background, (see Fig. we can see that there are correlations
at about 1deg, i.e. if you pick a random point in the sky there is a higher probability
that the points 1deg away from it have the same temperature. In this section we will
address the dynamics that go into producing the temperature correlations show in Fig.
from initial conditions that have no correlations. We will present a relatively brief

review with minimal derivation, for a full treatment see [17].

The shape of the CMB anisotropies (henceforth referred as CMB spectrum) correlation
function is controlled by six parameters, €2, Qegm, Ho, As, n, and 7, where A, is the
amplitude of the primordial inhomogeneities and 7 is the optical depth at reionizationﬁ.

In the discussion that follows we will only consider €2y, €24, and Hy to simplify matters.

The basic picture is as follows. Before recombination the baryons and photons were
tightly coupled plasma. The baryon-photon fluid collapses due to gravity, which causes
the temperature and pressure to increase. This pushes the baryon, photon plasma back
and these contractions and rarefactions are what gives us our ‘wavy’ CMB spectrum.
This complicated dance involves interactions between DM, metric perturbations, pho-
tons, protons, electrons and neutrinos. Let us try to formalize these interactions as a
set of coupled Boltzmann equations. We will not be explicitly deriving any of these

but we will try to give a physical intuition.

After inflation the causal horizon size is much smaller than the size of the universe
and most perturbation modes lie outside the causal horizon and don’t evolve. As time
goes along the causal horizon expands and the modes that enter the causal horizon
begin evolving according to the Eqgs. Thus the first peak on the CMB spectrum

corresponds to the mode that has recently entered the horizon and undergone maximal

ZMore parameters influence the neutrinos such as ¥m, and N.f¢. We will mostly ignore these for the
discussion
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contraction at the time of last scattering, the second peak corresponds to a mode
that has undergone one contraction and one rarefaction at the time of last scattering,
and so and and so forth. There is a clear damping of higher [ modes. However if we
ignore that damping, the third peak which is at maximum contraction at last scattering
will be higher than the second peak which is at a rarefaction. Thus the contractions
have an higher amplitude than the rarefactions an effect that can be attributed to the
heavy baryons and is known as “baryon loading’ﬁ. This is exactly what is seen in
the Boltzmann equations. Taking the Legendre transformation the photon Boltzmann
equation and the baryon velocity equation, keeping only the monopole and dipole terms

for the photon perturbation © we get that the photon monopole and dipole are given
by

O0(n) + (1) = (B0(0) + ©(0)) cos(krs)+ (1.36)

o= [ [0 = v6))] (sin [k (nim —r)]) 3

1
R
g/o dn [(P(??l) - \I’(n/)] (cos [lc (7“3(77) — Ts(ﬁl))]) (1.39)

(1.40)

©1(n) (00(0) + ©(0)) sin(krs)+ (1.38)

where ®(0), 0y (0) are primordial perturbations, r5(n) = [, dn'cs(n’) is the sound hori-

zon i.e. the distance the sound waves travel with the speed of sound ¢, = mﬁ.

The above represents the forced harmonic oscillator that the monopole and dipole
undergo. Now let us discuss the damping that is responsible for suppressing the peaks

at higher [ in Fig. The photons and baryons are in a tightly coupled plasma.

24This is analogous to a weigh attached at the end of a hanging spring which favors the expansion of the
spring from its original equilibrium position to the contractions.

25In the tightly coupled plasma only the monopole and dipole terms contribute. Higher order terms are
suppressed because the optical length of the photon is small and shorter angular distances are already in
thermal equilibrium

26 A lot of assumptions went into deriving [1.36] Consult [17] for rigorous derivation
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However the photons can still diffuse over the distance comparable to their optical
depth. This diffusion leads to equalization of the temperatures at shorter distances
(larger k). Including the diffusion damping the monopole and dipole terms are given

by ©o1(k,n) = ©g1(k,n)e ¥ where L2 ~ [ d_ s the length over which the

0 neora

photons diffuse. Note the higher the Compton scattering the smaller is diffusion length.

This derives the evolution of the modes up until recombination. However the anisotropies
we observe today are on a sphere of the surface of last scattering. Thus we need to
evolve the fourier modes until today by free streaming the photons from the surface of
last scattering until today. We will just state the result in terms of the monopole and

dipole moments of each of the mode

O = [O0(k,n") + W (k") jilk (0 — "))+ (1.41)

SGKhnﬁ(ﬁAWWm—WH—(L+Dﬁwmm—mﬂ)

(1.42)
k(o — 1)
where j; are spherical bessel functions, and 7,7, are the conformal times today and

at last scattering respectively. We can finally relate this to the two point correlation

function plot that we have plotted in as Cp = 2 [ dkk*P(k) (?sl(gfknzo))

, Where

P(k),d(k,no) are the matter power spectrum and DM overdensity for mode k today

respectively.

This is not the complete story. We made massive simplifications while stating the
results above. We also ignored the early and late integrated Sachs-Wolfe effect (ISW).
The early ISW effect comes from the fact that the gravitational potential wells are
still decaying right after recombination which redshifts the photons streaming out of
these potential wells. The late ISW effect is the same except its the DE that becomes
dominant at low redshifts that is responsible for the decay of the potential wells. Overall

the ISW effect increases the C}s at low 's.
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1.4 Problems with ACDM cosmology

The ACDM model of cosmology explains the vast majority of cosmological and astrophysical
observations. However there are certain observational inconsistencies which may indicate
the presence of interesting BSM physics or non-standard cosmology. Here I will list them
briefly without refering to the proposed solutions. None of these anomalies are statistically

significant to quantify an new physics.

1. CMB anomalies In the CMB power spectrum in Fig. it can be seen that the
measurements of low multipole modes (I < 50) are consistently smaller than their
predicted value from the best fit to ACDM cosmology. This is called the low-1 anomaly.
Since cosmic variance is the major uncertainty for the low-1 modes, the anomaly is not
statistically significant. Other anomalies in the CMB is the large cold spot in the CMB

temperature measurements and the hemispherical anomaly.

2. Small scale structure problems Small scale structure problems generally refer to
DM not behaving exactly like cold dark matter at length scales smaller than the about
the size of our galaxy. Of the small scale structure problems the core-cusp problem
refers to the fact that the DM distribution in galaxy halos has a “cored" profile instead
of the cuspy NFW profile predicted by DM structure formation simulations. Another
small scale structure problem is the missing satellite problem which refers to the fact
that we don’t observe the large number of satellite galaxies to our Milky Way galaxy
as predicted by structure formation simulations. There is a vast literature on solving
these problems by proposing alternate models of DM such as warm DM and self in-
teracting DM. However baryonic feedback processes during structure formation which
are not well understood can also resolve these anomalies. Thus they are not considered

conclusive evidence of new physics.

3. Hy and og problems The measurement of the present day Hubble constant H, from

CMB is smaller than the “local" measurements of Hy by about 2.50 (see the Hy dis-
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cussion in [I6]). This is known as the Hy problem. We can quantify the amplitude of

matter fluctuations within a size of radius R as
1
O’% = F/dkaP(k,zHW(kR)P (1.43)
T

where P(k, z) is the linear matter power spectrum at redshift z and W (kR) is a spher-
ical top hat window function. A common way of reporting the amplitude of matter
fluctuations is to report og which corresponds to the o for R = 8h~'Mpc. The value of
og as derived from CMB measurements is about 2.5¢0 larger than the one derived from
actual measurements of galaxy mass distribution function (see [31]). This is known as
the og problem. Although the Hy and og problem are not in principal related, trying
to solve one problem typically exacerbates the other. In Ch. [3| we will show a solution

to the og without significantly affecting the Hy problem.
1.5 Layout

In the following chapters of this thesis we will address some of the problems with the SM
and ACDM cosmology.

In Ch. [2) we address the problem of neutrino masses and the possibility of light (eV mass)
sterile neutrinos with a unique neutrino mass mechanism known as Mass Varying Neutrinos
(MaVaNs). We also point out the importance of conductiong terrestrial neutrino experiments
which can act as a ‘smoking guns’ for scenarios with non-standard neutrino cosmology such
as MaVaNs

In Ch. [3| we explore the cosmology of specific type of MaVaNs. We show by doing global
fits to Planck CMB data, that we can reduce the og discrepancy by using MaVaNs.

In Ch. ¢4] we address the problem of baryogenesis. Our model includes hadronic bound
states (mesinos) whose oscillations give CP violations (in exact analogy to Kaon oscillations
in SM) and whose decays give baryogenesis. This model is novel since baryogenesis occurs

at low temperatures (7' < 200MeV) without involving large couplings of the new physics to
SM.
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Chapter 2

MASS VARYING NEUTRINOS: IMPLICATIONS FOR
TERRESTRIAL EXPERIMENTS

Over the past twenty years, definitive evidence for neutrino oscillations from a host of
experiments has revealed that neutrino masses are nonzero. Because neutrino masses cannot
be accounted for in the standard model (SM), this is a clue to physics beyond the SM. Since
oscillation experiments are only sensitive to the difference in (squared) masses, the overall
mass scale is not known and only two mass differences have been conclusively established, the

~ 2.4 x

so-called solar and atmospheric mass splittings, Am? ~ 7.5 x 107° eV? and Am2, |

1073 eV2. It has also been well established that the neutrino mixing matrix, characterizing
the mismatch between weak interaction and mass eigenstates, involves large mixing angles,
in stark contrast to the quark sector. While they may seem like an uninteresting example of
new physics—we have seen other chiral fermions obtain masses in the SM—mneutrino masses
could differ in a fundamental way from other fermion masses. Because neutrinos are not
charged under electromagnetism, their mass generation mechanism could involve Majorana
masses, violating lepton number, while the nonzero charges of the other fermions requires
their masses to be of purely Dirac form. To generate neutrino masses in a way that does not
disturb the successful picture we have of electroweak symmetry breaking, new neutrino states
that are uncharged under the electroweak gauge group (or “sterile” neutrinos, as opposed to
the “active” ones that carry electroweak charge) are typically invoked. Since they are gauge
singlets, mass terms for these sterile neutrinos need not involve Higgs fields, which means
that the mass scale in the sterile neutrino sector is largely a free parameter. While there may
be theoretical bias for this scale to be very large compared to the weak scale, it is entirely

possible and self-consistent that it is within reach of current experiments.
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Indeed, there are phenomenological reasons to consider a mass scale in the sterile neu-
trino sector as small as an eV. Alongside this standard three neutrino picture, there have
been a number of experimental hints of neutrino oscillations characterized by a squared mass
splitting of Am? ~ O (1 eV?) and a mixing angle § ~ O (0.1); these include short-baseline
reactor experiments [32, [33], the flux of neutrinos from radioactive sources in gallium solar
neutrino experiments [34], [35], and electron (anti)neutrino appearance in muon (anti)neutrino
beams [306], [37]. To interpret these data in terms of neutrino oscillations requires an addi-
tional (sterile) neutrino around an eV and a large mixing angle with the active neutrinos.
For detailed analyses, see, e.g., [38,89]. It should be noted that there is generally tension be-
tween disappearance and appearance data, as a recent search for v, and v, disappearance at
IceCube [40] shows, disfavoring the sterile neutrino interpretation of electron (anti)neutrino
appearance data. However, a global fit including the IceCube results claims that a relatively
large active-sterile mixing is allowed [41].

Additionally, progress in the direct search for neutrino masses has been ongoing. Searches
using the endpoint in tritium [-decay currently limit the electron neutrino mass to less
2.05 eV at 95% CL [42]. The upcoming KATRIN [43] and Project-8 [44] experiments hope
to probe masses down to about 0.1 —0.2 €V in the near future. Conceivably, the PTOLEMY
experiment could use inverse beta decay to be sensitive to cosmological neutrinos [45] [46], [47].

In parallel with progress in neutrino measurements, cosmology has entered an era of im-
pressive precision, enabling cosmological tests of physics beyond the standard model. We
have direct observational evidence of the state of the Universe up to temperatures of a
few MeV, corresponding to the time of neutrino decoupling and primordial nucleosynthesis
(BBN). The precise picture of the Universe we now have at these temperatures and be-
low allows for new physics below an MeV, even if weakly coupled, to be confronted with
observation.

Because (active or sterile) neutrinos interact very weakly with the rest of the Universe
after decoupling—acting as a form of non-interacting radiation until they become nonrelativis-

tic when they begin to act like dark matter—their observational consequences are relatively
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easy to understand. At early times, the cosmic microwave background (CMB), structure for-
mation, and BBN are all sensitive to the energy density in neutrinos, which can be related
to their masses and, in the case of sterile neutrinos, their mixing with the active neutrinos.
The general agreement of these data with the standard cosmological picture based on three
(essentially massless) neutrinos allows constraints to be placed on additional sterile neutrinos
or on the masses of the active neutrinos. However, at late times, the neutrino energy density
is the only SM component that can have nonstandard cosmology, which makes finding probes

of this behavior crucial.

In the case of a single massive sterile neutrino that is fully thermalized at early times, an
up-to-date fit to cosmological observations give an upper bound on its mass (assuming the
light, mostly active neutrinos’ masses are negligible) of 0.53 eV [48]. In the standard case of
only three (active) neutrinos, the Planck analysis of only CMB data constrains the sum of
the light neutrino masses to 0.675 eV [16]. Including further cosmological data improves the
bounds to 0.3 eV [16], 49, 50, 51]. Note that these upper limits are all at 95% CL. Improved
observations could allow values of the sum of the active neutrino masses as small as 0.06 eV
to be probed [52]. Sterile neutrinos which are much lighter than an eV and have similar

abundance to the active neutrinos are disfavored by the Planck determination of Neg [16].

At first glance, the null results from cosmological analyses are in strong tension with the
sterile neutrino interpretation of the short baseline anomalies. In addition, the projected
reach in the limit on the sum of the neutrino masses in the standard three neutrino scenario
coming from cosmology seems to imply that current laboratory searches will not be sensitive
enough to see nonzero neutrino masses. However, these conclusions rely on the assumption
of a standard cosmological history. Thus, one should view contemporary terrestrial exper-
iments seeking to measure neutrino masses or to test the sterile neutrino solution to short
baseline anomalies as nontrivial probes of cosmology. Some scenarios that allow for cos-
mological observations to be compatible with eV mass neutrinos include coupling the sterile
(with respect to the SM) neutrinos to a new U(1) gauge boson [53], 54, 55] 56, 57, 58| or pseu-

doscalar [59] 48], allowing the sterile neutrinos to be chiral under a new gauge group [60, [61],
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or the possibility of resonant conversions to lighter states at temperatures around a keV [62].

In this chapter we will focus on the reconciliation of €V mass neutrinos with cosmology
via the dependence of the neutrino masses and mixing angles on the expectation value of a
non constant light scalar field. This possibility was originally motivated to address the puzzle
of dark energy [63, [64], but we will consider this possibility more generally, including the
possibility of additional contributions to neutrino mass, the effects of neutrino clustering, and
models which do not give dark energy. We will consider two scenarios. In § we consider a
MaVaN model containing a light scalar field with a logarithmic potential, and find parameters
such that eV mass sterile neutrinos with sizable mixing angles are allowed today which were
always heavy enough at earlier times so that these states were never populated in the early
universe and have no observable effect on cosmology. In § we consider a scenario which
allows the observed, active neutrinos to have a mass which is today around an eV. Because
the masses were much lighter at high redshift, cosmological observations indicate a much
smaller mass. In § we discuss a cosmologically viable supersymmetric MaVaN scenario

which could allow eV mass sterile neutrinos to appear in terrestrial experiments.

2.1 Introduction to MaValNs

2.2 The Model: Logarithmic Potential

2.2.1 A single active neutrino

We begin by describing a framework with one active flavor, and will discuss incorporating
three flavors in §[2.2.2] We introduce an active (i.e. electroweak doublet) neutrino, v, and
a sterile (i.e. electroweak singlet) neutrino, N. After electroweak symmetry breaking, their

masses are generated by
Loass = —mpVN —myNN + h.c. (2.1)

As is well known, in the limit mp < my, this leads to a light, mostly active neutrino,

U =v+ 0N, with a mass m ~ m% /my and a heavy, mostly sterile neutrino, N =N —0v,
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with mass M ~ my. (We use hats here and below to denote mass eigenstates.) The active-
sterile mixing angle is 6 ~ /m/M.

The short baseline reactor anomaly suggests oscillations between active (electron in this
case) and sterile neutrinos with a mixing angle of O (0.1) and a squared mass splitting of
O (1 eV?). This can easily be accounted for by choosing m ~ 0.01 eV and M ~ 1 eV. This
simple explanation of short baseline anomalies is in tension with cosmological observations
because the heavy neutrino with a mass ~ 1 eV will be in thermal equilibrium at the time
neutrinos decouple, due to its relatively large admixture of active neutrino [65], [66, 67, 68|
69, [70, [71, [72], (73] [74].

However, as mentioned above there are well-motivated scenarios where this conclusion
does not hold. One of the simplest possibilities is when the sterile neutrino’s Majorana mass
depends on the value of a scalar field which we call A. Because the light neutrino mass
is determined by the Majorana mass, it also depends on A, and therefore a finite density
background of light neutrinos can give corrections to the potential for A. Since the density
of neutrinos is determined by the temperature, these corrections can cause the value of A to
vary with temperature (or, equivalently, time, as the Universe cools).

To see this, consider the contribution at a temperature 7" to the energy density from the
light neutrino, whose mass m (A) varies with the scalar field A,

d®p /p*+m?(A)
on)®  er/T 41

SV (A, T) =2 x /( (2.2)

The effective potential for A is given by its zero temperature scalar potential, V{), and the

contribution from the neutrino background,

V(A T) = Vo (A) + 6V (A,T). (2.3)

A ) , (2.4)

o

We first consider a logarithmic scalar potential [63],

Vo = Atlog (1+

with ¢ small compared to the range of relevant A values. We will discuss a quadratic

potential in § 2.4] when we introduce the SUSY version of theory. Taking the light neutrino
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to be relativistic, the full scalar potential at finite T is

V(A T)=A"log (1 +

)+ T ot (). 25)

We assume, quite generally, that the sterile neutrino mass has A-dependent and -independent

terms,

In this case, the light neutrino mass is m, (A) = m%/ (mg + kA), resulting in an effective
potential of
mpT?

24 (mg + KA)*

V (A, T) = A*log <1+’§D + (2.7)

The first term tends to push the scalar field toward smaller values, while the second (the
importance of which increases at high T') prefers larger values of A; the interplay of the
two determines the value of A that minimizes the effective potential. At high temperatures,
kA can be large compared to mg. When this is the case, minimizing the effective potential
results in A o< T' so that the heavy (mostly sterile) neutrino tracks the temperature, M o
T. The light neutrinos mass is therefore smaller at large temperatures, m, oc T~!. At
some temperature, kA becomes comparable to my. A then moves toward its minimum as
determined by V[ and the neutrino masses approach the temperature-independent values
M =~ mg and m ~ m% /my.

We illustrate this behavior in Fig. 2.1], showing the neutrino masses and A as functions of
temperature for A = 3.4 x 1072 eV, mp = 0.22 eV, my = 1 eV, and x = 1075, Although the
heavy neutrino’s mass chosen to be 1 eV today, it is always large compared to the temperature
so that its number density is exponentially suppressed and it has no cosmological impact.
Correspondingly, the light neutrino mass grows until it reaches a present-day value of 0.05 eV
around 7' = 0.1 eV. Since the active neutrino becomes non-relativistic after its mass becomes
independent of temperature it will act as having a mass m ~ m% /mg = 0.05 eV with regards
to its impact on cosmology. The active-sterile mixing angle is 6 ~ /m/M = 0.2 today and

decreases like T-! for T > 0.1 eV.
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Figure 2.1: Mostly active and mostly sterile neutrino masses, m and M respectively, (solid,
black) as functions of the temperature for a logarithmic scalar potential of Eq. with
A = 3.4 x 1072 eV. The Majorana mass depends on the scalar field A as in Eq. with
mo = 1 eV and k = 107%. The Dirac mass is taken to be mp = 0.22 eV. Also shown is the
value of kA, (dotted, red). For convenience, the gray, dashed line shows where the mass is

equal to the temperature.
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2.2.2  Including three active neutrinos

Expanding this simple scenario to incorporate three active flavors so that the broad range
of neutrino oscillation data can be described is straightforward. The Dirac and Majorana

masses become matrices,
ﬁmass = _mDaiVaNi - mNijNiNj + h'C'a (28)

where a = e, u, T labels the active flavors while i, j label the sterile neutrinos (there must
be at least two to generate the solar and atmospheric mass splittings). For definiteness, we
use three sterile neutrinos. In the basis where my;; = my;0;; is diagonal and taking a Dirac

mass matrix of the form

2 0
mp = \/%ml 3 1Mo \/gmg (2.9)
\/g my % me — \/g ms
leads to light neutrinos, 7;, with masses m; = m?/my; and a light neutrino mixing matrix,
U, that is approximately tribimaximal.ﬂ The effective potential in Eq. now reads

A ) +y el (;l)T , (2.10)

g -
i

V (A, T) = A*log (1 +

where the sum runs over each of the light neutrinosﬂ Allowing the sterile neutrino masses
to depend on the scalar via my; = mg; + k; A results in heavy, mostly sterile neutrinos with
masses M; o< T at large T" and M; ~ my; at low temperatures. This pattern of couplings
results in three active-sterile mixing angles 6; ~ \/W Just as in the simple one-flavor
case described above, in the early Universe the light, mostly active neutrinos have masses
that scale like T—! while the heavy mostly sterile neutrinos’ masses go like the temperature,

kinematically blocking their production, rendering them cosmologically unimportant.

!Deviating from exact tribimaximal mixing to accommodate the data, in particular U.s # 0, is easy to
accomplish by modifying the texture of the Dirac mass matrix slightly.

2For now, the temperature-dependent contributions to the effective potential only matter when each of
the light neutrinos is relativistic so we do not have to worry about whether the neutrino background is
unstable when they go nonrelativistic, as discussed in [75]. We return to this point in §
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The mass splittings Amg; = m7 —m}

Am?Z ~ 7.5 x 107° eV? and |Am3,| = Am2,, ~ 2.4 x 107% eV?. If we wish to explain the

atm

can be fixed to have present-day values of Am3, =

short-baseline reactor anomaly, then we are forced to take m; ~ my ~ O(0.01 — 0.1 eV)
(and most naturally M; ~ My ~ 1 eV) since the anomalies involve either electron neutrino
appearance or disappearance and only 74 and 5 have appreciable admixtures of v,. The third
light neutrino, 73, can either be taken to be much lighter than the other two, which requires
My =~ Mo = \/m ~ 0.05 eV, or roughly degenerate with 7y 5, with m; 23 ~ 0.1 eV. The
mixing angle controlling electron neutrino disappearance is then 6., ~ 0; 2 ~ 0.1, as needed
to explain the reactor anomaly. Electron (anti)neutrino appearance data is more difficult
to fit in this model because the v, — v, probability is suppressed by the typical factor of
01, |38, 39] as well as by a further factor of 67, < 1.

2.2.3 Acceleron as dark energy

In the simple model above, the scalar field A is no longer held away from its true vacuum
value. Consequently, it has no connection to dark energy. Here, we describe a way of
modifying the model above to allow for one of the light neutrinos to continue holding A,
the “acceleron,” away from its true vacuum value, allowing for an explanation of the dark
energy we observe. Explaining dark energy was the original motivation for the mass-varying
neutrino scenarios we have been considering [63], 64]. This dark energy explanation assumes
that the true cosmological constant is zero for some reason that does not show up in new
particle physics, as in Ref. [76]. We do not address why the true cosmological constant is
zero—for a discussion of this problem see review articles such as Refs. [77, [78], [79].

We will begin with the three-flavor model with a logarithmic scalar potential described
above, but assume that the A-independent contributions to the sterile neutrino Majorana
masses are negligible, mg; = 0 so that my; = k;A (as before, we work in a basis where the
Majorana mass matrix is diagonal). We use a Dirac mass matrix as given in Eq. and
will be assuming that 7y o« 2v, — v, — v, and ¥, x v, + v, + v, are nearly degenerate (as

before we assume a tribimaximal mixing matrix). We now add Majorana masses for the
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active neutrinos of the form

1
Loinass O — b |Vele + 3 (v, + I/T)2 + h.c. (2.11)

This gives a common Majorana mass of u for 77 and 5. Such masses could be generated
by integrating out another set of Majorana sterile fermions (that do not couple strongly to
A). Given a hierarchy between the Dirac masses and the sterile Majorana masses, the heavy
neutrino masses are simply M; ~ k;A and the masses of the the light, mostly active neutrinos
are my ~ mg =~ ‘u — miQ//ﬁ,gA‘ and ms3 ~ m3/rk3A. The active-sterile mixing angles are
0; ~ m;/M,;.

An important consideration in in this scenario is the instability to collapse which oc-
curs when a neutrino becomes nonrelativistic [80, [75]. These nonrelativistic neutrinos form
“nuggets” and are no longer a cosmologically relevant background when computing the ef-
fective potential of the acceleron. Hence, they no longer help to “hold up” the acceleron
vacuum expectation value (vev). In the Appendix [A| we show details of the calculation of
the temperature at which this instability develops.

Because of this, we work with an inverted hierarchy ms < m; o; the lightest neutrino
is responsible for supporting A today, while the heavier two, which have an appreciable
admixture of electron neutrino, provide for oscillations into sterile neutrinos with Am? ~
1 eV2. In this case, at high temperatures when all of the light neutrinos are relativistic, the
sum in the effective potential of Eq. runs over ¢ = 1,2, 3 and 7; and 7, are dominantly
responsible for keeping the acceleron away from its true minimum. Minimizing the potential
then leads to A oc T?. At some point after 2; and 7, go nonrelativistic, the sum in Eq.
only includes i = 3. The value of A that minimizes the effective potential is determined by
3, so that A o« T. We show the masses of the neutrinos as functions of the temperature
in Fig. , setting p = —0.05 eV, m1 2 = 0.1 eV, mg = 0.031 eV, k12 = 1, k3 = 3.3, and
A =9.3x107%eV. As shown in the Appendix given these parameters, 7; o stop supporting
the A vev at T ~ 1.8 x 107 eV. Note that due to the presence of a Majorana mass for the

active neutrinos, the conclusion of Ref. [81] where a cascade of “nugget” formation occurs
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after the heaviest neutrino goes nonrelativistic does not apply.

To get a vacuum energy density ~ 107! eV* requires a very large value for the logarithm
in the scalar potential. This could perhaps be most natural in a scenario where a dilaton-like
field, ¢, is the dynamical origin of the A-dependent contribution to the Majorana mass and
A = Agexp (¢?/f?). Another possibility is a more conventional quintessence model with an
acceleron Compton wavelength on the order of the Hubble scale. In such a model neutrino
masses evolve but do not collapse to form nuggets, even when nonrelativistic. In this case
the light neutrinos can be quite massive today, of order an eV | The effects of such massive

MaVaNs on CMB and structure has been explored in Ref. [82].
2.3 A logarithmic potential and active neutrinos at an eV

We now turn to the question of whether the observed active neutrinos can have masses
around an eV today.

Neutrinos can free stream over cosmological distances and thus damp perturbations on
a scales smaller than the free streaming scale. For standard neutrinos with the sum of their
masses >m, ~ 1 eV this effect is observable via suppression of the matter power spectrum
on scales smaller than free streaming scale. The larger the neutrino masses the larger the
energy density contained in them around matter radiation equality when structures start to
grow. Hence, the damping of the matter power spectrum on scales smaller than the free
streaming scale is more pronounced as the masses of the neutrinos is increased. Large scale
structure surveys which are sensitive the matter power spectrum can therefore put an upper
limit on ¥m, (for details, see, e.g. Ref. [83]).

However, mass-varying neutrinos can act like massless neutrinos during and after matter-
radiation equality and become massive at much lower redshifts. Here we construct a phe-
nomenologically viable scenario using the framework described in § 2.2] with a logarithmic

scalar potential for the field A. For simplicity let us consider the case of one active and one

3The neutrinos’ masses locally today in this case would be smaller due to the relative overdensity of
neutrinos in our galaxy cluster.
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Figure 2.2: Mostly active and mostly sterile neutrino masses, m; and M; respectively, as
functions of the temperature for a logarithmic scalar potential of Eq. , with A = 9.3 x
107° eV, in the case where ;5 have (equal) nonzero, A-independent Majorana masses,
i = —0.05 eV. The sterile neutrino Majorana masses are my; = k;A with k15 =1, k3 = 3.3.
The Dirac masses are m;, = 0.1 eV, m3 = 0.031 eV. The gray, dashed line shows where the
mass is equal to the temperature. 7; 5 no longer contribute to the effective A potential when

T <1.8x107* eV (see Appendix for details).
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sterile neutrino, leading to an effective potential like that in Eqgs. and . Generaliz-
ing this, as in § , to three flavors (that are nearly degenerate since we will be describing
active neutrinos with a mass around an eV today) is straightforward. We assume that mg = 0
in Eq. . At high temperatures when the light neutrino is relativistic, minimizing the
potential in Eq. leads to a light, mostly active, neutrino of mass m (T') ~ v/12A?/T
and a heavy, mostly sterile neutrino with mass M (T') ~ m2T/+/12A%. As mentioned in the
previous section the light neutrinos condense to form “nuggets” after going nonrelativistic
and stop supporting the scalar field, which settles to its minimum at A = 0. We show in
the Appendix [A| that this occurs when 7" ~ m (T') /10. The energy density stored in the
cosmological neutrinos is now stored in the nuggets which redshift like like matter. The
active and sterile neutrinos now form a Dirac fermion of mass mp which is independent of
the temperature and can be much larger than the mass of the light neutrinos when they
went nonrelativistic.

In order to illustrate our point let us consider mp = 1 eV and A = 1073 eV. We plot the
light neutrino mass vs. temperature in Fig.[2.3] As can be seen, the neutrino acts effectively
massless around matter-radiation equality. After the neutrino becomes nonrelativistic at
T ~ A it stops supporting the acceleron. The sterile and active neutrinos now form a Dirac
fermion of mass mp which is now independent of temperature. This is the mass that is
relevant for terrestrial neutrino mass experiments, e.g., searches for endpoints in [-decay
spectra. However the relevant mass of the neutrino from the standpoint of experiments
which measure the matter power spectrum can be approximated to be the mass when the

neutrino becomes nonrelativistic, i.e. m ~ A < mp.

To see this in further detail we show the energy density stored in the neutrinos (and
“nuggets” after their formation) as the temperature varies in Fig. . We also show the
energy density of a constant 0.1 eV mass neutrino, which is roughly the upper limit on
> m,, /3 from cosmological observations. We see that the energy density in the mass-varying
neutrino in this case is never greater than that in the constant 0.1 eV neutrino. Indeed,

the temperature-dependent energy density in the mass varying neutrino is roughly what one
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Figure 2.3: The masses of the light, mostly active and heavy, mostly sterile neutrinos, m
and M respectively, in a single active flavor scheme as a function of temperature for mqy = 0,
mp =1eV,and A = 1072 eV. When T ~ m/10, the light neutrino ceases supporting the
A vev and the sterile Majorana mass vanishes. The sterile and active neutrinos then form a

Dirac fermion.
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Figure 2.4: The neutrino energy density as a function of temperature for my = 0, mp =1 eV,
and A = 1072 eV (solid, black). Also show are the energy densities for constant mass

neutrinos of mass 0.1 eV (dashed, red) and zero (dotted, gray).
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would find for a constant mass neutrino of mass ~ A = 1073 eV.

A signal of this mechanism would be detection of an eV scale neutrino mass in tritium
beta decay of [43], 44], but with no signature in double beta decay or in searches for massive
cosmological neutrinos [45] 46], 47, since the cosmological neutrinos would be clustered and

it is unlikely that we would be inside a nugget.

2.4 The Model: SUSY MaVaNs

MaVaNs theories can be made supersymmetric [64, [84], which is well motivated by the
necessity of including a light scalar. In this case, however, the scalar potential is constrained
to be quadratic in the acceleron field, and not logarithmic as we have so far considered.
Dark energy may be obtained via the acceleron-sneutrino coupling, which creates an effective
sneutrino potential with a minimum which differs from the vacuum configuration.

Let us begin by briefly describing the supersymmetric MaVaNs theory of a single active

neutrino. The superpotential of this theory after electroweak symmetry breaking is
W = kann + mpvn, (2.12)

where v, n, and a are the superfields containing the active neutrino, sterile neutrino, and
acceleron respectively. Including both SUSY-preserving and -breaking interactions, the scalar
potential is

2| n7|2 2 2 21 4121 <712

Vieatar =p5" | N|" + m [ A" + 4x7| A['| V|
. (2.13)

+ k*|N|" + const.,
with NV the sterile sneutrino and the constant such that the true minimum of the potential is
at Vscalar = 0. Radiative corrections drive p Nz to negative values of order —m?%, which means
that (N) = \/—ug?/2k? ~ O (mp/k) at the true minimum of the potential. As before, the
acceleron field is driven to large values at finite temperature due to the contribution to the

effective potential from the light neutrino density. If A > \/—uz?/4k% ~ O (mp/k) then

the sneutrino is trapped at a local minimum with energy density py*/4k? ~ O (m1,/K?).
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The effective potential that determines the finite-temperature value of the acceleron is

2 2
V(A,T) :mi|A|2+%
o (2.14)
= m3) A LTQ
24/12|A{

where we have assumed that the neutrino mass matrix is of the seesaw form. Minimizing

mp [T

in contrast to the case of a logarithmic potential where A oc T'.

this results in

The acceleron mass term receives SUSY-breaking radiative corrections and, in the absence
of fine tuning, we expect m% > k?*m?,. Therefore, to keep the sneutrino in the false minimum
today when T = Ty ~ 107* eV requires that mp < Tp in a natural theory.

We now discuss how to extend this treatment to the case of three active neutrinos which
means that the couplings x and mp are now matrices. As in Ref. [64], a viable set of pa-
rameters involves the acceleron vev being held up by the lightest neutrino, which remains
relativistic today. To connect with short-baseline anomalies, it is phenomenologically mo-
tivated to take an inverted mass hierarchy, so that the smallest neutrino mass is ms. Like
in § we work in a basis where the matrix x;; = x;0;; is diagonal and the Dirac mass
matrix is of the form in Eq. . We take the Dirac mass corresponding to the lightest
neutrino to be ms = 107° eV and k3 = 107°. This gives a present-day dark energy density
of the correct order of magnitude ~ 107 eV*,

To avoid having to fine-tune away large radiative contributions to the acceleron mass
coming from the neutrinos of larger mass, we take k1o < k3. (We will state more precise
values for k5 below.) If this is the end of the story for the neutrino masses, then 7 o
are essentially Dirac fermions containing the active and sterile neutrinos orthogonal to 5
and N3, which does not allow for any mass splitting in this system ~ 1 eV. To fix this
we can add an acceleron-independent contribution to the sterile neutrino masses as we did

in § through the superpotential term W O mpy,;;n;n; which leads to terms in the scalar
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potential mN?j]\NfiN;‘. If we assume that the terms in this mass matrix involving i,j = 3
are suppressed and the nonzero eigenvalues of this matrix are O (1 eV), then there will
be a pair of a sterile neutrinos mass of around an eV, allowing for a oscillations of the
active neutrinos with Am? ~ 1 eV2. Furthermore, the contribution to the scalar potential
from my;; pushes NLQ — 0, simplifying the analysis of the scalar potential which is then
essentially that of a single sterile state as in Eq. , involving only the acceleron and
Nj. Describing atmospheric neutrino oscillations then requires m; ~ ms ~ 0.22 eV so that

my ~ me ~ 0.05 eV.

Because, as we see in Eq. , A x /T, the sterile neutrinos are not kinematically
forbidden from being produced in the early Universe, unlike the case of the logarithmic
potential. This could be in strong conflict with cosmological bounds and furthermore a large
sterile neutrino density will affect the acceleron potential, driving the acceleron to small
values, ruining this mechanism as an explanation of the dark energy. This can be simply
avoided by a Planck-suppressed coupling of the acceleron to electrons, £ D (.(m./Mp)Aée,
where f3, is a coupling and Mp) is the Planck mass, as described in Ref. [85]. Fifth force tests
limit |5.| < 4. At temperatures above the electron mass, the (mostly) neutrino masses are

roughly

Ki T 271071 eV 2
Mi_BMeVﬁe<10710> (1Me\/) ( o ) . (2.16)

As previously mentioned, the acceleron receives quantum corrections and in a natural theory
we expect m% 2 >, k2mZ. For the values of mj and k3 given above, an acceleron mass of
around 107 eV requires a modest 10% fine tuning and limits r12 < O (107%k3) ~ 107°.
Production of sterile neutrinos at 7' 2 MeV is therefore suppressed if 5. ~ O (1), which is

enough to bring the scenario into agreement with cosmological limits. For further details

and constraints, see Ref. [85].
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2.5 Conclusions and Outlook

In this chapter we have described several situations involving mass-varying neutrinos that
allow for either active neutrinos or sterile neutrinos with a large active-sterile mixing to
have masses around an eV and yet still be compatible with strong limits from cosmological
observations. Along with “secret” neutrino interactions [53) B4l 55 B6l 7, 59, 48, 60, 61,
62], this possibility illustrates the necessity of combining cosmological probes of neutrino
properties with terrestrial experiments. Combining both probes allows us to test whether
neutrinos have richer structure than expected in ways that cosmological observations or

terrestrial experiments alone cannot.

MaVaNs are motivated by attempts to understand dark energy. It is interesting that they
can also modify neutrino cosmology to allow recent hints for eV-scale sterile neutrinos to be
reconciled with cosmological observations, or for the active neutrinos to have masses within
the reach of near future experiments today. In addition, it is worth mentioning that unlike
the case of other “secret” neutrino interactions, the (mostly) sterile neutrinos in this scenario
with a logarithmic potential are kinematically forbidden from being produced at late times,
and therefore do not suffer from the problem that they are produced in late-time collisions,

upsetting agreement with cosmological observations [86].

The requirement of a light scalar field for the MaVaNs scenario suggests that this sec-
tor could be supersymmetric. Properly supersymmetrizing the theory adds additional con-
straints and requires introducing very weak couplings of this light field to charged fermions
in order to make the sterile neutrinos heavy at early times. Besides cosmological observa-
tions and neutrino experiments, these weak couplings offer perhaps the best way of testing
the scenario, through, e.g., searches for fifth forces at large distance scales [87] or electron-

density-dependent neutrino masses [88|, [89).

Interactions between light scalars and active neutrinos can prevent active neutrinos from
freely streaming and lead to observable signatures in the CMB [90, 911, [92], 93, 94]. In the sce-

narios we have considered, the active neutrino-scalar coupling is too small to be constrained
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by these considerations. It would be interesting to study such CMB signatures and their
complementarity with other terrestrial observables in nonstandard neutrino scenarios.

We have extended earlier work on MaVaNs to take into account the effects of neutrino
clustering, to add additional contributions to neutrino mass and additional couplings in the
scalar sector. We have been able to exhibit models in which eV mass sterile neutrinos appear
in present day neutrino oscillation experiments but do not affect precision cosmology, and in
which active neutrinos could have eV scale masses today but not in the early universe.

Neutrino masses, inflation, dark matter, baryogenesis, and dark energy all show that there
must be new physics beyond the standard model. We do not know the energy scale, but
neutrino masses and dark energy indicate a physical scale of order 107 — 1072 V. It would
be remiss of us to simply adopt theoretical prejudice and assume that such new physics does
not involve any new light particles. If there is such new physics, then precision cosmology and
laboratory measurements are not necessarily simply different ways of measuring the same
neutrino properties. As an illustration of the possibilities, in this chapter we have explored
models containing light sterile neutrinos coupled to a light scalar in which laboratory and
cosmological measurements which would give seemingly inconsistent results can instead be

interpreted as evidence for a new light sector, which could be the origin of dark energy.
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Chapter 3

MASS VARYING NEUTRINOS: EFFECT ON COSMOLOGICAL
PARAMETERS

The standard model of cosmology (ACDM) describes cosmological data rather well. In
ACDM the energy density of the universe has five components: cold dark matter, baryons,
photons, neutrinos, and dark energy . Although neutrinos are assumed to be very light in
ACDM it is a fairly straightforward extension to consider the case of more massive neutri-
nos. Since ACDM is such a good fit to the observed data, it is hard to concoct a model
that changes significantly the evolution of the components of the total energy density at
or before recombination. An alternative is to change the behavior of the components after
recombination, preferably at late times, so that the CMB spectrum and distance to surface

of last scattering are not significantly affected.

The fact that at present times the dark energy density is of the same order of that of
dark matter (pcpar/pa = 1/3) is called the ‘cosmic coincidence problem’. We also have
other ‘coincidences’ in the fact that the other components of energy density i.e. baryons,
photons, and neutrinos were also comparable to dark energy within a redshift of a few z.
This problem is puzzling because all the different components of the energy density redshift
differently. The behavior of dark energy is not known at very high redshifts, but we know
it redshifts very slowly at from z = 1 to present times (w =~ -1). If we assume that dark
energy really is the cosmological constant i.e. w = -1 throughout history then we have the
coincidence problem mentioned above. On the other hand we can make dark energy ‘track’
one of the other components such as dark matter or baryons until recent times after which
dark energy switches to redshifting very slowly. Dark matter and baryons are consistent

with redshifting as 1/a® since recombination. We can track baryons even further back to
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BBN. Hence it will be hard to postulate a model where dark energy tracks dark matter
or baryons until recent times because that will only replace the coincidence problem with
the ‘why now’ problem, i.e. why did the dark energy stop tracking these components only
recently. Neutrinos offer more possibilities as the present energy density of neutrinos is not
measured. We know that three species of neutrinos were relativistic at BBN until fairly
recently, since non relativistic neutrinos act as hot dark matter and tend to erase structure
on smaller scales. In ref. [63] it was proposed that dark energy density tracks neutrino
energy density, assuming that neutrino mass is not a fixed quantity but rather a dynamical
one. If neutrinos couple to a light scalar field scalar field called the acceleron, the scalar field
effective potential is a function of the neutrino number density. For a broad range of acceleron
potentials the acceleron evolves adiabatically, tracking the minimum of its effective potential,
with the neutrino mass also evolving. Depending on the form of the acceleron potential, the
neutrino-acceleron fluid together may produce ‘dark energy’ which can explain the observed
acceleration of the universe. Since the effective potential and hence the neutrino mass are a
function of the number density, the model is called mass varying neutrinos or MaVaNs.

The aim of the present chapter is to study the impact of MaVaNs on cosmology, partic-
ularly the CMB spectrum. This will help us study the viability of MaVaNs as a theory and
constrain its parameter space.

The next section discusses MaVaNs, their properties and some relations pertaining to

their behavior. For more details and derivations consult [63].
3.1 Introduction

Mass Varying Neutrinos are neutrinos whose mass varies as a function of their number density
and hence as a function of the scale factor. In one implementation of the theory the SM
neutrinos get their mass from coupling to a sterile neutrino, which in turn gets its mass
from the vev of a scalar field the ‘acceleron’. As the universe expands the sterile neutrino
gets lighter and the SM neutrinos get heavier due to the to the see-saw mechanism. It can

be shown [63] that when the neutrinos are non relativistic the effective potential for the
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MaVaNs-acceleron fluid is given by
V(my) = m,n, + Vo(m,) (3.1)
where Vj is the acceleron potential. The minimum of this potential is given by
V'(my) = n, + Vy(m,) (3.2)
The equation of state is then given by
ologV. myn, —ml,VO'(ml,)

1 = — = = .
W 3dloga V V(m,) (3:3)

where we have used Eq. [3.2] to get the second and third equality. If we assume a power law
dependence for the acceleron potential as a function of mass with a small exponent (Vy(m,)

o m, %) then we get
-1
=_— 3.4
YT 1vk (3:4)
Assuming that w scales slowly with the scale factor, using Eq. we can show that when
the neutrinos are non relativistic

m, o< a” (3.5)

We can also show that when the neutrinos are relativistic their mass scales as follows
m,, oc a~ et /2 (3.6)

If w = -1 as in the case of a cosmological constant then the SM neutrinos have a mass
inversely proportional to their number density when non relativistic.

A potential problem with this theory is that when neutrinos become nonrelativistic an
instability may develop where the neutrinos clump on small scales, with the inter clump
distance being large compared with the acceleron Compton wavelength, in which case the
acceleron field is no longer smooth and no longer acts as dark energy [75]. We assume that
such an instability does not develop, which can be arranged either by an acceleron potential

which is sufficiently flat, or a semi relativistic neutrino coupled to the acceleron [64].
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Thus in this theory the neutrino mass becomes important only during recent times i.e.
z =~ few, depending on the present mass of the neutrino. Even if the neutrino mass today
is several eV, the neutrinos are nearly massless during recombination and the mass does not
directly affect the CMB spectrum. Indirectly, however, if h is held constant, the MaVaNs
theory would have a different distance to the last scattering which would change the position
of the acoustic peaks. It is therefore necessary to refit the cosmological parameters in the
MaVaNs theory in order to obtain accord with the CMB fluctuation spectrum.

In Fig. we have plotted comparisons of p, for ACDM and MaVaNs for different
neutrino masses to compare how the neutrino energy density should vary in the two theories.
In figure 2 we have plotted how neutrinos with the same mass but different w vary as a
function of the scale factor in the MaVaNs theory. It might seem that we are violating the
terrestrial bounds on ¥m,. However studies of gravitational clustering of massive neutrinos
in the background of dark matter halos find significant overdensities can occur, thus possibly
reducing the neutrino mass as measured by terrestrial experiments [95] relative to the mass
influencing larger scale cosmology.

Note that the sterile neutrinos introduced in the MaVaNs theory do not affect cosmology
as they are much heavier and out of thermal equilibrium at high redshift. Terrestrial evidence
for sterile neutrinos with properties which would otherwise be incompatible with cosmology
would be evidence in favor of MaVaNs|85].

Going back to Eq. 3.3 we can see for w # -1 the dark energy can also vary as a function of
the scale factor. We find the quintessence energy density goes as follows in the non relativistic

neutrino regime

Vo(m,,) o< my,* o a” T (3.7)

As can be seen for w = -1 i.e k = 0 1 is a constant. But for w # -1 we get the acceleron
potential to depend on the scale factor giving rise to varying dark energy density.

In our implementation of the MaVaNs neutrinos, the neutrinos act like matter after

becoming non relativistic and are still influencing the evolution of dark energy.
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Neutrino energy density for LCDM Base vs MaVaNs
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Figure 3.1: Evolution of energy density for neutrinos in ACDM as compared to MaVaNs
with w = -1. ‘a’= 1/(1 + 2) is the scale factor.
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Neutrino energy density for LCDM Base vs MaVaNs
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Figure 3.2: Evolution of energy density for MaVaNs neutrinos with ¥m, = 6 eV but with
w = -1, -0.93, -0.86.
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3.2 Implementation of MaVaNs Cosmology

We used the Planck Likelihood calculator for the range 50 < [ < 2500 to find our base
ACDM model which was implemented using the publicly available code CMBEASY. We
used a Metropolis algorithm to vary €,,h?, Qyh2, h and the scalar amplitude A, to find our
best fit parameters. We however kept 7 = 0.0925 and n, = 0.9624 which are the best fit
values obtained by Planck[96]. We assumed a flat universe and 2, was set such that Qs
= 1. We also have ¥m, = 0.06 ¢V and N.s¢ = 3.046. For our best fit values for the base
model, we obtained §2,,h? = 0.1385, ,h% = 0.02197, h — 0.686 and oy — 0.8237. These are
somewhat different from the best fit values obtained by Planck [96]. We attribute this to
the fact that we are using a different code to calculate the CMB anisotropy (CMBEASY as
opposed to CAMB) and possibly somewhat different nuisance parameters (see the Appendix
for the list of nuisance parameters). The fact that our best fit model is somewhat different
from Planck’s best fit model does not affect the main point of the study, which is trying to
compare different MaVaNs cosmologies with a base ACDM cosmology.

We implemented MaVaNs cosmology by making modifications to CMBEASY. Different
MaVaNs cosmologies are parametrized by having different w and ¥m,. We found the best
fit values for each of the MaVans cosmologies by following the same likelihood minimization

procedure above.

For the cases where w # -1 we use the Quintessence class in CMBEASY. Since CMBEASY
dosen’t have a class that models the MaVaNs potential, the specific potential we use is the
inverse power law and we tune the exponent of our power law to give us dark energy density
that we would expect from MaVaNs. Although we cannot get an exact MaVaNs like behavior
for the quintessence energy density, we demand that they have similar values from z = 0 to
z ~ 4 after which the Dark Energy is subdominant compared to matter. Fig. and
illustrate the fact that the inverse power law is a good approximate fit to what we would

expect from MaVaNs.
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Quintessence energy density,MaVaNs vs CMBEASY IPL for tm, =6 eV, ® = -0.96
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Figure 3.3: Expected quintessence energy density from MaVaNs for w = -0.96 to that
obtained from the inverse power law potential in CMBEASY. The exponent of the power law

has been tuned such that the energy densities are very similar until about a = 1/(1+2z) = 0.2.
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Figure 3.4:

Expected quintessence energy density from MaVaNs for w = -0.93 to that

obtained from the inverse power law potential in CMBEASY. The exponent of the power law
has been tuned such that the energy densities are very similar until about a = 1/(1+2z) = 0.2.
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3.3 Analysis of MlaVaNs Cosmology

To compare the temperature power spectrum of a best fit MaVaNs model to the base ACDM
model consult Fig. 3.5 As can be clearly seen the two spectra agree everywhere except at
very low [, where the base MaVaNs spectrum gives a much larger D; than the base ACDM
spectrum. The low [ spectrum is plotted in Fig.

The low [ modes are affected by the late time ISW effect, which is increased because
we have neutrinos which are acting like a significant amount of warm dark matter, and
therefore less dark energy. We can potentially use this late time ISW effect to put bounds
on the current neutrino mass. However we first have to account for the cosmic variance.The
cosmic variance of the quadrupole is given by ADy; = 0.63D5. The error bars which are
mostly due to cosmic variance have been plotted in Fig. [3.6l As can be seen both the
ACDM and MaVaNs with ¥m, = 6 lie outside the 1o error bars. Although it is true that
the discrepancy is slightly pronounced for MaVaNs with ¥m, = 6 as compared to ACDM, it
still does not contribute significantly more to Ax?. Moreover, the mechanism that is causing
the low [ anomaly for ACDM, such as running of the spectral tilt, will affect MaVaNs as well
making the MaVaNs spectrum for low [ and in better concordance with observations. For

these reasons we consider ¥m, = 6 to be an acceptable present day neutrino mass.ﬂ

We have tabulated our results for the cosmological parameters of various cosmologies in
[B.1] Since we are scanning the parameter space over 4 parameters, the criterion for the error
bars is that the log likelihood should not be more than 2.38 lower compared to the best fit
model. This gives us our 68% bounds. ;h? and €,,h? have not been listed because they
were not found to change significantly with the model. This makes sense since the neutrinos
in both cosmologies are effectively massless at and before recombination. This implies that

recombination must have happened at the same redshift in either theory and hence p, and

!Here we have only considered the quadrupole since looking at Planck data the effects of the ISW effect
will be most pronounced for [ = 2. In practice we should consider all multipoles with [ < 50 that we have
so far neglected in our likelihood calculations. These have been left for future studies and in principle will
help put an upper bound on MaVaNs masses.
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LCDM Base vs MaVaNs
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Figure 3.5: The red curve shows the best fit temperature spectrum for our base ACDM
cosmology.The blue curve show the best fit temperature spectrum for a MaVaNs cosmology
with w = -1 and ¥m, = 6 eV.As we can see the two curves agree really well for most values

of [ except for the very low /.
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Figure 3.6: This is same as Fig. except for low [ modes. The red curve shows the

best fit temperature spectrum for our base ACDM cosmology.The blue curve show the best

fit temperature spectrum for a MaVaNs cosmology with w = -1 and ¥m, = 6 eV. Their

corresponding error bars for the quadrupole are also shown. The two curves are different for

[ < 10 but start concurring as we go higher in /.
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pm should be the same at recombination and hence throughout history in both cosmologies.
This is also what we see in our likelihood fits. The only parameters that change significantly
within cosmologies are Hy and og. Hy is different between MaVaNs and base ACDM since
the distance to last scattering is different in both theories for the same Hy which will result in
shifting in the position of the acoustic peaks. Thus Hj has to be tuned in MaVaNs to get the
correct distance to last scattering. The Hy decreases with increasing w. For w = -1, the best
fit Hy is slightly higher than the ACDM base model. For w = -0.93 it is already significantly
lower that ACDM base model. So as to not increase the tension between CMB measurements

of Hy and other measurements of Hy, w lower than -0.93 is probably not feasible.

3.3.1 Possible Application to the og discrepancy in Planck

The Planck Collaboration recently reported their results of the measurement of the anisotropy
of the CMB background [96] and found it to be consistent with ACDM Cosmology. They
reported the measured value of the RMS fluctuations of matter density in linear theory today
to be

os = 0.834 + 0.027(68%; Planck, ¥m,, = 0.06eV") (3.8)

One can also determine the RMS fluctuations of the matter density by measuring cluster
counts as a function of redshift. The Planck Collaboration measured this function from the
Sunyaev-Zeldovich (SZ) effect on the CMB photons along whose line of sight the clusters
lie. They used a sample of 189 clusters for whom the signal-to-noise ratio was more than
seven. They found that the number of clusters in each red shift bin was significantly smaller
than what you would expect from ACDM cosmology. They measured the RMS value of the

matter density fluctuations to be [31]

o5 = 0.77 4 0.02 (3.9)

in tension with the value derived from the temperature spectrum.

One way to reduce this tension would be to have a higher neutrino mass. However in
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Table 3.1: Tabulated below are the values of cosmological parameters for different cosmolo-
gies. We do not quote €,,h% and Q,h?, because they don’t change significantly with the
cosmology and have a best fit values around 0.0220 and 0.1385 respectively. The quantities

in brackets give the best fit parameters.

Cosmology w  Xm, (eV) h o
ACDM -1 0.06 0.6855 4+ 0.0125 (0.686)  0.824 + 0.013 (0.824)
MaVaNs -1 3.00 0.601 + 0.013 (0.691)  0.820 + 0.013 (0.820)
MaVaNs -1 6.00 0.691 £ 0.012 (0.691) 0.806 £ 0.012 (0.807)
MaVaNs  -0.96 3.00 0.681 4+ 0.012 (0.680)  0.8135 + 0.0125 (0.814)
MaVaNs  -0.96 6.00 0.678 4+ 0.014 (0.680) 0.801 4+ 0.013 (0.799)

MaVaNs  -0.93 3.00 0.6715 4+ 0.0125 (0.672) 0.8075 £ 0.0125 (0.807)
MaVaNs  -0.93 6.00 0.669 + 0.013 (0.672) 0.793 + 0.013 (0.792)

ACDM cosmology increasing the neutrino mass decreases significantly the value of Hubble’s
constant in order to get a good fit to the temperature power spectrum which increases the
already existing tension between Hy as measured by Planck and other experiments[96].

In order to resolve this issue we need to be able to change the matter power spectrum
without affecting the temperature power spectrum. MaVaNs are a candidate for this purpose
since they act as effectively massless during recombination but become massive later acting
as warm dark matter. As evidenced by using MaVaNs we can get a significant decrease

in og as calculated in linear theory without changing h significantly.

3.4 Conclusion

We have shown when the other cosmological parameters are allowed to vary , a good fit can
be obtained to the temperature fluctuation spectrum, even though the neutrino mass and

hence the neutrino energy density become important at late times. The only cosmological
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parameters affected are Hy (to match the distance to last scattering) and og. We find that
we can obtain a significantly smaller og in MaVaNs as compared to ACDM without changing
Hy very much. Hence MaVaNs are a possible solution to Planck og discrepancy. Including
the low [ data in the likelihood calculation will help us put upper bounds on the current
neutrino mass. We leave this for future studies.

An interesting corollary to these results is that in MaVaNs theories, CMB data do not
constrain possible neutrino mass results in terrestrial experiments. A discrepancy between
the neutrino mass as determined from the CMB fits and the neutrino mass determined locally
would be strong evidence for MaVaNs.

The og that we have calculated here has been done in linear theory. Structure formation
simulations which include mass varying neutrinos are called for to establish these results

conclusively.
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Chapter 4

MATTER ANTI-MATTER ASYMMETRY: BARYOGENESIS
VIA MESINO OSCILLATIONS

Baryogenesis, the explanation for the asymmetry between matter and antimatter in our
universe, is a profound puzzle for particle physics, as well as one of the strongest motivations
for extending the standard model (SM). The first proposed solution, by Sakharov in 1967,
laid out three conditions for a successful resolution to the puzzle [97]. The first condition,
C and CP violation, is satisfied by a CP-violating phase in the CKM matrix of the SM,
however the effects of this phase are too suppressed in the early universe to produce a
sufficient asymmetry. The second condition, violation of baryon number, is satisfied by
anomalous electroweak processes which are sufficiently fast at high temperature to produce
baryon number [98], 99, 100} TOT], [102], but only if the third condition, departure from thermal
equilibrium, is satisfied. The minimal SM with a Higgs boson at 125 GeV does not have any
phase transition or sufficiently long-lived heavy particles to produce a sufficient departure

from thermal equilibrium for baryogenesis [103], [104], 105, 106, 107, T08].

In most supersymmetric extensions of the standard model, cosmology theory favors a
low reheat scale after inflation [109, 110, 111, 112 113 114, 115, 116]. Furthermore, in
many theories, the absence of observed isocurvature perturbations favors a low inflation
scale 116, 117, 18| 119, 120, 121, B]. A low inflation or reheat scale would imply that the
baryogenesis scale must also be low, in some cases as low as an MeV. Although proposals
for baryogenesis at scales as low as an MeV exist [122] [123], the time scale at this epoch is
relatively long compared to typical particle physics scales, making departure from thermal
equilibrium difficult to arrange. Models which do depart from thermal equilibrium at these

low scales then produce additional entropy which dilutes the baryon abundance. In addition,
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CP violation at these low scales, if large enough to produce enough baryon number to survive
the dilution, can easily lead to particle electric dipole moments which are in conflict with
experimental bounds. Finally, low energy baryon number violation can lead to rare decays
in conflict with observation. It is therefore difficult to produce enough baryons at low energy
while satisfying experimental constraints, motivating the exploration of new mechanisms for
low scale baryogenesis, particularly ones which enhance the quantum mechanical interference
which is necessary for CP violation.

In the SM the CP-violating phase is unphysical if any of the small mixing angles or
like-sign quark mass differences vanish. A reparameterization-invariant measure of CP vio-
lation [124] in the SM is thus very tiny. Nevertheless, the SM does provide a wealth of large
CP-violating asymmetries in the decays of oscillating neutral mesons, illustrating the effi-
ciency of oscillations for enhancing the effects of CP-violating phases. A proposal [125] that
a similar enhancement of CP violation could occur during an electroweak phase transition
was shown not to work due to the too rapid rate of thermal decoherence [126], 127].

In this paper we present a new baryogenesis mechanism. We show how in an extension of
the SM, the particle-antiparticle oscillations of mesinos [128, 129] (bound states of a fermion
quark and a scalar antiquark or vice versa), when combined with baryon-violating scalar
decays, can give rise to baryogenesis. The scalar quark, whose mass is of order a TeV, is
produced by the out of equilibrium decays of a long lived heavy neutral fermion, below the
QCD hadronization scale but before nucleosynthesis. Both the oscillation rate and the decay
rate of the mesinos are rapid when compared with the decoherence time, allowing quantum
mechanical interference between particle and anti particle decays to produce substantial CP
violation. This mechanism for producing baryons is amusingly similar to the mechanism for
CP-violating production of charged leptons in the neutral kaon system. We will illustrate
the mechanism in a simplified model which introduces a minimal number of new particles
beyond the SM. Our mechanism and the new particles could be part of a supersymmetric
extension of the SM with baryon-number—violating R-parity violation.

The organization of the paper is as follows. In Sec. [d.1] we introduce the model, describing
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the CP-violating oscillations of the mesino.

4.1 Model and Phenomenon

The ingredients we need for our model are a complex scalar ¢ and n Weyl fermions N;. ¢
is a color triplet, SU(2) singlet, and carries hypercharge —1/3. Each N; is taken to be a

singlet under the SM gauge group. The relevant interactions of these are
_ 1 7
LD yl]¢ dzN] - EmNijNiNj + Ozijgb din -+ c.c. (41)

%; and d; are the left handed up and down-type singlet antiquarks, respectively, with the
subscript labeling the generation. Another possible baryon-number—violating interaction of
®, ¢ qiq;, where the ¢; are quark doublets, is neglected because we are considering only the
interactions that could come from baryon-number—violating interactions in a supersymmetric
theory where ¢ is a superpartner of a down-type singlet quark. By rotating and rephasing
the IV; we can make the singlet mass matrix my real and diagonal. a;; is a 3 x 3 matrix
containing nine complex parameters, with seven phases removable by reparameterizations.
The remaining phases in this matrix do not play a role in our baryogenesis mechanism and
will be ignored for the rest of the paper. Having exhausted our freedom to rephase the fields,
each of the elements in the 3 X n matrix y;; contains a physical, CP-violating imaginary
component.

We will see that the simplest version of the model involves three new Weyl fermions,
i.e. n = 3, which we label in order of their masses, my, < my, < mpy,. The colored
scalar is produced in the early Universe by late, out-of-equilibrium decays of N3. The scalar
forms color-singlet bound states with SM quarks, termed mesinos, which undergo particle-
antiparticle oscillations and decay. The two lighter singlets provide common intermediate
on- and off-shell states for the mesino and antimesino that allow for them to violate CP (and
baryon number) in the interference between decays with and without mixing, sourcing the
baryon asymmetry of the Universe.

In the following sections we discuss mesino-antimesino oscillation in this model and the
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constraints from collider experiments and precision measurements.

4.1.1  Mesino oscillations and decay

At temperatures below the QCD hadronization scale, T, ~ 200 MeV, if the colored scalars are
sufficiently long-lived, they will bind with light SM quarks to form mesinos and antimesinos.
In analogy with the naming convention for mesons, we will refer to the (electrically neutral)
mesino containing ¢* and ¢ = d, s, b as ®, with its antiparticle ®, containing ¢ and § = d,s,b.

®, and @, form a pseudo-Dirac fermion and, as discussed in Ref. [I30], the system can
be described using a two-state Hamiltonian containing dispersive and absorptive parts, just

like the case of the neutral mesons,

H=M- %r. (4.2)

The eigenstates of H, with eigenvalues wr, 7, can be given in terms of the flavor eigenstates
|®,) and ‘(i)q>,
[ ®Lm) = plPg) £ q|Py), (4.3)

with L and H referring to light and heavy. The complex numbers p and ¢ are related by

q\° M —(i/2) T,
(5) My, —(i/2) Ty’ (4.4)

The mass and width differences between |®) and |®p) are

Am =my —mp = Re(wyg —wyr), (4.5)

AF:FH—FL:—QIHI((JJH—(JJL), (46)

) )
Wy — W, = 2\/(M12 — 5]:‘12) (M1*2 — §FT2) . (47)

In the scenario we will study, the mass difference is small compared to the masses of the

with

heavy and light eigenstates,

my >~mp >~ ——— = Mgy, .

(4.8)
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Furthermore, the mass of the mesino is mostly supplied by the ¢, mge, ~ my. As in the case
of meson oscillations, it is often useful to introduce a dimensionless parameter to characterize
the oscillation rate,

Am
F b

T

(4.9)

where I' = (I'y +1'1) /2 is the average lifetime of the states. x > 1 indicates that the mesino
system oscillates rapidly before decaying while < 1 means that the mesino typically decays
before oscillating much.

We use |®, (t)) to label a state at time ¢ that began at ¢t = 0 as a pure mesino and |®, (¢))

to label one that began as a pure antimesino. These evolve in time according to

(D, (£)) = gy (£) |Bg) — ]%g_ (t) |®,), (4.10)
1By (1)) = g1 () |By) — gg (t) |®,), (4.11)

with
g+ (t) = % <e_imHt_%FHt + e‘imLt_%FLt> : (4.12)

The baryon-number-violating operator ¢*Jiu_j and its conjugate in Eq. allow for
the mesino and antimesino flavor eigenstates to decay to collections of hadrons with baryon
number B = +1 and B = —1, respectively, with amplitudes related by complex conjugation.
In terms of the time-independent amplitude for a mesino to decay to a state with B = +1, M,
the time-dependent amplitudes for initial mesino or antimesino states to decay to B = +1

(denoted B and B) are

g (4.13)
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Squaring these and integrating over ¢, we can find the probability that an initial mesino state

decays to B and B,

Py, .5 X /OOO dt |(B|®, (1))|*, (4.14)

2

Y

Pagosx [ dt|(Bl, (1) (4.15)

0
and similarly for an initial antimesino. Using these expressions, we write down the baryon

asymmetry per mesino-antimesino pair,
€Ep = AB X qu>q_>B, (416)
where

_ Po,sp—Po,s5+ P, sp — Ps, 5
P(I)q—>B + P<I>q—>B + P<i>q—>B + Pi)q—>B'

Ap (4.17)

and Brg,,p = I's,—.p/T" is the (time-independent) branching ratio of a mesino flavor eigen-
state to decay into a state with B = +1. In terms of the elements of H, Ag is

2ImM;, T,

- 12 72 4.18
2 + 4| M| (4.18)

B
To get a sense of how large the asymmetry eg can be, we estimate the magnitudes of the

elements that appear in it below.

Estimating M,

The leading contributions to M, in the ®,-®, system arise from the diagrams in Fig. [4.1]

resulting in [129, [12§]

2f2 yzimNi
M, = Z My, (N;) = 2a Z g , (4.19)

2 2
3 my, — Mg,

where we have written the contribution from each N; as My (N;).

The mesino decay constant fp, can be related to the B meson decay constant [131],

fo, = foyy ) 2 <M>6/QS (M)Gm. (4.20)

my \ @ (M) s (mg)
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Figure 4.1: Tree level contributions to M.

The cosmology of the model will motivate focusing on the strange mesino; to estimate its
decay constant, we use fp, = 225 MeV [132], MS quark masses, m;, = 4.18 GeV, m; =
160 GeV [133], and leading order QCD running (the contribution of which is negligible

above the top mass in this case), and find

fo, = 215 Mo, 220 GV (4.21)
Mg

In what follows, we will take g = s, specifying to the case of the strange mesino, ®,.

Estimating I' and T’y

As mentioned above, the operator ¢*d;u; in Eq. (4.1)) allows for the mesino to decay to a

collection of hadrons with B = +1 with a rate

062

1
Lonp = 70— >l ma, = ﬁm%, (4.22)
ij

where we assume that we can ignore the masses of the hadrons in the final state in comparison
to the mesino’s and we have defined aj =37, . ||

In general, the mesinos can also decay to a singlet plus hadrons, ®, — N, 4+ h where
h labels the hadronic state, through the operator (b(Z-Nj with a rate proportional to |yij|2
This is kinematically allowed for me, > muy, + my. If h is self-conjugate under C (h =

70 7wt~ p,...) then this is a final state for antimesino decay as well, leading to a nonzero

value of I';5 and CP violation through Eq. (4.18]). This CP asymmetry is suppressed when
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|
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Figure 4.2: 2-body contribution to I'j from ®,, &, — N; + 1 where 7 is the lightest meson

containing ss.

IT'12] /T is small; for this reason we take only N to be kinematically allowed in the decay of
the strange mesino, and set its mass close enough to the mesino’s so that single hadron final
states dominate the partial width. In this case |I'yo| ~ I'p,sn, and |T'y2| /T can potentially
be unsuppressed.

Assuming that me, ~ my,, we can approximate I';s as being dominated by the decays
®,, &, — N; + n, where 7 is the lightest pseudoscalar meson composed of s5, as shown

diagrammatically in Fig. 4.2l This results in

Ty ~ D200 (4.23)
o yglle F 2 2 )\1/2 1 m?vl m2P 4.94
167w ‘ (le)‘ "m2 "mi |’ (4.24)

q q

where A (a,b,c) = a® + b* + ¢ — 2ab — 2ac — 2bc and F (¢?) is the ®; — P transition
form factor at momentum transfer g. We provide estimates of the form factor F' (m?\,l) in
Appendix [B] For me, ~ 1 TeV with a splitting me, — my, ~ 1 GeV, the form factor is

O (1072 —107%). Defining the mass splitting, Amyy, = |me, —my,| and assuming that
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they are small compared to the mesino mass, the rate to decay to the lightest singlet and

the off-diagonal term in the absorptive part of the Hamiltonian are given by

2

T, ny ~ |Tia| ~ 4 x 1078 GeV %
2 4.95
F (m?\h) Am(lﬁNl ( )
102 1GeV )’

for a scalar of mass ~ 1 TeV.

For the mesino to hadronize before decaying, the decay rate has to be slow compared
to the timescale for hadronization, I' < 1/thaa ~ Aqep ~ 200 MeV. The partial width to
N satisfies this condition for any set of parameters we consider. Requiring that the partial

width to baryons is smaller than Aqep limits ap < 0.1,/650 GeV /my.

Simplifying the asymmetry

In the limit of small mass splittings between ®, and N;, Amyy, < my, then the contribution

to M, from N; is approximately

.12
| M5 (N;)| ~ 1.54 x 107¢ GeV ‘3_1

§ (650 Ge\/) (1 Ge\/) | (4.26)

m¢, Am¢NZ.

choosing to normalize the mass of the scalar above experimental constraints from collider
searches (see Sec. below). Comparing this with Eq. , we expect that, barring ex-
treme cancellations between contributions from the different singlets, |Mjs| > T'yo, Lo —n,-

The asymmetry per mesino pair can be written simply in terms of the oscillation param-

eter x in this limit. When |T'js| < |Mis|, x ~ 2 |Ms| /T and

xrsin g |Tia| I
=— =B 4.2
BTN 2 T 1"‘I”ﬁBJrO(Mu)’ (4.27)
where
M5 (Ny)
r=|1—-———=|, 0<r<1, 4.28
' M, ( )
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and the reparameterization-invariant, CP-violating phase is
ﬂ = arg {[Mlg — Mlg (Nl)]* Flg} . (429)

B is defined this way so as to be generically O (1), making use of the fact that T’y and
M, (N7) have the same phase. If we also make use of the relation between the decay rate
to a singlet and the off-diagonal term in I', [I'j5| ~ g, n, =T Brg, 5, then

rrsinf
~ —_—

€Ep = 1+ 22 Br(bq%BBn}anl- (430)

The question of whether | M, is large or small compared to the total mesino decay rate
I is determined by the partial width to antibaryons, I's 5. If ap is much smaller than

about 107 |ys1 | (650 GeV/my), then [Mis| > T'¢ .5 and = > 1. Then,
€EB — z Sinﬁ qu>q_>BBr(pq_>Nl. (431)
T

In this case, by inspecting Eqs. (4.26) and (4.25)), typically 2 < 10%, depending on the
hierarchy of |I'y| and I'p,,p. The asymmetry is suppressed by = and a potentially small
branching ratio. On the other hand, if ap > 107 |yq| (650 GeV /my) then |Tio| < | M| <

I's,.p and v < 1. The asymmetry becomes
ep — xrsinfBrg Ly, (4.32)

suppressed by the small values of both z and Brg,__, .

The asymmetry is typically largest when I's,,p ~ |I'12| < |Miz|. In this situation
Eq. applies and e ~ 10~ 2r sin 5. We note that it is possible to achieve an asymmetry
as large as eg = 1/8 if I'p,,p ~ |T'12| ~ |[Mys|. However, this requires large, unnatural

cancellations (at the level of 1072) between the contributions to M.
4.2 Experimental Constraints

4.2.1 Collider Constraints

In this model the colored scalar can be pair produced in pp and pp collisions which then decay

to multijet final states. If the dominant decay mode is through the coupling ;;¢*d;u; + h.c.,
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then ¢ will decay to two hard jets, leading to a four-jet signature. If the decay of ¢ proceeds
mostly through Nj, the situation is somewhat more nuanced as we describe below.

In proton-(anti)proton collisions, the ¢¢* pair is produced in the lab frame with very little
boost in the direction transverse to the beam. The ¢ decays to a very soft light quark with a
momentum of O (Amyy, ) and N; that is also essentially at rest in the ¢ rest frame, because
of the small mass splitting between the ¢ and N;. The N; decays through an off-shell ¢ to
three quarks with a rate

dFNl ~ Z ’?/il‘2 0523 p mpy, — 2p ? (4 33)
dp — = 51273 mp, \p+ Amen, ’ '

ignoring the masses of the quarks. p is the momentum of the quark produced in the N; — ¢d;
splitting in the N7 rest frame. Because of the small mass splitting, the momentum of this
quark is peaked at small values—in most decays p < \/m . This means that, for a
splitting Amgy, = 1 GeV, N; masses below ~ 1 TeV result in one of the three quarks in
N; decays having a transverse momentum in the lab frame of pr < 30 GeV, making them
hard to observe. Therefore, at colliders, ¢’s either decay directly to two hard jets or appear
as two hard jets in their decays to Nj.

To use collider searches to set limits, we will focus on the situation where the scalars
are produced and decay promptly. At the Large Hadron Collider (LHC) this requires
decay lengths c7y,cmy, S 1 mm. If the ¢’s decay directly to two quarks this requires
ap 2 1077,/650 GeV /my. If, instead, ¢ decays proceed through Ny, then (3°, |y )2 >
107, for a form factor of 1072 and a mass splitting of 1 GeV and (3, Jya|*)?ap >

1075,/650 GeV/my,. We will see in Sec. m that |yp| is essentially unconstrained so
this last constraint can be taken to be ap = 107%,/650 GeV/my,. The collider limits we

~Y

will outline are relatively insensitive to the particular values of these couplings so long as
they are large enough for prompt decays, given ¢¢* production is dominated by QCD. We
can also safely assume that these couplings are not so large as to make the width of ¢ large
enough to impact the limits.

The requirement of prompt decays at hadron colliders is not a strict condition for the
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viability of the model, but merely simplifies our analysis later; a more robust lower bound,
weaker on the couplings by O (10°), comes from not spoiling Big Bang nucleosynthesis (BBN).
Indeed, long-lived particles at colliders have been studied as a probe of baryogenesis, see,
e.g., Ref. [134]. In the long-lived case, the lower limits on the particle masses can be quite
strong, as high as ~ 1 TeV [134].

A search for squarks decaying to a b and an s quark was undertaken at the LHC by
the ATLAS collaboration using 17.4 fb™" of 8 TeV pp collisions [I35]. Squarks with masses
between 100 GeV and 310 GeV were ruled out at the 95% confidence level (CL). Since they
are both color triplet scalars, the production cross section for a ¢¢* pair is equal to that of a
squark-antisquark pair. Thus, this exclusion would directly apply to our model if the leading
Qyj Were i3 OF (32, and constrains mg > 310 GeVE] In addition, ATLAS has searched for
the pair production of scalar gluons that each decay to two gluons using 4.6 b~ collected at
7 TeV [137], finding no excess and setting an upper limit on the cross section for this process.
This limit applies to ¢ in the case that it decays to a pair of light flavor quarks, which is the
case if the ayj, 7,7 = 1,2 couplings dominate. Using NLL-fast [I38| 139, 140, 141l 142] to
calculate the cross section to produce a ¢p¢* pair at next-to-leading order with next-to-leading
logarithmic corrections, this search sets the lower limit my4 > 275 GeV at 95% CL.

The CMS collaboration performed a search with 19.4 fb™! of 8 TeV data, looking for the
pair production of resonances that decay to two jets [I143]. Colored scalars decaying to a b
and a light flavor quark are ruled out at 95% CL for 200 GeV < m, < 385 GeV and those
decaying to two light quarks are excluded for 200 GeV < m, < 350 GeV at 95% CL.

Although we expect the ¢ to decay to essentially two hard jets, as explained above, if it
decays through Ni, there could be apparent six-jet events from ¢¢* production and decay.
Searches for three-jet resonances [144] [145] 146] generally have more reach than those for
two-jet resonances because of the comparative ease of distinguishing this from backgrounds.

In cases where these decays include heavy flavor, limits as high as 600 GeV can be set.

LA similar limit ~ 300 GeV was derived in Ref. [129] for mesinos oscillating and decaying to a top and a
light quark, leading to a same-sign dilepton signal which was constrained by CMS data [I36].
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In light of this discussion, we consider 600 GeV as a conservative lower bound on the
mass of ¢, deferring a complete study of the collider limits for future work. For this reason,
when specifying my, we have taken 650 GeV as a benchmark value.

The prospects for future searches for ¢ — 25 are promising, with a study of the 14 TeV
LHC indicating that m4 up to 750 GeV could be probed with 300 fb~! and up to 1070 GeV
with 1000 fb™" [147]. Such searches would push significantly into the region of parameter
space compatible with an explanation of the baryon asymmetry of the Universe, as we will

see in Sec.

4.2.2  Constraints from Rare Processes

Our model possesses new interactions which violate CP, quark flavor, and baryon number,
potentially leading to observable conflicts with Standard Model predictions. In examining
the consequences, we note that our model could be part of an R-parity—violating supersym-
metric model [148] [149, 150, 151, 152} [153], and we could use some of the existing studies of
constraints on such models [154] 155 156}, 157, 158, 159, 160, 161, 162, 163, 164, 165] 166].
The constraints on baryon-number—violating parameters in supersymmetric theories depend
on many soft supersymmetry breaking parameters which play no role in baryogenesis. In this
section we consider the constraints on the parameters in our more minimal model. Although
baryon number is violated, given that that lepton number is conservedE] and given that the
only fermions lighter than the proton are leptons, the proton is stable. There are stringent
constraints on couplings involving the first generation from neutron-antineutron oscillations,
and on baryon-violating couplings of the strange quark, from heavy nuclei decays.
Dimension-9 six quark AB = 2 operators arise in the low energy effective theory from

the diagram shown in Fig. The relevant operators are of the form

YiklYjk A Qo 7 57 7 7 _
d;d;dyt,d, i, . (4.34)
< e M > mg ’

2or conserved mod 2, if there are Majorana neutrino masses
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Figure 4.3: Diagram responsible for the dimension-9 AB = 2 operator in Eq. (4.34) that

leads to neutron-antineutron oscillations.

Constraints on such operators with various color and spin combinations from neutron-
antineutron oscillations have been considered in many previous works [167, 168 169, 170,
171), 163, 164, 152, 153 172]. An accurate computation of the rate requires perturbative
renormalization group scaling and matching to lattice QCD matrix element computations of
the various operators [I71), 173, 174, [175] 176], and currently still has uncertainties of order
1. Currently the best constraint on the neutron oscillation rate is 2.9 x 1073 GeV [172]. If
we simply estimate the matrix element of

(n|dddduu|n) ~ O(107° GeV®) | (4.35)

which is consistent with the lattice computations, we find

(Z Y ) Y 99 %1072 GeV S (4.36)
M,
Neglecting the very weakly coupled N3, and using My, ~ My, ~ mg ~ 650 GeV gives
(v + yi) ofy < O(1071). (4.37)

The best constraints on operators involving strange quarks arise from limits on dinucleon

decay into kaons [153] 23] 165, [177]. Using the rough estimates from Ref. [165] for the
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nuclear matrix elements and the experimental bound from Ref. [I77] gives a bound on the
coefficient of the operator s3ddui which, for My, ~ My, ~ mg ~ 650 GeV, translates into

bounds on combinations of couplings

(¥51 + ¥2) ofy < O(107H), (4.38)
(vir +yaz) afp < O(1071), (4.39)
(Yar¥Ys1 + Yaz¥s2) Q12001 < 0(10714)7 (4.40)

although the strong interaction and nuclear physics uncertainty in these bounds spans several
orders of magnitude. Neutron oscillations and nucleus decay give much weaker constraints
on coefficients of operators containing heavier quarks, as the required loops involve weak in-
teractions and small CKM parameters. See, e.g., Ref. [166] for a summary of such constraints
in R-parity—violating supersymmetry.

We also need to check that the new sources of flavor violation will not violate the stringent
constraints coming from the agreement between theory and experiment in neutral meson
oscillation phenomenology. After integrating out ¢ and the N;, the interactions in Eq.
will lead to AF = 2 flavor-changing operators. The most stringent constraints come from the
neutral kaon oscillations.

The relevant AS = 2 Hamiltonian that is generated reads [I78]

AS 2 ydzydjys’bys] o a 78
HoN _229337r2 A" s dgusip,

(4.41)

Z?]

where v and 3 are color indices, and we have assumed that m, ~ my,. This contributes to

the K9 K° mass difference,

Amy = 2Re(K°[HN | K°) (4.42)
B YaiYaiYsiYsj M [7
- Rez S (4.43)

with fx the kaon decay constant. Requiring that this not exceed the measured mass differ-
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ence of (3.484 £+ 0.006) x 1012 MeV [133] leads to a constraint on the couplings,

1/4

i} . me

S 40, /e 4.44
(Re E YaiYaiy ysg) <0.40 650 GeV ( )

1,J
where we have used fx = 155 MeV [179] [I80]. Since the Yukawa couplings are complex,
there is also a contribution to CP-violation in the neutral kaon system. This is typically

parameterized by

Im(K°|H25=2| K?)

€x = :
o ﬁAmK

If we assume that the kaon mass difference is saturated by the SM contribution, then the

operator in Eq. (4.41)) gives a contribution to CP-violation of

650 GeV'\” . .
e = 14 <—) ImZydiydjysiysj. (4.46)

Mo i

(4.45)

Requiring that this is less than the measured value, (2.228 4= 0.011) x 1073 [133], results in

1/4
* * Mg

Im E YdiYsiYai <0114/ ——F—+. 4.47

( ydzydjy ij> 650 Gev ( )

i3

a constraint,

Since we expect that the CP-violating phases of the Yukawa couplings have no reason
to be suppressed, the limit from ey is stronger than the one from Amy. However, this
constraint does not impact the viability of the model; even O (1) values of |ys;| are allowed
so long as |yg| < O (1072).

Limits from B°-B° and B,-B, mixing are no more constraining than from kaon mixing,
and values of |y;;| as large as unity are allowed.

Experimental upper bounds on Electric Dipole Moments (EDMs) place strong constraints
on new CP-violating physics. For new CP-violating physics at the weak scale, there may be
nonstandard contributions to EDMs at one or two loops, which place constraints on com-
binations of the new couplings and phases. The relevant constraints on R-parity—violating

supersymmetry are summarized in Ref. [166], and on supersymmetric models in general in
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Ref. [I81]. In our minimal model, which does not include new couplings to leptons or to
left handed quarks, and which does not require any new couplings to be large, there are no
one loop contributions or large two loop contributions to EDMs and no constraints on the

CP-violating phases.

4.3 Cosmology and baryon to entropy ratio

The baryon asymmetry of the Universe is quantified by the ratio of the net baryon number
to entropy,

g = "?B (4.48)

The most precise determination of this quantity comes from measurements of the CMB that
fix the baryon density in units of the critical density, €2, which is related to the baryon-to-
entropy ratio via ng = 3.9 x 1079 x Q,h?. Planck has measured ,h? = 0.0221 # 0.0003 [96]
which gives g = (8.6 £ 0.1) x 1071,

In the minimal version of the model, the colored scalars can be produced at late times, well
after they have frozen out, through N3 decays. Those produced in decays after the universe
has cooled below the QCD hadronization temperature 7, ~ 200 MeV bind immediately to
form mesinos and antimesinos. The CP-violating oscillations and decays (to antibaryons and
baryons) of the (anti)mesinos give rise to a baryon asymmetry. To quantify this asymmetry,
we must first determine the number of N3 present after the universe has cooled below T..

There are two processes which control the number density of N3: annihilation to quarks

and scalars and decay to a scalar and quark. The number density of N3 at time ¢ is then

3
. Areli
relic —T'n,t relic
NNy = Ny, €3 <—> . (4.49)

Gy
Here, nﬁ{“}gc and a,epi. are the number density of N3 and the scale factor, respectively, at T ~
T ~ mpy, /20, and a; is the scale factor at ¢. Similarly to N; and Ns, we assume that N3 is

close in mass to ¢, Amgyn, < my, my,. Then its decay rate is given by

2 Am2
Ty =y 280N (4.50)

8t m
g=d,s,b ®q
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We want an appreciable number of N3 to survive until 7, ~ 200 MeV which corresponds to
a time t. ~ 1075 s assuming standard thermal history. Our thermal history is not standard
since we have N3 decaying and injecting energy into the plasma competing with the cooling
of the plasma due to the expansion of the universe. However, as we show below, that does
not drastically affect the time vs. temperature relationship. Therefore, to get a respectable
number of N3 to decay after T, producing mesinos, we must have I'y, < 1/t, ~ 1071 GeV.

~Y

For a splitting Amgy, ~ O(GeV), this requires y2; < 107'°(my,/TeV). Since the N3
annihilation rate is proportional to yg?), Yukawa couplings that are this small mean that the
annihilation rate was always much smaller than the expansion rate of the Universe. Hence,
assuming reheating happened at a high temperature and the N3 were in equilibrium with
the plasma, nf§'® = (3/4) n, where n, is evaluated at 7' = my, /20 and only the decay rate
I'n, dictates the N3 number density for 7" < T..

We can determine the baryon-to-entropy ratio by co-evolving the N3 and radiation energy

densities,
d ra
th = _4H,0rad + FN3mN3TLN3, (451)
d
Z;VB = —3H,0N3 - FN3mN3nN3, (452)

along with the baryon (minus antibaryon) number density,

dng
dt

Equations (4.51)) and (4.52) describe the radiation and N3 energy densities, taking into

1
= —3H7’LB + §AFN3€BTLN3. (453)

account the expansion of the universe and the fact that the decays of N3 heat up the plasma.
Equation describes the evolution of the net baryon number density, which develops
a nonzero value due to CP-violating oscillations of mesinos produced by N3 decays. The
factor of 1/2 appears due to the definition of eg in Eq. as the baryon asymmetry per
mesino-antimesino pair. A counts the fraction of mesino states that undergo CP-violating
oscillations. In this work, we focus on the strange mesino since, being an isoscalar, it is not

decohered by scattering on the pions present in the plasma after confinement, a possibility
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in the case of the down mesino that would complicate the analysis. Thus, we take A = 1/3,
assuming that equal fractions of up, down, and strange mesinos are formed which should
be true to ~ 30%, the level of SU(3) flavor breaking observed elsewhere. It is important
to keep in mind that in additon to Eq. , the net baryon number density is subject to
the constraint that ng = 0 for T" < T, since scalars produced above the QCD confinement
temperature do not hadronize and therefore do not undergo coherent oscillations.

Instead of solving Egs. to exactly, we first use the sudden decay approx-
imation to gain an intuitive understanding of the baryon-to-entropy ratio and to obtain
simple analytic relations among the parameters of the model. In this approximation, we
consider the comoving N3 number density to be constant until the time tgecay = 1/, after
which it is zero. The N3 decays dump energy into the plasmaﬂ and produce scalars that,
if the plasma temperature at the time of decay is less than T,, form mesinos that oscillate
and decay on time scales short compared to the expansion of the Universeﬁ creating a net
baryon asymmetry. We now describe the evolution of the Universe in the context of this
approximation.

At very early times, the Universe’s energy density is dominated by radiation, until some
time teq < tdecay When the energy density in N3 (matter) is equal to that in radiation. For
times feq < t < tdecay, the Universe is matter-dominated. After the decays of N3 at fgecay,
the Universe is again radiation dominated. The temperature of the plasma at the time of

matter-radiation equality, tcq, is

Ty = 45¢ (3) A (4.54)

2mtg. (T

with g. (7;) the effective number of relativistic degrees of freedom at a temperature T; ~ my;,

3Note that solving Eqs. (4.51)) to (4.53)) exactly, as we will do below, shows that the plasma temperature

does not actually increase during N3 decay—rather, its cooling rate slows [I82]. For this reason we ignore
whether N3 decays “reheat” the plasma to a temperature above T, a possibility that would naively spoil
hadronization.

1At temperatures below T, the ¢-¢* annihilation cross section becomes large, O(A(QQCD) [183]. However,
the rate for this process is tiny compared to the oscillation and decay rates since it is suppressed by the
small ratio of the N3 to ¢ decay rates, Lann X 1¢ ~ nn,I'n, /Ty
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when the universe is very hot and radiation dominated. We will use ¢, (7;) = 116.25 which
takes into account the SM contributions as well as contributions from ¢ and N; 5. The time

vs. temperature relationship during radiation domination fixes the time at T,

45 Mpy

leq = 4.
a 271'29* (Teq) Te2q ( 55)
_(2_7#)3/2[7?2 } et (456)
45 CB) g (Tg) M '

where Mp; = (87G) /% = 2.4 x 10'® GeV is the Planck mass and g, (Toq) ~ 70, for Tpq of
order a few GeV. After toq, assuming ¢ > ., the N3 and radiation energy densities evolve

according to matter domination,

AMZ, [t \ Y3 AMZ 1
Prad = £l (_q> ; PN3 = Fl_ (457)

3 t 3

Defining § = pny(t = tgeeay)/Prad(l = tgeeay), Where ¢y indicates an infinitesimal time

before decay, we find

y 2/3
¢ = (_y) (4.58)

teq
G T e

The baryon-to-entropy ratio is

np (t = t(Jirecay)

, 4.60
Srad (t = t(—;ecay) ( )

B =

where ¢t denotes an infinitesimal time after decay. The net baryon number density is

decay

related to the N3 number density just before decay,
N B 1
15 (t = tgeay) = v (E = taueay) X 5A €B. (4.61)

A and ep are determined solely by the mesino particle physics and factor out of the cosmo-
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logical story. We can write np in terms of &,

_prad (t(;ecay) f AEB

_ 4.62
5 Srad (tgl_ecay) TN 2 ( )
3

Traa (5, Traa (1g,
:§ d ( decay) d ( iecay) ¢ Aep (463)
4 M, Traq (tdecay) 2

The ratio of the temperatures before and after decay can be found by using the conservation

of energy,

Prad (t(—ii_ecay) = Prad (tc;ecay) + pN3 (tc;ecay) (464)

= Prad (t;ecay) (1 + f) ) (465)

which leads to

n 3 jrad (tgecay) f AEB
B —7
4 myn, 1+ 2

We can use the expression for the radiation energy density in Eq. (4.57) to find the temper-

(4.66)

ature of the plasma just before decay, T;.q (t;ecay) = Tdecay:

2 (@ N\ gm) PRI
T~ (2) (i) (o) 467)
15v3C (3 1
-V A (4.68)

with g, (Tgecay) = 63.75 the number of relativistic degrees of freedom at this temperature.
We ignore here the decrease the number of degrees of freedom below the QCD confinement
temperature since it obscures the physics and is numerically unimportant at the level of
accuracy of our estimates. Using this expression, we can express the baryon-to-entropy ratio
as

_45V3¢(3) 1 L
1B =T g 0 (T) (14 )7

. /116.25 10 \**
=6.1 x 1071° (g* (E)) (1+5) (4.70)

X (1/%) (181) . (4.71)

(4.69)
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The factor

1+~ =

M] (172

Trad (t(-;ecay )

can be thought of as the entropy dilution of the naive baryon-to-entropy ratio due to the Nj
decays heating the plasmaﬁ

For a fixed value of mpy,, there is a minimal amount of entropy dilution, i.e. a minimal
value of ¢, that can be found by setting the temperature of the plasma at N3 decay to be equal
to the QCD confinement temperature. Using this value of the entropy dilution determines a
lower bound on the asymmetry ep as a function of my, such that a baryon-to-entropy ratio
of 9 x 107! is possible. We plot this lower bound on ez in Fig. as a function of the
scalar mass, taking the splitting between N3 and ¢ to be Amgyn, = 3 GeV.

To assess whether we can reasonably achieve a baryon-to-entropy ratio in line with the
current experimental value of 8.6 x 107!, we also show in Fig. the asymmetry eg as a
function of my, taking Amyn, = Amgn, =1 GeV, yg = ys2 = 1072 > y,3, for ap = 1074,
1075, and 107%. We see that there exist ranges of parameter choices that allow for scalars with
a mass between 300 GeV and 10 TeV to have an asymmetry above the bound, and therefore
to account for the measured value of np, depending on the choice of I'y,. In principle,
masses as large as 10°~7 GeV can be compatible with the observed baryon asymmetry but
scales this large would require a larger eg, hence a larger amount of fine-tuning. In addition,
testing this model and embedding it in a framework that explains the weak scale, like the
supersymmetric SM, could become difficult.

We can check the accuracy of our sudden decay approximation by solving Eqgs. (4.51)) to
(4.53) numerically and determining the resulting baryon-to-entropy ratio. In Fig. |4.6] we
show the results of a numerical solution of the evolution equations with my, = 650 GeV and
['n, = 1072 GeV. The top panel shows the evolution of the plasma temperature in time. As

mentioned above, the plasma is not “heated up” by the decay of the N3’s; instead, it cools

5 Again, we stress that the plasma does not actually heat up in an exact treatment of Eqs. (4.51)) to (4.53)).
See below.
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Taocay<1 MeV
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Figure 4.4: Solid lines indicate values of 'y, and my, that give ng = 8.6 x 107! for

eg = 107*,107°, and 1075, from bottom to top, respectively. The shaded regions lead to a

plasma temperature at N3 decay greater than 7T, ~ 200 MeV, in which case mesinos do not

form, or a temperature at decay less than 1 MeV, which would spoil BBN. Note that this is

calculated within the sudden decay approximation.
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Amen,=Amen,=1 GeV, Amgn,=3 GeV
Al -
1072+ IB=Z, Ys1=Ys2=10 2>>Ys3 ,

ns=8.6x10""" and T;<200 MeV
not possible

10_8 ; ! ; N ; ; ; ! ; NN 4

500 1000 5000 10
mgq [GeV]

Figure 4.5: The shaded region shows values of ez and mg, assuming Agzy, = 3 GeV, that

result in np < 8.6 x 107 for Thecay < Tc ~ 200 MeV in the sudden decay approximation.

The points above this region can attain the measured value of ng, depending on the value

of I'y,. Also shown are the values of eg when choosing Ayn, = Ayn, =1 GeV, Yy = ys2 =

1072 > .3, and ag = 1074, 1075, 1076,
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more slowly. The next panel shows the ratio of the N3 energy density to the radiation energy
density, pn,/prad, as a function of time. This ratio grows until ~ 1/I'y, when it decreases
to to N3 decays. The bottom panel shows the net baryon-to-entropy ratio, ng as it develops
from zero at early times to a fixed value at late times for eg = 107#, 107°, and 107%. We also
show the value of np calculated for these parameters in the sudden decay approximation.
We note that the sudden decay approximation of np agrees with the numerical solution of
Egs. (4.51)) to to within an ~ O (1) factor for a wide range of values of my,, I'y,, and
¢p. In our numerical solution, we took g. (") to be fixed at 63.75 for temperatures less than
4 GeV. Including the change of g, at the hadronization temperature would not drastically
affect our conclusions, and would only obscure the relevant physics.

We note here that the estimate of the baryon asymmetry in this section depended on
the assumption that the scalars were produced by the late, out-of-equilibrium decay of a
particle that was in thermal equilibrium at very high temperatures. Alternative cosmological
histories are certainly possible. For example, the scalars could be produced by the decay
of long-lived moduli [I16]. Another possibility involves considering a nonthermal parent
particle (possibly N3) that dominates the energy density of the universe. Its decays to
scalars reheat the universe and create a baryon asymmetry before the creation of a thermal
plasma. Alternative scenarios may, of course, have a quite different relationship between eg

and np from the simple one presented here.
4.4 Outlook and Conclusion

We have shown that if there is a scalar quark which lives long enough to hadronize, CP
violation in the oscillations of mesinos is possible. If the scalar quark has baryon-number—
violating decays, and if it can be produced out of thermal equilibrium in the early universe,
such CP violation could be the origin of the matter-antimatter asymmetry of our universe.
We presented a mechanism for the out-of-equilibrium production of the scalar quark via the
late decays of a very weakly coupled heavy neutral particle, and computed 7g, the ratio of

baryon number to entropy, in terms of the relevant parameters of the model. Because ng
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depends sensitively on the parameters, the viable parameter space of the model is rather
well constrained. In particular, obtaining sufficient CP violation requires the existence of
a neutral Majorana fermion which is not much lighter than the squark. Such a difficult to
explain coincidence hints at an environmental selection principle, which is attractive in light
of the observation that the value of np in our universe appears to be optimal for creating

stars in galaxies which are not so dense as to be unfriendly to advanced life [184].

In order to experimentally test the model one should begin by finding evidence for scalar
quarks at the LHC. As discussed in Sec. [4.2.1] existing searches, especially in the case where
the decays do not produce significant missing energy, are not very constraining. In our model
the squark should decay sometimes into two antiquarks, and sometimes into a quark and a
neutral fermion, with the latter decaying into one soft and two hard quarks. The final states
are likely to contain at least one third generation quark for the reasons discussed in Sec. [£.2.2]
Because successful baryogenesis requires that the neutral fermion not be much lighter than
the mesino, the first quark is very soft. Thus the scalar quark should essentially decay into
two hard jets (and possibly two very soft quarks). The decays may be prompt or could
produce displaced vertices. The LHC reach for the discovery of heavy scalar quarks which
decay into jets is projected to reach 1070 GeV [147] with 1000 fb~!. In Ref. [129], Berger,
Csaki, Grossman, and Heidenreich proposed looking for same-sign top quarks as evidence
for mesino oscillations, assuming that the squark predominantly decays into a top and a
strange quark. In our model, same sign tops can be produced without mesino oscillations,
as the neutral fermion which is often produced in ¢ decays is equally likely to decay to top
and to antitop. Searching for such events containing same sign tops should increase the
reach for searching for scalar quarks and significantly constrain the model. Note that this
signature will be CP-violating, but the small asymmetry between top and antitop will be
too challenging to measure at the LHC.

We also point out that a slight extension to the model would allow for asymmetric dark
matter (for a review, see, e.g., [I85], [I86]) to be incorporated. If the operator mediating

¢ decays to baryons, a;;¢*d;ui;, were modified to the dimension-5 operator ay;¢*d;ii;(x/M)
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where y is a complex scalar and M is the relevant scale, the model would possess a Zs
symmetry under which x, ¢, and N; are odd. This would render y stable if it were the
lightest of these particles. Then the oscillations and decays of the mesinos would produce a
x-x* asymmetry along with the baryon-antibaryon asymmetry. The y mass in this model
would be fixed to be ~ 5 GeV since the number densities of dark and baryonic matter would
be equal. The signature of ¢ production at a hadron collider would now include missing

energy, pushing up the lower bound on the allowed mass.
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Appendix A
INSTABILITY IN MAVANS

As pointed out in Ref. [75], there is a inherent instability in the neutrino-acceleron fluid
when the neutrinos go nonrelativistic. The end result of the instability is that the neutrinos
condense to form “neutrino nuggets” which then redshift like matter. To see this easily, one
can treat the neutrino-acceleron fluid hydrodynamically. Let us do an illustrative back of
the envelope calculation to demonstrate the instability. The accurate result from the full
Boltzmann calculation is given by [A.4]

To simply illustrate the instability, let us first assume that there is just one light neutrino
and that its mass is inversely proportional to the scalar field, m o< 1/A. We will generalize
to the case of more than one active neutrino flavor and other functional forms for the light

neutrino mass below. When the neutrinos are nonrelativistic, the effective potential from

Egs. and is

O_/
V (A, T) :A4log‘—
m

+mn,, (A1)

where ¢’ is a scale and n,, is the light neutrino number density. Minimizing this potential
with respect to A gives

Ny AL

S Om - om’ (4:2)

n, =

so that the light neutrino energy density is roughly constant, p, ~ mn, ~ A*.

Now we calculate the speed of sound of the neutrino-acceleron fluid. The fluid’s pressure
is P = —p, + w,p, where p, =V is the energy density stored in the acceleron field and w,
is the neutrino’s equation of state parameter. Since the neutrino is nonrelativistic, w, ~ 0.

The energy density of the fluid is given by p = p, + p,. The speed of sound is related to the
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rate of change of the pressure and energy density,

P o
C2:_.2_L
p Pa

=—1

Y

(A.3)

where we have used the fact that p, is approximately constant. Because density perturbations

—icst an imaginary component to ¢ signals an instability, and we see that

evolve in time as e
the neutrino-acceleron fluid is unstable when the neutrinos are nonrelativistic.
A more sophisticated picture can be obtained from a kinetic theory treatment where the
speed of sound is determined by [75]
-1
, 1&@(@%) )

2 =
s om?2

T mom
() . T\’ T\
1+F(C§+052—2) E +O E

Again, the fluid becomes unstable when the speed of sound, as found by this relationship,

(A.4)

develops an imaginary component. Below, we use this expression to determine the temper-
ature at which the neutrino-acceleron fluid becomes unstable for the scenarios considered
in §§ and

In §[2.2.3| the heavier, mostly active neutrinos 27 and P get contributions to their masses
from the active Majorana mass p which are independent of acceleron vev as well as contri-
butions that depend on the acceleron vev. Taking m; ~ mo = m, we rewrite the logarithmic

part of the acceleron potential in terms of the neutrino mass as

V(A,T):%+mnV:A4log‘L’+mny. (A.5)
m

+ 1

Here, n, is the sum of the number densities of the two nearly degenerate neutrinos 7 5. This

gives
1oV, (0% ! 1 m?
— 2 ) = ———L2 (A.6)
m Om \ Om? m kA
Minimizing the effective potential implies that
mi or? A
L2 =T (A7)

/ﬂ?l’QA o 3C (3) ﬁ
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A is determined by the present-day mass of the lightest neutrino and temperature, A* =

m3 (Ty) T¢ /12 and we can approximate m with |p|. Thus, we can write Eq. (A.4) as

. mi(I)T
CTUICE) T

2 4
1+129(cf +¢,” —2) (Z> +0 (Z)

C

m m
2 2 (A.8)
_ my (To) Tg' (m\3
= 0B x = <T> X
"
T\’ T\*
1+129 (2 +c¢.? - 2) (—) +0 (—)
m m

For the parameter values specified in § we get the temperature at which the nuggets
are formed to be T~ 2 x 107* eV.
A similar calculation can be done for the scenario described in § 2.3} In that case there

is no active Majorana mass and

2 -1
Lo () 9

m dm \ Om?
As before, Eq. (A.4) can then be solved to determine when nuggets form. We find that this

occurs at the temperature 7' ~ m/10.
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Appendix B
FORM FACTOR ESTIMATION

In this appendix, we detail our estimation of the mesino-meson transition form factor
which enters the two-body contribution to I'y5. We specialize to the &, — 1N case that we
considered above.

We begin by expressing the form factor using an operator product expansion (see, e.g.,

Ref. [188] for a description of the formalism),

F(2) = [y (n06) 55410 AL 010/ 54 05 1) (B.1)

p is the mesino momentum and p’ = p + ¢ is the meson momentum-—a transition involving
an on-shell N; has ¢* = mil. C’g;vl& is the short-distance Wilson coefficient calculated
perturbatively. Greek subscripts are Lorentz indices and Latin superscripts are color indices.
We use the shorthand [dz = fol dx, fol dzy6(1 — 11 — ) and similarly for dy. z; is the
momentum fraction of the squark in the mesino and z, is that of the light quark. y; o are
the momentum fractions of the quark and antiquark in the meson. We expand the bilinear

operators in terms of operators of definite quantum numbers using the meson and mesino

momentum distributions/]

) 1t10) = 5 (=) 007) 05 ) o (B2)
. 5l
(0]¢755|®s5 () = ~ Ossde, (w1, 22) +.. (B.3)

where the distribution amplitudes ¢, and ¢g, are normalized so that

/ By (1) = Fo. / Tia, (21,72) = fa., (B.4)

'We ignore the u@ and dd quark components of 7, an approximation that is valid given the overall
uncertainty of the calculation.
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Figure B.1: Leading diagrams responsible for the ®; — n/N; transition. Dashed lines are ¢
lines and solid lines are s or 5 lines. Curly lines are gluons. Shaded dots represent the ¢-s-N;

coupling.

where f, and fp, are the meson and mesino decay constants.

At leading order there are two diagrams that contribute to the Wilson coefficient, shown

in Fig. B.I] which give

ij ; i a\tj (ia
ety = (10" (=) (s (607 (0" (5.5
piﬁlp . Z(Iﬁp—l—Ag)pP
XY _A% L —A% — mi L y

A1 = p — x9p and Ay = p — yop’ are the momenta of the virtual quark and squark in the

two diagrams and k is the gluon momentum. Using these, the form factor becomes

tr (¢4t
F(¢%) = ma, g\f? ) (B.6)
_ * ¢
X /dﬂf dy dr (21, 22) dp (Y1, Y2) 2
with
~ 1
C= T (/7" & Pry) (B.7)
1
1
~ & TP ()
_ WA 2 (mpt A (B.8)

A2 AZ—m?
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We will use simple forms for the distribution functions,

On (Y1, y2) = 6.fy Y132, (B.9)

P, (71,72) = fo,0 ($2 - AQCD) : (B.10)

mq)S

where Agcep ~ 300 MeV is the QCD scale. The meson distribution function is motivated by
the requirement that the quark and antiquark momentum distributions be symmetric—it can
also be shown to be the asymptotic meson distribution amplitude. The mesino distribution
function encodes the fact that the light quark carries a momentum fraction m,/me, where
mg ~ Aqep 1s a constituent quark mass.

Integrating over the mesino momentum distribution takes

4p" - Ay Aqep
— -24+0 B.11
A% + ( mq)s ) ( )
2 /. A 2 _ 2
D (2$1p +2 1) mg, —(q (B.12)
A —mj mg, —mj —y2 (m§, — ?)

+0 Aqop
mq>s ’

q2 A2
k?2 ~ —AQCDmcpsyQ <1 - m—z) + O <m—2) . (BIS)

(028 [N

and

Because of the factor of 1/k% in the Wilson coefficient, the form factor is enhanced in the
region where ¢? approaches m<21>3 giving the form factor a 1/ (m<21>5 — q2) scaling. After inte-
grating over the meson momentum distribution, gives a logarithmic correction to the
scaling which we can ignore. We therefore take C' ~ —2, finding

3(N?2—-1 1
F(qg)N (V; )W . fnla,
Agecpme, 1 — C]2/m?ps

= (B.14)

~ 8mas  fufs, 1
3 Ageomae, 1—¢2/m3

(B.15)

Using a, ~ 0.3, appropriate for the mass splitting between ®, and N; of ~ 1 GeV that we
have in mind, Aqcp ~ 300 MeV, a value of the 1 decay constant derived from the n — v
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rate (f, = 130 MeV), and the mesino decay constant from Eq. (4.21)), this gives, for the
production of a physical /Ny,

[650 GeV (1 GeV
2\ o -2
F(m3,) ~1.2x10 e, <Am¢N1) : (B.16)

Being an estimate of an exclusive process in QCD, this calculation has considerable un-

certainty, and represents the largest contribution to the overall uncertainty in our estimate of
the baryon-to-entropy ratio. However, it captures the essential physics: this rate is enhanced
when the singlet mass is close to the mass of the mesino. This is because the quark produced
in the ¢ — Nis splitting has a smaller momentum in this regime, allowing it to more easily
bind with the spectator quark to form a meson. Similar behavior is observed in the B meson
system, where the semileptonic transition form factor in B — wfv decays grows as the (v
mass approaches mp.

Note that the overall normalization of the form factor, for a fixed |12/, is degenerate

with the value of |y, ].
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