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Abstract

The Standard Model of particle physics can account for neither the dark matter dom-
inating the universe’s matter density, nor the baryon asymmetry that leads to the visible
matter density. This dissertation explores models of new physics that connect dark mat-
ter to baryogenesis and can naturally account for the observed quantities of both types of
matter. Special emphasis is given to models incorporating new weak-scale physics, as such
models often predict signatures at present and upcoming experiments and can potentially

be connected to solutions of the hierarchy problem.

In one class of models we study, the dark matter abundance is determined by a dark
matter asymmetry connected to the baryon asymmetry. In such models, the separate dark
matter, baryon, and lepton number global symmetries observed today are individually broken
at or above the weak scale and lead to mixing of dark matter and Standard Model fields
in the early universe. This can happen generically, with dark matter-visible matter mass
mixing induced by large background energies or moduli in the early universe, and can also
arise at the electroweak phase transition. Mass mixing models of asymmetric dark matter
can readily accommodate dark matter masses ranging from 1 GeV to 100 TeV and expand

the scope of possible relationships between the dark and visible sectors.

We also consider models of symmetric dark matter in which the annihilation of dark
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v Abstract

matter particles in the early universe generates the observed baryon asymmetry. This pro-
cess, called “WIMPy baryogenesis”, naturally accommodates weak-scale dark matter and
explains the observed dark matter density with only order-one couplings. WIMPy baryoge-
nesis is a new model of baryogenesis at the weak scale, avoiding problems with high reheat
temperatures in supersymmetric theories, and yielding observable consequences in ongoing

and future experiments for some models.
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Chapter 1

Introduction

The Standard Model of particle physics is one of the most successful physical theories of
the modern era. It has withstood experimental scrutiny over a wide range of energy scales,
and experiments at the Large Hadron Collider (LHC) continue to uphold its predictions.
There do exist anomalies (in the muon anomalous magnetic dipole moment [1], the top
quark forward-backward asymmetry measured at the Tevatron [2], and flavor violation in
the charm sector at LHCD [3], among others), but they do not yet point to a conclusive
break-down of the Standard Model effective field theory. In fact, electroweak precision tests
strongly constrain models of new physics [4], and tests of flavor violation seem to indicate
that the approximate flavor symmetries of the Standard Model hold to energies much higher
than the scale of electroweak symmetry breaking (up to ~ 10* TeV) [5].

Astrophysical measurements do, however, tell us that there must exist physics beyond
the Standard Model. Only about 1/6 of the matter energy density in the universe is made up
of baryons and other visible matter, whereas the remaining 5/6 is comprised of dark matter

particles [6]. Dark matter has only been observed through its gravitational interactions, yet
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2 Chapter 1: Introduction

a number of its properties can be inferred: it is electrically neutral, stable on cosmological
time-scales, has limited interactions with Standard Model particles and with other dark
matter particles, and was likely cold at the time of its decoupling to prevent washout of

1

small-scale structure’. With no Standard Model particles satisfying these conditions, the

existence of dark matter is a sure sign of physics beyond the Standard Model.

Although many candidates for dark matter exist, the most common category by far is
the weakly interacting massive particle (WIMP). One reason for this is that many models
solving the hierarchy problem and stabilizing the Higgs mass predict new, stable, neutral
particles at the weak scale that are viable dark matter candidates. Furthermore, the thermal
relic abundance of a weakly interacting particle with a mass of O(100 GeV) is consistent

with the observed dark matter energy density; this is known as the “WIMP miracle”.

The parameter space of WIMP dark matter models is constrained by colliders, direct
detection, and indirect detection experiments. The strongest limits by far come from direct
detection experiments, which exclude (for some masses) spin-independent WIMP-nucleon
cross sections above 1074 c¢m? [8, 9], many orders of magnitude below cross sections mediated
by electroweak gauge bosons, and comparable to cross sections mediated by the Higgs boson.
Cosmic ray searches and studies of the cosmic microwave background (CMB) spectrum
constrain the mass of a conventional WIMP to be above ~ 10 GeV [10], whereas monojet
searches at the Tevatron and LHC rule out mediator masses at scales below a few hundred
GeV [11]. While such experimental constraints can be evaded in a number of ways, such
as if dark matter scattering is velocity-suppressed or couples dominantly to leptons [10],

the narrowing viable parameter space and the absence of any discovery of new weak-scale

IFor a recent review, see [7] and references therein.



Chapter 1: Introduction 3

states at the LHC suggest that the dark matter particle may not be a conventional WIMP,
and it inspires us to look beyond the canonical examples of WIMP dark matter, considering
in particular examples where dark matter can be connected to other beyond-the-Standard-

Model phenomena.

Another question that cannot be resolved within the Standard Model is that of the origin
of the baryon asymmetry?. While baryon number violation occurs in the Standard Model
through transitions between different gauge field vacua (i.e. sphalerons and instantons), the
CP violation and departure from thermal equilibrium at the electroweak phase transition
are too small to generate the observed asymmetry. The very existence of visible matter
at the densities we observe is therefore evidence in favor of physics beyond the Standard
Model, and much effort has been expended in building viable models of baryogenesis. Unlike
theories of dark matter, however, there is no a prior: reason to believe that baryogenesis
is connected in any way to the weak scale. In fact, many theories of baryogenesis, such as
leptogenesis, are constrained to occur at scales well above the weak scale [13], making any
experimental probe of the underlying physics nearly impossible. Only a few mechanisms for

weak-scale baryogenesis are currently known [14, 15].

Given two known consequences of new physics, namely the existence of dark matter and
the origin of the baryon asymmetry, it is important to consider whether they have a common
origin. This is not a new idea: the oldest proposal dates from the mid-eighties and proposes
that electroweak baryogenesis creates an asymmetry simultaneously in baryons and in a
technibaryon dark matter sector [16]. Many of the earliest models, such as the one proposed

by Nussinov in [16], have since been ruled out by direct detection experiments, but there

2For a review of baryogenesis, see [12] and references therein.



4 Chapter 1: Introduction

has been much progress recently in understanding the ways in which dark matter can be
connected to baryogenesis [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27]. The most commonly
studied class of models is that of asymmetric dark matter [17], in which the dark matter
abundance is not determined through thermal freeze-out but instead with an asymmetry
connected to the baryon asymmetry, and it has been shown that dark matter masses ranging
from keV to TeV can be accommodated within this framework [18, 19]. Asymmetric dark
matter models can avoid constraints from indirect detection experiments and CMB studies,
which both study late-time dark matter annihilation [10], and can provide a dynamical

explanation for the similar energy densities of dark matter and baryons.

In this dissertation, we present two papers that extend the literature on possible con-
nections between dark matter and baryogenesis. In Chapter 2, we study new ways in which
the dark matter and baryon asymmetries in asymmetric dark matter models can be related
[27]. As in many asymmetric dark matter models, separate dark matter, baryon, and lepton
number symmetries are broken at high scales (ranging from the weak scale to the Planck
scale) and only emerge at lower energies. We observe that such a global symmetry struc-
ture allows the mixing of dark matter and visible sector fields in the early universe, and
we show that such mixing can occur generically in a range of scenarios. In particular, dark
matter-baryon mixing induced by Planck-scale operators can be important and can lead
to a relation between dark matter and baryon asymmetries even in models with no other
connections between the dark and visible sectors. We further consider models where the sep-
arate dark matter, baryon, and lepton number symmetries emerge at the electroweak phase
transition, calculating the effects of mass-mixing on the dark and visible sector asymme-

tries and showing the phenomenological implications for the LHC and dark matter detection
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experiments.

We also propose one of the first models of symmetric dark matter connected to baryogen-
esis [28]. In Chapter 3, we demonstrate that dark matter annihilation can itself generate the
observed baryon asymmetry in a process called “WIMPy baryogenesis”. In WIMPy baryo-
genesis, the correct dark matter density is obtained for TeV-scale dark matter according to
the WIMP miracle, while C'P- and baryon-number-violating couplings to Standard Model
fields allow for the creation of a baryon asymmetry. Since baryogenesis occurs at the weak
scale, the theory avoids any problems associated with high reheat temperatures in super-
symmetric theories. Many of the models also lead to observable consequences in upcoming

experiments. Testing the precise mechanism of baryogenesis, however, remains a challenge.



Chapter 2

Emergent Dark Matter, Baryon, and

Lepton Numbers

2.1 Introduction

Asymmetric dark matter models [17] have the potential to explain the fact that the energy
in dark matter and ordinary matter are notably comparable. Suggested explanations involve
the co-generation of an asymmetry in both dark matter and baryonic sectors by the decay
of heavy fields [20, 21] or the Affleck-Dine mechanism [22]. Many others involve higher-
dimensional operators that transfer asymmetries between the two, as was first explored
in [16] and more recently in [17, 18, 23, 24, 25, 26]. Although it seems reasonable that
dark matter number and baryon or lepton number might not be exactly preserved in the
early universe, most such models require new ingredients (scales or fields) to accommodate
higher-dimensional operators that lead to requisite relationships between the dark matter

and ordinary matter densities. Although conceptually compelling, these models leave open

6
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the question of whether we really expect the operators that violate baryon or lepton and dark
matter numbers to exactly the right degree to really exist. Much more convincing would
be models where there is mass mixing in the early universe arising from renormalizable
interactions or operators suppressed only by the Planck scale, although ultimately, it is
experiments that will hopefully shed light on the precise nature of the dark sector and its

connection to the Standard Model.

In this Chapter, we show that it is possible that lepton (and hence baryon) number
and dark matter number are not independent in the early universe. Mass mixing between
dark-matter-number-carrying and lepton-number-carrying particles allows asymmetries to
be established for both dark matter and lepton numbers. This mixing, of course, must turn
off at later times when we know that the two symmetries must be independently preserved.
The mechanism therefore requires fields whose value at high temperature differ from their
low-temperature values so that in the late universe, dark matter and lepton numbers are

independent symmetries and separately conserved.

The mass parameters in the models we present are linked to scales we know should be
associated with new fields or interactions, namely the Planck scale and the electroweak scale
(although in some cases we invoke also leptogenesis or grand unification scales). Furthermore,
mass mixing can allow for novel relationships between the asymmetries in the dark and
visible sectors when asymmetry transfer processes are out of equilibrium or the mass mixing
shuts off rapidly in a first-order phase transition, allowing for deviations from the often-cited

“predicted” value of the dark matter mass of ~ 5 GeV.

In our models, the mass mixing is active during a period of time after a fundamental B— L

asymmetry is generated but vanishes at late times to ensure stability of the dark matter.
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This is the opposite of the usual chronology of phase transitions, where finite-temperature
corrections keep the system in the symmetric phase at early times and a vacuum expectation
value (VEV) arises at later times. There are at least two situations when symmetries are
broken in the early universe and restored at late times. One involves multiple fields where
one field initially stabilizes another field away from its minimum but no longer does so
below a critical value [29]. Two stage phase transitions in a two Higgs model were first
discussed in [30]. A similar idea is exploited in hybrid inflation models, [31], but the fields
in our models are confined to the minima of the potential and involve no slow roll. We
present models with multiple-stage phase transitions in Section 2.2. The second possibility
is temperature-dependent background fields in the early universe that turn off as the universe
cools. Examples include moduli field VEVs and the background energy density in the early
universe. When these background fields are active, Planck-suppressed higher-dimensional
operators can induce mass mixing at early times. We present both supersymmetric and

non-supersymmetric models in Section 2.3.

2.2 Two-stage phase transition

2.2.1 Overview

Canonical examples of phase transitions in the early universe involve a transition from the
symmetric phase at high temperatures to a broken phase at low temperatures. In Weinberg’s
pioneering work on symmetry breaking at finite temperature [29], examples were presented
where the reverse is true: a symmetry broken at high temperatures is restored at later times.

Typically, there exist multiple scalar fields and multiple stages to such phase transitions. In
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this Chapter, we first discuss one simple example of a two Higgs doublet model originally
considered in the context of electroweak baryogenesis [30], although our results can be gen-
eralized in a relatively straightforward manner. The models in the following section are
more generic, but have slightly more technically complicated dynamics and work for a more

restricted parameter range.

In the two Higgs set-up, a B — L asymmetry is established at temperatures above a few
hundred GeV. The precise mechanism is irrelevant to our analysis. At high temperatures
T > 100 GeV, the universe is in an electroweak symmetric phase. As the universe cools
to T ~ 100 GeV, the electroweak phase transition occurs, proceeding in two stages. In the
first stage, a non-Standard Model scalar ® acquires a VEV while the Higgs remains confined
to the origin. When & gets a VEV, it induces mass mixing between the dark sector and
the left-handed Standard Model leptons. During this period, the lepton asymmetry gets
shifted into an asymmetry involving the high-temperature mass eigenstates, which are linear

combinations of the zero-temperature dark matter and lepton fields.

At later time, a minimum develops along the Standard Model Higgs H direction with a
lower energy than the initial vacuum. In the new vacuum, the Standard Model Higgs develops
a VEV but @ is confined to the origin by the potential induced by the large Standard Model
Higgs VEV. Bubbles of the new vacuum form in a first-order phase transition. Because this
phase transition occurs very rapidly, mass mixing shuts off before thermal interactions can
adjust the asymmetry. This allows for non-trivial mixing of the asymmetry between the
dark and visible sectors. In one scenario, the mixing can populate heavy dark sector fields
that have been thermally suppressed in the previous stage, in which case the relationship

between the final dark matter and lepton asymmetries is determined by the mixing angle at
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the time of the first-order phase transition. In another scenario, it is determined purely by
thermal factors.

In this two Higgs model, the second Higgs plays two important roles. First, it allows
a field value that turns on and off before the fields enter the true electroweak-symmetry-
breaking vacuum with the zero temperature Higgs VEV. Second, the ® scalar is initially
trapped far from the origin and allows for a first-order phase transition so the asymmetry in
the dark matter gets established immediately.

We introduce only O(1) couplings and mass scales in the theory that are connected to
the weak scale. We do not attempt to solve the hierarchy problem, but presume the model
can be embedded in models that do have solutions (for instance, in supersymmetric models

in which both scalars get their masses from supersymmetry breaking).

2.2.2 Asymmetry transfer during phase transition

The mechanism of asymmetry transfer by mass mixing is largely independent of the
specific details of the two Higgs model, and we postpone a discussion of the field content,
interactions, and phase transition to Section 2.2.3 and appendices A and B. For now, we
consider general models with a doublet scalar ® with a Yukawa coupling yx to a vector-like
dark matter particle, X, and a left-handed lepton L. During the intermediate stage of the
electroweak phase transition, the real part of the scalar ® has a VEV that induces mass

mixing between X and L,

mXL(T) :va<1>(T). (21)

If ® does not acquire a VEV, an unbroken U(1)y_¢ symmetry would persist through the

entire universe’s evolution. At late times, after ® had decayed away entirely, the solution to
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the chemical potential relations would be pe = px = 0, and there would be no late time X
asymmetry. Thus, the mass mixing stage is vital to ensuring a non-zero asymmetry at late

times.

Although the model contains three generations of X and L, for simplicity and to retain
only the essential elements of the mass mixing transfer mechanism, we consider only the case
where one flavor of L and X have a large mixing. This could be obtained, for example, by
hierarchical Yukawa couplings of the same form as in the Standard Model. The discussion

can be easily generalized to the case of arbitrary mixings between flavor states.

The vector-like dark matter has a Dirac mass my. The mass matrix in the (X, X, L°)

basis, including the dynamically induced mixing term mx (7)) is

0 mx mXL(T)
mXL(T) 0 0

which gives two degenerate states with mass M = /m% + m3%, and a massless state. The

mass basis states are

L'y = —sinf|X) +cosf|L°), (2.3)
|X') = cosf|X) +sind|L°, (2.4)
|1 X), (2.5)

with the |L') state being the massless state and the | X), |X) states having mass M. The
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mixing angle is

mxry,

/2 2

(2.6)

sinf =

In the interaction basis, the rate of asymmetry transfer between L and X is approximately

[32]

M2
FL—)X = FO Sin2 29 Sin2 <6TFO) y (27)

which is explained in Section 2.3.2. This formula says that the net transfer rate is the
oscillation rate that occurs before a thermal interaction, multiplied by the thermal interaction
rate. 'y is the rate at which scattering events occur, averaged between X and L. The system
is in chemical equilibrium for the mass scales and couplings considered in this section if

yx 2 107°.

The gauge interaction of L with charged leptons appears in the mass basis as

1, _ >
Loange = §(L Y1 — VS)WM (cosO L' +sin6X') . (2.8)
The rate of interactions of X’ is sin? @ times the usual weak interaction rate. Since the Hubble
constant is very small at the time of the electroweak phase transition, for any non-negligible
value of 0, X' is in thermal equilibrium due to gauge interactions. Since L~ carries lepton

number of +1, X’ and L' carry lepton number of +1 as well. The Yukawa interaction
LOyx P XL =yx®X(—sinfX' + cosfL’) (2.9)

gives X a lepton number —1. The interactions in our model are sufficient to keep the dark

matter in thermal and chemical equilibrium.
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We define the asymmetries in each field as Any, Ang and Anyx. The asymmetries in

the fields are (for 7" < M)

1

Anp = She 17, (2.10)
2T M3
Ang = —Any = 3 ppe T (M > T), (2.11)
™
1
= gh T° (M <T). (2.12)

where py is the chemical potential for lepton number. gy is fixed because the baryon
and lepton numbers have already equilibriated due to sphaleron processes active prior to
the electroweak phase transition. At the time of the second stage of the phase transition,
the weak gauge boson masses are large enough that sphaleron processes are exponentially
suppressed.

These relations are valid as long as the mixing is turned on. At a temperature Ty, bubble
nucleation occurs and the system moves to the true vacuum via a strongly first-order phase
transition. The dynamics of the phase transition are discussed in Appendix B. Therefore,
in the moment immediately following the phase transition, the particles are still in the
same state that they were in prior to the phase transition (according to the instantaneous
approximation), but their masses are now fixed by the new vacuum. In particular, the mass

mixing has shut off. The abundances of X, X, and L° are fixed by the abundances of the
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mass eigenstates at decoupling. In particular,

Anp = cos?0Ang +sin® §Ang, (2.13)
Ang = sin®0Ang + cos® 0Ang,, (2.14)
Any = —Ang (2.15)

We now define the total dark matter and baryon numbers (obtained from summing over all

charged fields) as

AX = Anx—An)’(, (216)

AB = AHB—ATLB. (217)

The ratio of X number to Any, is

Ax B (1 + cos?0)Ang, +sin? 0An;, (2.18)
N cos? Anp, +sin? 0Ang, ’

Once the phase transition completes, there is a conserved global U(1)x_¢ symmetry. Since
Ang = 0 at the time of bubble nucleation, and ® decays to X at late times, the zero

temperature value of Ay is identical to that immediately after the phase transition occurs.

Depending on parameters, the ratio of the X and L asymmetries in (2.18) can be consis-
tent with both light dark matter with a mass of ~ GeV, or with heavier dark matter masses
in the range 200 — 500 GeV (other models consistent with heavier asymmetric dark matter
can be found in [18, 21, 23]). For the heavy case, the final asymmetry ratio is dependent on

which terms dominate (2.18). We identify three distinct limits:
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1. Relativistic X. In the relativistic limit, when Ty > myx, mx, there is no thermal
suppression in the X; distribution and we have Any, = Any, . Equation (2.18) reduces

to
Ax
ATLL -

%. (2.19)

This is consistent with light dark matter, myx ~ 3.3 GeV, which we calculate from

(2.23) below and by imposing Qy = 5Qp.

2. Thermally-suppressed X. In the non-relativistic limit my > Ty, then Ang <

Anps. In the thermal-suppression-dominated limit, An g/ /Ang > tan? 6 and

Ang, w373

A 2M3

X~ e MIT. (2.20)
This relation is the same as the one appropriate to asymmetry transfer via higher-
dimensional operators that freeze out when X is non-relativistic [18]. This is the

relevant limit when the ¢ VEV at Ty or the Yukawa coupling yx is small.

3. Mixing-angle-suppressed X. The other type of non-relativistic solution is when
Ang. /Anp < tan?6 and the solution is mixing-angle-dominated. In this case, the
final ratio of X /L asymmetries is independent of Ang, and is determined only by the

mixing angle,
Ax

o tan2
A, tan® 6. (2.21)

This is a novel relationship and unique to models with mass mixing. Unlike the thermal-
suppression-dominated limit, this result is only weakly dependent on Ty, since the

expression for the ¢ VEV (A.4) is effectively temperature independent at low 7.
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We show below that, when the mixing is large (yx = 1), both the mixing angle and thermal
suppression terms in (2.18) are relevant.

We now relate the baryon number to the X number using the relationship between baryon
and lepton numbers in the early universe [33],

Ap B 4 6N;+3

ek S 2.22
A, 314N +9’ (222)

where V¢ is the number of Standard Model flavors. The baryon number to X number in

each of the above cases is

1.
Ax 2
— == 2.23
2.
A
AX = 3 33 : (2.24)
DN R
3.
Ax  3tan®# (2.25)

Ag 41 —tan?6)

2.2.3 Field content and interactions

We now describe our model in more detail. It contains:
e The Standard Model fields, including and most relevant, the Higgs H and left-handed

leptons L;.

e The dark matter fields, which are three vector-like fermions X; carrying a lepton flavor

index.
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e An additional doublet scalar ® with hypercharge +1/2. The mass of ® satisfies mg >

mx so that X is stable.

There exists a Z5 symmetry, under which ® and X are charged but Standard Model fields
are not. This makes X absolutely stable at late times, since (®) = 0 in the true vacuum
and the Z, symmetry is unbroken. The symmetry also excludes the term H®', which would
give ¢ a tadpole when H gets a VEV.

The new terms of the Lagrangian are

where

V(T = 0) = 4ky [ H|' — 42| H? + 4ko|0|' — 430 + 4ko|OP[H?,  (2.27)

using the notation of [30] that is convenient in the basis of real scalar fields. In addition to
ensuring dark matter stability, the Z, symmetry excludes an H® term, which would give ®
a tadpole when H gets a VEV.

With the convention in (2.27), perturbativity requires that ki, ks < 0.8 and k3 < 3.1.
There are additional constraints to avoid hitting a Landau pole below the GUT scale, but
this is highly dependent on what other fields couple to H and ® (for example, the quartic
terms could have large contributions from integrating out other weak scale particles) so we
do not consider this as a constraint.

At T = 0, ® must be stabilized at the origin, while H should have its measured VEV
of v = 246 GeV. The vacua of the theory are determined by finding the critical points of

the potential. To do so, it is simplest to move to the basis of real fields. Because U(1)en
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remains unbroken, the VEVs can be rotated purely into the neutral components of H and
®. Furthermore, assuming that the potential is C'P-conserving (for simplicity), only the real

components of & and H can get VEVs. Therefore, we make the substitution

d=— H=— , (2.28)

giving the zero temperature potential

V(T = 0) = kyh* — 2u3h* + koo* — 2u3¢* + ksd®h>. (2.29)

Because we are interested in the evolution of the field values as the universe cools, we also
need to include thermal contributions to the masses of H and ®. These thermal corrections
are proportional to 7" and dominate over the tree-level masses for 7" > pu. Ultimately, these
corrections determine how the phase transition proceeds. We can write the finite temperature

potential as

1 1
V(T) = kyih* = 2uih® + koo" — 2u50° + kzp®h® + §a1T2h2 + §a2T2¢2, (2.30)
where
2 e*(1+2cos’Oy) 1
ok Tk —y? 2.31
“ o Y L (2.31)
2 e?(1+2cos®by) 1
= 2k, + =k —y%. 2.32
2 2kt T o 6X (232)
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The light quark and lepton Yukawa couplings are sufficiently small that only the top Yukawa

needs to be considered for corrections to the A mass.

We give the details of the vacua and constraints on the parameters in Appendix A.

The first of the two most important results is the constraint leading to a two stage phase

k1 M% aq
\/— < = < —, 2.33
ko M% &%) ( )

which comes from requiring that the ¢ direction become unstable at the origin before h,

transition,

while also requiring that the Standard Model Higgs vacuum have lower energy than the
¢ # 0 vacuum. The other main requirement is that ¢ be stabilized to the origin in the true

vacuum,

k
m2 = 2u§k—i’ — 42 > 0. (2.34)

2.2.4 Numerical results

We present numerical results for a scan of parameters leading to a two stage phase
transition. The most relevant result for us is the temperature Ty at which bubble nucleation
occurs for a given set of parameters. This determines which of the three limits (relativistic,
thermal-suppression-dominated or mixing-angle-dominated) is most relevant and hence the
dark matter mass consistent with Qpy = 5 Qparyon. We present details of the calculation of
Ty in Appendix B.

The necessary and sufficient conditions for asymmetry transfer through a two stage phase

transition are:

e The constraints (2.33) are satisfied.
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Figure 2.1: Unshaded regions in the ky — k3 plane give rise to a two stage phase transition
and a viable dark matter asymmetry through mass mixing for light dark matter. Each
parameter point is consistent with dark matter of mass 3.3 GeV. The other parameters are
held fixed at py = 54 GeV for both plots, yx = 0.5 (left) and yx = 1.7 (right). In the left
shaded region (red), the barrier between vacua is too large for rapid bubble nucleation and
the system remains trapped in the false vacuum. In the right shaded region (also red), the
¢ # 0 direction is not a stable vacuum. In the bottom shaded region (green), the scalar mass
my is excluded by LEP.

e The bubble nucleation temperature Ty > 0, and the wall velocity is large enough that

the transition is strongly first-order (see Appendix B).

e The mass my > mx in the final vacuum so that X is stable, where mg is given in

(2.34).

There is also a constraint coming from LEP searches for new doublet scalars (specifically
sleptons, from which there is a bound my 2 90 GeV [34]).

The Standard Model Higgs mass parameter, pq, is fixed to be p; = 42 GeV by a Higgs
boson mass of 120 GeV in the final vacuum, while the quartic coupling k; is fixed by the VEV
(h) = 246 GeV. We have a four-dimensional parameter space, consisting of the ¢ quartic
self-coupling ks, the ¢ — h mixed quartic coupling k3, the ¢ mass parameter us, and the

Yukawa coupling yx.
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Figure 2.2: Relationship between the temperature of the first-order phase transition 7y and
the ¢ quartic coupling ks. The other parameters are held fixed at k3 = 1.5, yx = 1.7 and
1o = 54 GeV. No first-order phase transition takes place in the shaded regions.

The allowed values of py come from the constraint (2.33). The range is ps = 25 — 100
GeV, which is precisely the range we expect if p; and ps have a common origin. Since
perturbativity limits ky < 0.8, the upper bound of ps < 100 GeV follows from (2.33). The
lower bound ps > 25 GeV comes from the fact that the ratio ag /as is fixed by the Standard
Model interactions when yx, ko, k3 — 0. The parameter space for a viable two stage phase
transition is small close to either bound on py, so we present all of our results with an
intermediate, representative value of uy, = 54 GeV and scan over other parameters.

The Yukawa coupling is selected to be O(1). In this case, the symmetric component of
X annihilates through the Yukawa interaction (see Section 2.2.5).

We now present, in turn, the parameters consistent with the three dark matter scenarios

discussed above.

1. Relativistic X. In general, Ty > 3.3 GeV, so light 3.3 GeV dark matter is consistent
with any choice of parameters leading to a two stage phase transition. We show in

Figure 2.1 a region of parameter space in the ks — k3 plane (with py = 54 GeV and
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two values of yx = 0.5,1.7) with a two stage phase transition and light dark matter.

In the right shaded region, the couplings ks give a large contribution to the thermal
mass of ¢, stabilizing the ¢ direction and leading the system to condense directly into
the true, A # 0 vacuum. In this case, the ¢ VEV is never non-zero. For smaller values
of ko, the VEV (@) ~ p15/+/ks increases and the barrier between vacua becomes larger.
In the left shaded region, the barrier is so large that bubble nucleation never occurs
and the system remains stuck in the false vacuum. The tunneling temperatures are

shown in Figure 2.2.

In the shaded region at the bottom, my from (2.34) is smaller than the LEP bound.

. Thermally-suppressed X. The relation (2.24) dictates the X masses consistent with

a given tunneling temperature Ty. We present results in Figure 2.3 as a function of
the parameters ko, k3, with ps = 54 GeV and yx = 0.5. The Yukawa coupling is small
enough that the mixing angle contribution to the asymmetry is always smaller than
the thermal terms. For Yukawa couplings yx = 1, both mixing angle and thermal

~

suppressions are relevant and we address this case in point #3.

The entire unshaded region is consistent with dark matter with a thermally-suppressed
asymmetry, and the dashed contours illustrate a few representative values of myx be-
tween 300 and 450 GeV. The outer side shaded regions represent the same constraints
as the relativistic case. For small values of k3, m, becomes smaller than the value of
mx giving the correct dark matter density, making the dark matter unstable. In the
inner shaded region on the left, the mixing angle contribution to Ayx/Ap dominates

over the thermally-suppressed terms.
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Figure 2.3: Regions in the ks — k3 plane where the final X asymmetry is dominated by
thermal suppression. The unshaded region is the viable parameter space. Other parameters
are held fixed at pus = 54 GeV and yx = 0.5. Dashed contours show representative X
masses associated with each point in parameter space (from left to right, 325 GeV, 375
GeV, 425 GeV). The outer shaded regions to the side (red) do not give rise to a two stage
phase transition, while the shaded bottom region (green) violates the condition my < my,
rendering X unstable.

We find a range of dark matter masses 300 — 500 GeV for the given parameters. When
we scan over other values of s, we find a range ~ 250 — 550 GeV, although most of
the parameter space lies in the 300 — 450 range. According to (2.33), a smaller value
of s gives a two stage phase transition with smaller values of ks, shifting the band in
Figure 2.3 to the left (to smaller values of ks). Smaller values of yx decrease the value

of ay, allowing larger values of ks and relaxing the upper bound on ks from (2.33).

This range of masses is the expected range for the two Higgs model since the bubble
nucleation temperature Ty < 241 from (B.1), and this restricts mg < 550 GeV. For
stability, the X mass can never exceed the ¢ mass, and the largest possible value of
mg with perturbative quartic couplings is about 550 GeV. The lower bound on masses
comes from the fact that the vast majority of points in parameter space with a two

stage phase transition have tunneling temperature Ty 2 35 GeV (when the vacua

~Y
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Figure 2.4: Regions in the ko — k3 plane with yx = 1.7 and pus = 54 GeV consistent with
weak scale dark matter. The mixing angle contribution is relevant for all points. The
unshaded region is the viable parameter space. Dashed contours show representative X
masses associated with each point in parameter space (from left to right, 425 GeV, 450 GeV,
475 GeV). The two inner, unshaded regions show parameters where the mixing angle (left)
and thermal suppression (right) are respectively dominant. The outer shaded regions (red)
do not give rise to a two stage phase transition. In the lower shaded region (green), the
mx < mg condition is violated.

become degenerate at a temperature lower than this, the energy barrier is typically
large enough that the system remains trapped in the false vacuum). Thus, when the
final asymmetry in X is determined by thermal suppression, the range of allowed dark

matter masses is 250 < my < 550 GeV.

3. Mixing-angle-suppressed X. We present results in Figure 2.4 as a function of the
parameters ks, ks, with ps = 54 GeV and yx = 1.7!. Dark matter is consistent with
the unshaded region, with dashed contours showing representative values (425 GeV,
450 GeV, 475 GeV). The outer shaded regions do not give rise to a two stage phase

transition for the reasons outlined in the relativistic discussion. In the lower shaded

For yx = 0.5 considered in the first two cases, the mixing angle is always too small to give a significant
contribution to the asymmetry.
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region (green), the X mass consistent with the asymmetry transfer is larger than m,

making the dark matter unstable.

We mark the regions where the mixing angle and thermal suppression terms in (2.18)
dominate. Dark matter masses range from 400 — 500 GeV with the parameters chosen.
Comparing with Figure 2.3, the presence of the large mass mixing significantly changes
the asymmetry, even in regions where thermal terms are largest. This favors heavy
dark matter, O(400 GeV), as the large X mass suppresses both the mixing angle and
thermal contributions and results in the correct dark matter abundance, even in the

presence of two sources of asymmetry transfer.

The range of parameters with dominant mixing angle is much more restricted than for
relativistic or thermally-suppressed dark matter. The reason is that, except for small
ko, tunneling occurs shortly after the vacua become degenerate and when the ¢ VEV
is small. This typically leads to a mixing angle that is smaller than the Boltzmann

suppression factor.

To summarize, with a two Higgs model with a two stage phase transition, the relationship
between the baryon and dark matter asymmetries can be determined by thermal effects
and/or the mixing angle. With large mass mixing (yx = 1), the mixing angle contribution
to the asymmetry is always important, and the ratio of Ax/Ag deviates from the predictions
of earlier work where only thermal suppression is relevant. The model is consistent with a
wide range of dark matter masses, from 5 GeV in the relativistic case to 300-500 GeV in the
thermally-dominated and mixing-angle-dominated regimes.

Note that for this model the transfer is always in equilibrium and the thermal scattering

rate is always comparable to the oscillation rate.
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2.2.5 Annihilation of the symmetric component

In addition to generating the correct dark matter asymmetry, the coupling must be large
enough that the symmetric component annihilates efficiently so that the late-time X density
is dominated by the asymmetric component. Our model provides a built-in mechanism for
symmetric X annihilation via the ¢-channel scalar exchange process process X X' — LLT.
The cross section for this process is

4 2
Yx My
== . — 2.35
160 my (2:35)
The requirement that the symmetric number density of X at freeze-out be less than the

asymmetric component constrains the Yukawa coupling. For masses in the O(100 GeV)

range, this requires = = myx /Theeze—out ~ 25 and,

4 x
b > (6.6 % 107) [ ot (2.36)
X . MPI mgxﬁ . .

For values myx ~ my ~ O(500 GeV), this gives the constraint yx > 0.45. This is satisfied
for the parameters considered above and is true over much of the parameter space consistent

with asymmetric dark matter where the X asymmetry comes from mass mixing.

When myx = 3.3 GeV, the suppression in the cross section from (mx/mg)? can be very
large. When my is at its lowest bound of 90 GeV, then yx 2 0.6. For larger values of
me, then yx > 1 to ensure the annihilation of the symmetric component. There may also
exist other annihilation channels (for example, if there is a U(1)" under which X and ¢ are

charged) to further deplete the symmetric component.
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2.2.6 Phenomenology

While the dark matter in this model is a singlet under the Standard Model gauge group,
the model also contains a new charged field, the doublet scalar ¢. This leads to a loop-
suppressed coupling of X to nucleons, as described in [35, 17]. The direct detection cross

section is the same as [23],

ZJA\?
04 ~ (4 x 107 cm?) (o—/zl) (%) : (2.37)

where mg/yx ~ 10 — 1000 GeV in the two Higgs model (m, ~ 100 — 500 GeV and yx ~
0.5 — 10). This cross section should be tested by the next generation of detectors. The
one-loop interaction with nucleons is dominant over direct interactions with electrons in the

detector, due to the small mass of the electron and therefore the small recoil energy [36].

The doublets can be pair produced at the LHC by s-channel weak gauge bosons. The
neutral component ¢° decays to X +v, while the charged components decays to X 4+ ¢*. The
decay of ¢* — ¢° + W= is suppressed by the small mass splitting (induced by electroweak

symmetry breaking loops) between components of the doublet.

The charged component is easiest to find. Given the approximate lepton-X flavor sym-
metry, the signature is two oppositely-charged leptons of the same flavor plus missing energy.
This is exactly analogous to searches for charged left-handed sleptons in the MSSM, with
X being analogous to the neutralino LSP. In the case of sleptons, assuming no degeneracy
with the LSP (m,0 < m;), the LHC will be capable of finding left-handed sleptons at the
LHC at the 50 level with masses up to 350 GeV with an integrated luminosity of 100 fb™*

at 14 TeV [37]. In our case, the doublet masses are in the range 100 — 500 GeV, so there is
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the possibility of detection at the LHC, although discovery will require a long running time.

This model can be differentiated from supersymmetric models because the decay chains
should be different. Furthermore, this is a more challenging search than gluino or squark
searches, so by the time of detection of the doublets, we should already know whether or not
supersymmetry is present at the weak scale.

Other possible signatures are the production of two ¢°, which results in a monojet +
missing energy signature, or the production of ¢ ¢", with a signature of one lepton + miss-
ing energy. Both are difficult to distinguish from the Standard Model background, and we
find it unlikely that either is promising.

Our model is an asymmetric leptophilic dark matter model [23] and can therefore have
suppressed indirect detection signals. The fact that the late-time dark matter density is dom-
inated by the asymmetric component means that there may be insufficient anti-dark-matter
in the late universe for there to be an appreciable annihilation signal. As shown in earlier
works, the symmetric component could, however, be replenished by a small X Majorana
mass [38] or there could be some remnant of the symmetric component due to annihilation
freeze-out [25]. Therefore, the detection of excesses in cosmic spectra does not rule out this
model. As shown in [23], the annihilation cross section (2.35) for weak scale dark matter
is (Tannv) ~ 10724 cm?/s, which is consistent with the PAMELA and Fermi anomalies for

mx =400 GeV, my = 500 GeV and yx =1 [23].
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2.3 Mass Mixing via Planck-Scale-Suppressed Opera-

tors

2.3.1 Overview

Our second and more generic scenario exploits large VEVs that we expect in the early
universe. Examples of fields that are likely to have large, non-zero values include moduli,
flat directions in supersymmetric theories, and Goldstone bosons. At finite temperature and
density, the kinetic energies of relativistic fields also have sizable background values. Gener-
ically, all such fields should couple to any other existing fields through Planck-suppressed
operators. Since we do not expect such operators to respect any particular global symmetry,
these operators should lead to the mixing of dark matter and lepton quantum numbers.
While theories with moduli and flat directions are most likely supersymmetric, mixing due
to background energy is also present in non-supersymmetric theories.

The key point to take away for all models of mixing by Planck-suppressed operators
is that mixing between different sectors does occur due to Planck-scale physics (assuming
gauge-invariant combinations of fields). Therefore, asymmetry transfer between sectors also
occurs if the asymmetry generation happens early in the universe’s history. This is the
dominant effect if the dark and Standard Model sectors are very isolated, and is still expected
to be present as a sub-leading effect if other fields mediate dark-matter-number-violating
interactions between the two sectors.

We consider both fermionic and scalar dark matter candidates. Since lower-dimensional
operators lead to less-suppressed mixing, scalar dark matter proves to be particularly impor-

tant when the mixing would otherwise be too small, such as when induced by thermal kinetic
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terms and field VEVs, which are temperature-suppressed and therefore generically smaller
than those for moduli. For operators involving string moduli and other flat directions, both

fermion and scalar mixing can lead to a large transfer of asymmetry between sectors.

For simplicity, we consider models in which the dark matter is a Standard Model gauge
singlet in order to avoid direct detection bounds. This implies that the field mixing with
the dark matter is also a Standard Model gauge singlet?. One option for the field mixing
with dark matter is the right-handed neutrino in a model with Dirac neutrino masses, which
carries lepton number. While we choose this example to work out the concrete details
of mass mixing, the general framework is also compatible with Majorana leptogenesis (or
GUT baryogenesis) in theories with additional lepton-number-carrying gauge singlets. As
will be discussed later, models with heavy moduli can dilute the dark matter and baryon
asymmetries. In the framework of Dirac leptogenesis, the dilution can be compensated by
resonance enhancement, which is not generic. A more general alternative is to have Affleck-
Dine leptogenesis (or baryogenesis) along a flat-direction as a composition of singlet L(B)
and SM leptons (baryons). Alternatively, the moduli can be light enough to be stable over

the lifetime of the universe.

We focus on the case where a B — L symmetry is created via Dirac leptogenesis [39].
In such models, no net lepton number is created but an equal and opposite lepton number
is sequestered in the LH and RH neutrino sectors. The processes that equilibriate the two
sectors have rates that are suppressed by neutrino masses and so do not come into equilibrium
until well after the time of the electroweak phase transition. The asymmetry stored in the RH

(s)neutrinos can then be transferred to the dark sector via mass mixing terms and provide

2The dark matter can carry a gauge charge as long as the field with which it mixes is also charged.
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for a connection between the dark matter and baryon asymmetries.
For our models, we take the field content to be the MSSM as well as the new components

outlined below. First, there are the dark matter and singlet lepton fields:

e Three generations of singlet RH neutrino chiral superfields /V;.

e Chiral superfields X and X, which comprise the dark matter.

We also assume in this model the existence of fields responsible for Dirac leptogenesis, as

outlined in Appendix C:

e At least two generations of heavy vector-like doublets 1) and 1), whose decay generates

the B — L asymmetry.

e A singlet field y which is necessary for generating an asymmetry in both LH and RH

neutrinos.

e A U(1)y symmetry that forbids direct coupling between the LH Standard Model lepton
L and the RH neutrino N. It can also permit the annihilation of the symmetric
component of X if gauged. The gauge symmetry is anomaly-free with charges Q(X) =
1, Q(N) = -1, Q(¢)) =1 and Q(x) = 1 with two additional fields, either in the lepton

or dark sectors.

Note that the new matter content is similar to that for models of Majorana leptogenesis (and
a dark matter sector). But in this case the right-handed neutrinos are light and additional
fields are present to generate the B — L asymmetry through their decay.

The tree-level, renormalizable superpotential is

W = Myt + y,QH, i + yaQHad + yn N Hyb + yr L. (2.38)
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The model possesses a Peccei-Quinn-type symmetry that forbids XX mass terms. These
mass scales can be generated dynamically at later times, possibly through SUSY breaking.
We then expect that the X masses (for both the fermions and scalars) are ultimately set by

the soft SUSY scale.

2.3.2 Mass mixing formalism

In Section 2.2, we worked in the mass eigenstate basis. This is appropriate because the
mass mixing in the two Higgs case is nearly temperature-independent around the decoupling
temperatures (particularly when compared to the rate of the first-order phase transition),
making the mass eigenbasis temperature independent as well. The system also consists of
a mixture of relativistic and non-relativistic states, and the mass basis adequately describes
the Boltzmann suppression of the heavy states. Finally, the system is fully mixed, meaning
that the rate of the asymmetry transfer given by (2.7) is in equilibrium (> H) and the
chemical potentials for X and N track their equilibrium values.

By contrast, the VEVs inducing mass mixing for these models with Planck-suppressed
operators are highly temperature-dependent. In fact, there is no phase transition, with
VEVs typically proportional to some power of 7" and turning off gradually. Because the
mass mixing changes with time, the mass basis is only an instantaneous eigenbasis. To
avoid continually changing basis over the course of the time evolution, it is simplest to use
interaction eigenstates.

At early times when the Planck-suppressed mass mixing operators are active, the fields are
also highly relativistic. This is precisely the limit in which the standard neutrino oscillation

formalism is valid. This section is dedicated to the overview of how distributions of particles
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with mass mixing evolve over time. A good review of this material can be found in [40]. We

first present fermion mixing and then discuss scalars.

We first review the story with pure coherent oscillation, which is directly analogous to

neutrino oscillation. For Weyl fermions v¢,, a = 1,..., N, the mass part of the Hamiltonian
is
1
Hoass = §Ma5¢aw5 + h.c.. (2.39)

We assume no mass degeneracies in order to simplify the results. We use Greek letters to
label flavor eigenstates and Latin letters to label mass eigenstates. The mass eigenvalues
M? are found by diagonalizing the matrix MTM. The rotation matrix U that diagonalizes
M satisfies

Z (MTM)o5Us; = M?6,;. (2.40)

The relationship between the mass basis and the flavor basis is

|tha) = Z Uaiti)- (2.41)

During a particle’s propagation between interaction points, it can be described by a
wavefunction in standard quantum mechanics. After a time ¢, the probability of oscillation
from flavor state « to 3 is given by P,_5(t) = [(15(¢)[1a(0))|*. Expanding the states in the
iHt+ip-x

mass basis and performing space-time evolution using the operator e~ gives, in the

relativistic limit,

]\42 M?
Po—p(t) = Re ZUMU UBZUBJeXp< Tjt) , (2.42)
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where o« # (3. The case where a = 3 is simply found by subtracting the probability of

oscillating into anything else.

For the special case of two fields, we can write U in terms of a single mixing angle,

cosf sind
U= . (2.43)

—sinf cos6

The oscillation probability then reduces to the familiar form

Po5(t) = sin® 20 sin? (%t) : (2.44)

We compute the exact rate at which the asymmetry is transferred between sectors by
mass mixing using the density matrix formalism for fermions and scalars. Before doing so,
we present a good, approximate formula for the rate of asymmetry transfer that agrees with
the density matrix results in two important limits discussed in Sections 2.3.2 and 2.3.2.
This formula will be useful in understanding how the asymmetry rate depends on the mass
eigenvalues and mixing angle. We derived all of our numerical results in Section 2.3 using

the density matrix formalism.

In an environment where frequent scatterings occur, as is typical in the early universe,
oscillation is interrupted by interactions with other states. This decoheres the system and
can be thought of as collapsing the 1 wavefunction into one of its interaction eigenstates.

Interactions are occurring at a total average rate [y,

1
Ty = (Ta+Tp), (2.45)
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where I, is the total rate with which species « interacts with the thermal background. The
mean free path is 1/I'y. The rate that species o changes into species (3 is going to be given
by this interaction rate, multiplied by the probability of oscillation:

M2 _ M2
Fa—)ﬁ = FO Sin2 20 SiIl2 (ZiTFOl) = F(] Sin2 20 Sin2 (2LF()) ) (246)

where € = (M2—M?)/2E. Equation (2.46) is easy to understand and is a good approximation
to the actual evolution of various species in a thermal background and we use it frequently.
If I'nyp > H, the mixing is in equilibrium. Otherwise, we can obtain an order-of-magnitude
estimate of the amount of transfer from species « to by the quantity I',—,3/H evaluated

at the time the asymmetry is generated in one sector.

The o — [ transfer can proceed in two different ways associated with different limits
of (2.46). Which regime the system is in is independent of whether or not the mixing is
in equilibrium. When €/T'y > 1, the oscillation length is much shorter than the mean free
path and so a larger amount of o particles are transferred per collision. As a result, fewer
collisions are necessary to bring the system into equilibrium. The opposite limit, /Ty < 1,
occurs when collisions occur very rapidly compared to the oscillation time scale and few «
particles are converted to 3 particles per collision. Nevertheless, the transfer process can
still be in equilibrium if the mixing angle is large. We encounter examples of both limiting

cases in Sections 2.3.3 and 2.3.4.

The evolution of the different flavor states, taking into account oscillations and coherence-
destroying thermal interactions, can be performed in a unified framework using the density
matrix formalism [32, 41, 42]. The system begins in some state py, where the diagonal

components give the iniital relative abundances of each particle type and the off-diagonal
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components represent any coherences present in the initial state. The time evolution of the

density matrix is given by the equation

ip=[H™, p] —i{ HY, p}, (2.47)

where H®) is the real part of the Hamiltonian calculated to leading order and includes
masses and interactions with the thermal background, while H consists of the imaginary
part of the background potential consisting of absorptive interactions with the background
that cause the system to decohere. Integrating (2.47) yields the final abundance of each
species. In Sections 2.3.2 and 2.3.2, we give (2.47) in component form for scalar and fermion
mixing and show that, in the limit of time-independent temperature and mixing, the result
reduces to (2.46).

We are interested in determining the evolution of an asymmetry that is stored entirely
in one sector and subsequently migrates to a different sector through oscillations. Since the
evolution equations are linear, it is appropriate to consider only the asymmetric components.
The initial density matrix at the time the asymmetry is generated and that we use in our
analysis is pg = diag(1,0,0,...,0), where the 1 is the diagonal component of the species
housing the asymmetry.

At finite temperature and density, particularly temperatures where T' > M;, finite tem-
perature contributions to the background potential must be included in the mass mixing
formulae (we assume that both sectors are in kinetic equilibrium so that there is a common

temperature between them). Considering again the 2 x 2 case, the effective masses from
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thermal corrections for both fermions and scalars in the interaction basis are

AT? 0
|M(T)[* — [M(0)* = , (2.48)
0 AT?
where A\ and A\ are effective couplings parameterizing all interactions with the background

plasma?. In Section 2.3.3, we relate \; and Ay to the couplings of specific models.

Using F ~ 3T at finite temperature and density in the ultra-relativistic limit, we get the

Hamiltonian

M),

H.,3=3T9,
3 3+ 6T

(2.49)

In the case that there exist common interactions between the sectors that are in thermal
equilibrium, 7" is the same for all fields. The mixing angle and energy eigenvalue splitting
are unchanged when a term proportional to the identity is subtracted, so we can subtract

the T 0,4 term from (2.49).

We now derive results for the particular cases of scalars and fermions.

Scalars

Let the tree-level, diagonal elements of M;; be denoted by p,;. Then, the total mass-

squared matrix is
2 | \272 2
py + AT M
M@= " . (2.50)
Mo T

3For fermions, finite temperature corrections do not give rise to a mass term in the Lagrangian due to
chiral symmetry, but they do give rise to an effective potential that can be considered as a contribution to
the MTM matrix
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The mass eigenvalues and mixing angle are

NT? + X1 + i + p3 \/(A%T2 + 3 — pf)? +AM, (2.51)
20?2

sinf = V2Mi, ., (2.52)

\/(/\ng2 13 = )N T2 + 13 — pf + V(O3 T2 + i3 — )2 + 4Miy) + AM,

2
2mi

where \3, = \2 — \2.

The Hamiltonian (2.49) is

2 22 2
1| pi+ AT M
= L " . (2.53)
Mpy, o+ NT?

and

P11 P12
p= : (2.54)

P21 P22

The density matrix evolution equations (2.47) in component form are [42]

P11 P11
P22 P22

=A , (2.55)
P12 P12

P21 P21
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where
0 0 iM% —iM%,
. 0 0 —iM3, iM%,
iMfy =My —200T +i [p3 — pi — A3, T7] 0
—iM?2, iM% 0 —2T0T — i [p3 — pf — A3 T

In this case, (2.45) gives

1
Lo =5 (I + ). (2.56)

Note that the previous formula applies also in the limit that M;, and T are independent
of time, in which case we have a linear system of first-order differential equations. The
solutions are exponential functions, with the coefficients in the exponential being given by the
eigenvalues of the matrix in (2.55). There is one zero eigenvalue, representing the equilibrium
distribution, and the approach to chemical equilibrium (i.e. the asymmetries being equal in

both fields) is given by the smallest of the eigenvalues, denoted by 7gow. Defining
€= ———, (2.57)
the solutions can be found analytically in the limits 'y < € and I'g > €. The solutions are

Ysiow = 200 sin?fcos?f, Ty<e, (2.58)

2

Yslow = sin? @ cos? 6 ;—, o> e, (2.59)
0

which reproduces (2.46) in the same limits. This confirms our physical picture of transfer

via mass mixing and interactions with the background, and also checks equation (2.46).
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Since all of the parameters in our theory are actually time-dependent, the system never
reaches chemical equilibrium if v4,, < H. There is a significant parameter space for the mod-
els in Sections 2.3.3 and 2.3.4 for which this is true. In this case, the amount of asymmetry

transferred between sectors is approximately Ysiow/H -

Fermions

Suppose we have three Weyl fermions with a Dirac mass p between 1, and 1, and a

Dirac mass mixing M3 between v; and 3. The mass-squared matrix is

p? + M2+ \2T? 0 0
|M(T)|* = 0 2+ NT? My - (2.60)
0 ,U/M13 M123 -+ )\§T2

Unlike in the scalar case, the tree-level mass p appears in the off-diagonal terms. The matrix

is block diagonal and only the lower 2 x 2 sector is mixed. The mass eigenvalues and mixing

angle are
2
omi = A+ ME+ (3 +M)T 4+ \/;ﬁ + (M2 + A3,T2)" + 2p2(ME — N3,T2), (2.61)
2uM
sinf = V2l . (2.62)
\/A + M5+ (0 = AT - M123)\//L4 + 202 (M — N3oT2) + (M7 + A3,17)?
where

A= (12 = N T2 + 203 (1 + Ny T?). (2.63)
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The Hamiltonian is

p? + ME + M\T? 0 0
H= GLT 0 12+ NT? My : (2.64)
0 uMys Mz + \aT?
The density matrix is
P11 P12 P13
P=1 pa p22 pas |- (2.65)
P31 P32 P33

Because H is block diagonal, the density matrix evolution equations involving 1, decouple

from those independent of vy, giving three independent systems of equations,

P22 P22

P33 _ B P33 ’

P23 P23

P32 P32

P12 B L —60)T — iM%, M3 P12

P13 o ipMys —6I4T — ip? P13 |

pu = 0, (2.66)
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where
0 0 tpMi3 —ipMis
B 1 O O —’L',LLMlg i,LLM13
Mg —ipuMyis  —600T + i(u2 — M123 — /\§2T2) 0
—i/LMlg i,uM13 0 —6FOT — i(u2 — M123 — /\§2T2)

(2.67)
The equations for py; and ps3; are found by taking the conjugate of those for p;» and pi3.

Because there are now three particle types, we have three rates and

1

Lo = 5(Ta+Ty), (2.68)
1

Iy = §(F1+F2)> (2.69)
1

Tp = 5N +Ty). (2.70)

Since pi; is conserved, we can only have transfer between particles of species 2 and 3, and
therefore only the first system of equations in (2.66) is relevant for our purposes.
As in the scalar case, the analytic solution to (2.66) in the case of time-independent 7'

and M13 is

Yoiow = 200 sin?fcos?f, Ty<e, (2.71)

2
Yoiow = sin®@cos®6 ;—, [y >, (2.72)
0

which reproduces (2.46).



Chapter 2: Emergent Dark Matter, Baryon, and Lepton Numbers 43

2.3.3 Moduli-induced mass mixing
Overview

One class of fields that are expected to have large background values at early times are
moduli fields; examples include string moduli or Polonyi fields for supersymmetry (SUSY)
breaking. As their potentials are exactly flat at the perturbative level in SUSY, moduli can
be found at finite temperature far from their zero-temperature minima. Such fields can have
VEVs as large as Mp; following inflation. The moduli subsequently roll down to their true
minima, which would be established by SUSY-breaking terms in the potential. During this
period of rolling, the VEVs can induce large mass mixing terms between other fields in the
theory.

Note that moduli decay can create entropy that would dilute both lepton and dark
matter numbers. We assume that either decay occurs very late (as with light moduli)
with Dirac leptogenesis or that a more efficient means of baryogenesis (such as Affleck-Dine
baryogenesis) applies. Dirac leptogenesis can be efficient as well with resonance enhancement,
but it is less generic. We show that both light and heavy moduli are possible in Section 2.3.3.
For clarity, we use bold-face when discussing the cases of heavy and light moduli.

We consider the dark matter to be a vector-like pair of superfields X, X with tree-level
mass flyee- Mass mixing arises from Planck-suppressed higher-dimensional operators. Mass
mixing between X and N generically occurs for both fermions and their scalar counterparts.

For heavy moduli, mixing between fermion components and a modulus ¢, mixing can

come from superpotential terms such as

2

AW = 2 XN + he,, (2.73)
Mp,
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which gives a mixing
co?

. 2.74
e (2.74)

mxnN =

Since the Hamiltonian contains the squared mass matrices, the relevant mixing term is not

mxn but the product

2 & Ntree¢2
o = [liree =" 2.75

Mmix = Mtree XN Mp, ( )
The dark matter is stable if figree < 2m4.

Superpotential terms also generate mixing between the scalar components of X and N.

In the presence of a spurion field S with SUSY-breaking F-term, an allowed operator is

XN +he, (2.76)

(2.77)

We compare the mixing term in the squared mass matrix (2.77) with the fermion case (2.75).

The ratio of fermion to scalar mixing is fitree/ms3 /2.

The late-time dark matter particle can be either scalar or fermion, depending on the
details of the model. It is, however, irrelevant at late times whether the dominant mixing
was through scalars or fermions, since interactions within the X sector (most importantly,
those responsible for annihilation of the symmetric component) equilibriate the asymmetry

among the scalar and fermion components.

We expect that higher-dimensional couplings to moduli fields also contribute to X X mass
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terms. For the fermion case,

Cx ¢2
Mp

AW = XX +he. (2.78)

This operator doesn’t violate dark matter or lepton numbers, but is relevant to the mixing

angle. The resulting diagonal mass is

Cx ¢2
Mpy

HX = Hiree + = Htree +KMxN. (279)

Since both XX and XN get masses from the moduli VEV, we express everything in terms
of mxx and the proportionality constant k = my 5z /mxy, which we expect to be O(1) since
both masses arise from the same moduli fields and operators of the same dimension. For
scalars, the corresponding diagonal mass term is
K Cs gy ¢°
:u,zX' scalar — :ugrcc + T/ (280)
Pl

In the scalar case, the diagonal mass does not contribute to the off-diagonal component of
the mass-squared matrix, m%,. We show in Section 2.3.3 that the asymmetry transfer rate

does not depend on IU“,2X scalar*

For light moduli, the condition my < 2m,, is not satisfied. The fermion decay rate is

3
m
FXN X

~ T (2.81)
Mg,

and the X lifetime would be much below the bound of 7 > 102® seconds [43]. For this model,



46 Chapter 2: Emergent Dark Matter, Baryon, and Lepton Numbers

we assume a Z3 symmetry that only allows higher-dimensional operators such as

3
AWig = <2 XN + hec., (2.82)
Mg,
which gives a mixing
cd?
MxN — —F - (283)
M,
The diagonal component of the mass-squared matrix is
2 CHx ¢3
i 2.84
mix MI%I ( )
The corresponding superpotential term for scalar mixing is
S 3
AW = PN e, (2.85)
Mg,
which gives a mixing term in the mass-squared matrix
3
9 Cm3/2¢
M,

As with heavy moduli, the ratio of fermion to scalar mixing is y1x/ms/,. The decay width is

5
mx

l—‘Xz—
4
Mg,

(2.87)

safely satisfying the constraints for myx ~ GeV-TeV. The mixing term for scalars is the

SUSY-breaking spurion S coupled to (2.82).

We present a toy model for the potential of moduli of any mass [44]:
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V = (mg, — a*H?)|6]* + (mg + " H?)|g|", (2.88)

where H is the Hubble scale. The mfb and H? mass terms arise from SUSY breaking due

to MSSM SUSY breaking terms and finite-temperature effects, respectively. At early times,

the minimum of this potential lies at

(¢) = Mp \/ w. (2.89)

D2H ()% +m7

At the critical time t., when H(t.) = mg/a, the minimum of the potential disappears.
Because of damping in the equations of motion, ¢ is unable to efficiently track the minimum
of the potential near ¢. and is left at some finite value. After the critical time, it begins to
oscillate with a power-law-damped envelope, rolling toward the true minimum of ¢ = 0. Its
equation of motion is
. . 9
¢+3Ho+2(mj — a®H?)p + M—gl(mi + b2 H*) ¢ =0 (2.90)
To obtain the asymmetry transfer rate, we must also specify the interactions in the theory.
The simplest model that allows for the annihilation of the symmetric component of X is a

U(1)’ gauge interaction with coupling g under which X and N are oppositely charged. In the

most minimal scenario, N also has Yukawa interactions (with coupling y) from leptogenesis.
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We then have, in the notation of section 2.3.2,

S (2.91)
v = 98+ P/8, (2.92)
Ay = y2/8. (2.93)

The Yukawa coupling y depends on the model of leptogenesis. For Dirac leptogenesis, the
effective coupling is y = Max(y7, y3,)Tiop /M, with Tie, < M. For Affleck-Dine leptogenesis,
y = (Tiep/Mp1)", where n is the dimension of the operator lifting the flat direction.

Because of its importance, we repeat the analytic estimate of the transfer rate (2.46):

T'y_x = [ysin? 20 sin? (2%0) .

. . . . . . 2
Three parameters influence the transfer rate: the mass eigenstate energy splitting e = (m? —

m?)/6T, the mixing angle 6 (both of which are explicitly given in eqs.(2.61,2.62)), and the
thermal scattering rate 'y = #(94 + y?)T. The asymmetry transfer rate is reduced for

small mixing angles and small mass splittings. Note that in the limit where € > Iy, the

_€

2r0> — 1/2 takes on its average value.

oscillation is rapid and sin® (

There are constraints associated with the couplings and scales in theory. They are:

e Leptogenesis should occur after reheating to avoid diluting the lepton asymmetry with

the massive quantity of entropy released by inflaton decay.

e In order to ensure efficient depletion of the symmetric component of X, the X annihi-

lation coupling should be g ~ O(1).
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e y < 1 for the heavy field in leptogenesis to decay out of equilibrium.

e T'> mxy to avoid thermal suppression of X and N fields.

Evolution of ¢

The evolution of ¢ (2.90) depends on its mass. We present the evolution of ¢ for both
heavy moduli (m,s 2 50 TeV) and light moduli (ms < 10 MeV). We justify these mass
ranges in Section 2.3.3.

We first consider heavy moduli, ¢ oscillation begins when H ~ mg. For my 2 50 TeV
and Ty < 102 GeV, oscillation will begin prior to inflaton decay. In between the time ¢,
when oscillation begins and reheating, the cosmic background density is matter dominated by
inflaton and moduli fields that scale as massive matter. This gives an approximate solution
to the ¢ evolution:

sin(mt) (2.90)

where ¢y ~ Mp;.

At the critical time t., H ~ my and (¢) = Mpj, so the ¢ and inflaton fields have
comparable energy densities. Before the inflaton decays, both py, and pins scale identically
with 7', so their densities are also comparable at the time of reheating. Setting py = pint
at the time of reheating establishes the relationship between temperature and time in the
subsequent ¢-dominated stage of the universe’s evolution. Assuming the inflaton decays

entirely to radiation, equating the inflaton and moduli densities gives

7.‘.2

%g*Tf{H ~ mi H(tru)> (2.95)
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The background remains matter dominated and the relation (2.94) stays valid until the time

of moduli decay, and during this epoch the temperature-time relation is
T = Tru(tru/t)*3. (2.96)
The solution to the evolution of ¢ for heavy moduli is

a t.\ a t. T \*?
~—-Mp|— )~ =M — . 2.97
o= () = S () () (2.97

The mass mixing follows from (2.74) and (2.77). Asymmetry transfer from N to X begins

only at the time at which leptogenesis occurs, tj.,. Because mxy turns off as T3, the dark
matter asymmetry is essentially established at t,. The mass mixing values mxy clearly

depend on the model input parameters a,b, ¢, and #jep.

We now turn to light moduli. In this case, oscillation must begin before H = my to
avoid having ¢ overclose the universe. One possibility is that the ¢ negative mass-squared
predominantly comes from inflaton couplings that decay at reheating (see Section 2.3.3) for

details. Oscillation then begins at the time of reheating.

For all values of Tgy and light m,, satistying the overclosure bound (2.116), oscillation
begins only after reheating. As a result, the universe is radiation-dominated during the time
of leptogenesis and mass-mixing, in contrast to the matter-dominated scenario for heavy

moduli. In a radiation-dominated universe, 7" and ¢ are related by [45]

. 0301 Mp,

=5 (2.98)
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and the ¢ evolution is

3/4 3/2
a tRH a T
~ — Mp | — ~ - Mp | =— . 2.99
o (M)~ 2 bt () (299)

The mass mixing is obtained from (2.83) for fermions and (2.86) for scalars.

Analytic approximations

We derive approximations that directly link the parameters from moduli mixing to the
mixing angle and mass eigenvalue splittings in Section 2.3.2. There are three relevant limits

for the mass eigenvalue splitting € and sinf. These are mxy > pux, mxny < px, and
mxnN ~ Hx-

The results for fermions follow from equations (2.61) and (2.62):

2
€= g—%, Sinf = "IN gy > myy; (2.100)
— mg{N : _ _kx .

€ = 6T sinf = pregun) Hx < Mmxn; (2101)

miy . 1
€= 3T sinf = ol hx = MxnN- (2.102)

The overall thermal interaction rate is I'g &~ g7 /873. When the gauge coupling is O(1) (as
needed for annihilation of the symmetric component of dark matter), mxy, ux < 7T in order
to avoid thermal suppression. This means that typically € < I'y and the asymmetry transfer

rate in each limit (2.46) reduces to the same quantity,

4sin®fcos® 0 miypk _ px ot

~ ~ 2.103
2T 1872T,  3T2T Mg (2.103)

1—‘N—>X:
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For k = 1 (i.e. including higher-dimensional corrections to the diagonal mass) and mxy >
[tree, this rate > H and the system is in chemical equilibrium for mxy ~ 7', while it is out
of chemical equilibrium for lower mixings. In this limit,

¢8

_ 2.104
ST2 Ty M, (2.104)

IFnox &~

Since ¢ is proportional to (T)/Tru)?, if reheating and leptogenesis occur around the same
scale, the asymmetry transfer is in equilibrium and chemical equilibrium is reached. If,
however, there is a large hierarchy between Try and T, the transfer rate is suppressed.

In the case of scalars, from equations (2.51) and (2.52):

1x m2
€= o sinf = 2;‘%’:, x> Mxn; (2.105)
€= M sinf = - < mxn; (2.106)
— 3T 5 — \/57 Ux XN .
€= T sinf = = hx = MxnN- (2.107)

For similar reasons to the fermion case, when mxy, pux < 7T, the asymmetry transfer rate

(2.46) in all three limits is approximately

r _4sin’fcos? 0’ miy ms3 0"
Nex 2T TAST?T,  18T?T M2,

(2.108)

Once again, when leptogenesis occurs close to the scale of reheating, myy is large and the
system is in chemical equilibrium. At lower leptogenesis scales and smaller values of mxy,

the system is out of chemical equilibrium.
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We can compare the transfer rate from mixing between fermions and scalars:

2
FN—)X7 scalar m3/2

= . 2.109
FN—)X7 fermion M2X ( )

Therefore, scalars give the dominant contribution to mixing if m3/ > px, and fermions give
the dominant contribution if j1x > mg/,. Of course, the heavier of the two state will decay

to the lighter state, which is the dark matter.

Numerical results

To confirm our approximate results, we numerically solve the density matrix evolution
equations to determine the magnitude of the N — X asymmetry transfer. We summarize
the results below. The dark matter density is Qpy =~ (5 — 6)Q2p. We choose parameters so
that Qpy = 5Qp.

We begin with heavy moduli. ¢ oscillation begins before reheating for my 2 50 TeV,
and ¢ is damped from its initial value of Mp; by the time of reheating. For Try ~ 10*° GeV,
reheating occurs only shortly after oscillation begins and ¢ is not much damped from Mp;.
As a result, fermion mass mixing is > 7" and fermionic modes are suppressed, allowing the
scalar mixing to dominate the asymmetry transfer.

With smaller reheating temperatures, 7'~ 10® TeV, ¢ is sufficiently damped at reheating
that fermionic modes are not thermally suppressed. In this case, either scalar or fermion
mixing can dominate, depending on the ratio of p1x/ms/2, according to (2.109).

We present our results in terms of benchmark points for a high reheat temperature of
Tru = 10" GeV and a lower reheat temperature of Try = 10® GeV. We use m, = 50 TeV

for both cases.
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For Try = 10% GeV and all leptogenesis scales Tiep < Ty, fermion mixing mxy < T
and so we must consider both scalar and fermion mixing. With a =b =1, ¢ = k = 2, some

benchmark points are

1. Thep = 10® GeV and my = 5 GeV. The dominant mixing is from fermions because

px ~ 5 x 10° GeV > myp ~ 5 x 10* GeV.

2. Tep = 107 GeV and myx = 90 GeV. The dominant mixing is from scalars because

px ~= 90 GeV < mg)s.

The transfer rate is fast enough to bring X and N into chemical equilibrium for point #1
above, consistent with ~ 5 GeV dark matter. The transferred asymmetry is suppressed for
point #2, consistent with heavier dark matter. Heavier masses 2 100 GeV are consistent
with later leptogenesis times.

For Tgyy = 10'° GeV, witha=b=1and ¢ =k = 0.1:

e For leptogenesis scales 5 x 108 GeV < Tiep < Twru, fermion mass mixing is > 7" and
fermionic modes are suppressed. Mixing from scalars gives:

Tep = 108 — 10 GeV and myx =5 GeV.

e Below Tiop, = 5 x 10° GeV:

1. Tiep =5 x 10® GeV and mx ~ 5 GeV. Mixing is dominated by fermions because

Mx = 3 X 108 GeV > msya.

2. Tiep =5 % 10" GeV and myx ~ 5 GeV. Mixing is dominated by fermions because

Hx ~ 3 x 10° GeV > msz/a.
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Scalar mixing dominates for T, < 107 GeV and asymmetry transfer is suppressed,
consistent with X masses up to 100 TeV depending on the leptogenesis time. Note
that, even though the gap between the reheat temperature and leptogenesis scale is
wider in this example than for the low reheat case, the ¢ VEV (and hence mass mixing)
is still large enough to keep the system in chemical equilibrium at Tie, = 5 x 107 GeV.
The reason is that, with a higher temperature, the reheat time is also earlier and so
the time of leptogenesis is earlier than it would be with a lower reheat temperature.

Since ¢ ~ 1/t, this leads to a larger mixing.

To summarize our findings for heavy moduli, asymmetry transfer from higher-dimensional
moduli couplings to X N is consistent with dark matter masses ranging from 5 GeV to the
weak scale over a range of reheat temperatures and leptogenesis scales. We generally expect
scalar mixing to dominate when myy > T and the fermion modes are suppressed. With
lower Tiep, fermion mixing dominates over scalar mixing when mxy is just below 7', while
scalar mixing dominates once again at low 1., because mxy is small and the scalar mixing

has an mg3/, enhancement.

Moving on to light moduli, ¢ = Mp, at the time of reheating. Therefore, if leptogenesis
occurs at or near the reheat temperature, the fermion X and N are thermally suppressed
and the dominant asymmetry transfer happens between scalars. The scalar mixing is small
because mg/; ~ mg is small in this case, and the resulting transfer is out of equilibrium. In
fact, for the points shown below, mixing from scalars alone cannot transfer enough asymme-
try to be consistent with a dark matter mass below 100 TeV, which is the upper limit for

fields whose symmetric components can be annihilated by perturbative couplings.
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We present benchmark points for reheat temperatures Try = 10° GeV and Try = 10!
GeV. We begin with Try = 10° GeV and m, = 3 keV, which is the largest moduli mass

consistent with decay and overclosure constraints.

e For leptogenesis scales 2 x 105 GeV < Tiep < Twru, fermion mass mixing is > 7" and
fermionic modes are suppressed. Mixing from scalars is highly out-of-equilibrium and

transfers no appreciable asymmetry.

e For leptogenesis scales Tie, < 2x10% GeV, fermion mixing is dominant. The asymmetry

transferred to X drops with Tic,. Some benchmark points are

1. Tiep =2 x 10° GeV and mx =5 GeV.
2. Tiep =5 x 10° GeV and my =5 GeV.

3. Tiep = 10° GeV and mx = 160 GeV.

For the first two benchmark points, mixing is large and chemical equilibrium is attained as
outlined in the previous paragraph. The transfer rate is suppressed for lower Ti, and so
Ax < Ap for the last case. Higher X masses are consistent with lower Ti.,, but in practice,
it is very difficult to achieve leptogenesis at such a low scale.

For a high reheat temperature of Ty = 10 GeV, with a = b = ¢ = k = 1. As before,

we use my = 3 keV.

e For leptogenesis scales 8 x 108 GeV < Tiep < Twru, fermion mass mixing is > 7" and
fermionic modes are suppressed. Mixing from scalars is highly out-of-equilibrium and

transfers no appreciable asymmetry.

e For leptogenesis scales Tie, < 8x10% GeV, fermion mixing is dominant. The asymmetry

drops with Tj,. Some benchmark points are
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1. Tep = 7 X 10® GeV and mx ~ 5 GeV.
2. Tiep =5 % 108 GeV and my ~ 5 GeV.
3. Tiep = 10° GeV and mx = 2.2 TeV.

4. Tiep = 3 X 107 GeV and myx = 80 TeV.

For the first two points, ['y_,x > H and the system is in chemical equilibrium, leading to
nx &~ ng and myx ~ 5 GeV. For the latter two, the transfer rate is suppressed and ny < ng,
consistent with X above the weak scale.

There are two principal differences between the results for light and heavy moduli. Since
the modulus mass is tied to ms/, the ratio of soft scales between light and heavy moduli is
~ keV/TeV ~ 107%. As a result, scalar mixing is much more highly suppressed with light
moduli. The second difference is that, for light moduli, ¢ only begins oscillation at reheating,
whereas for heavy moduli oscillation begins before reheating. This means that the ¢ VEV
is larger for light moduli, leading to larger fermion mixing.

For both light and heavy moduli in the limit I'y < H, the particles do not undergo any
scatterings with the thermal background in a Hubble volume. This means that X and N
remain in a coherent state given by the oscillation between the two states. The asymmetry
transferred in this case is dependent only on the mixing angle. The requirement that I'y < H
is, however, at odds with the condition that the symmetric component of the dark matter
be efficiently depleted. Therefore, the scenario of oscillation with no thermal scatterings is
not a viable asymmetric dark matter model.

In summary, we have presented a number of scenarios where mixing between dark matter
and lepton-number-carrying fields is induced by moduli VEVs. Depending on the reheat

temperature and scale of leptogenesis, the mixing can be very rapid, bringing the two sectors
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into chemical equilibrium and transferring an X asymmetry consistent with GeV-scale dark
matter. Alternatively, the mixing can be suppressed, leading to dark matter at the weak
scale or heavier. The mixing suppression can be very large, but the largest possible dark
matter masses are ~ 100 TeV, above which point the symmetric component of X cannot be

annihilated by perturbative couplings.

Moduli cosmology

Moduli are gravitationally coupled and therefore long-lived, with characteristic decay

widths

3
Mg

8T ME,

(2.110)

¢%

As a result, moduli tend to dominate the energy density of the universe until the time
of their decay. The entropy accompanying moduli decay can greatly dilute any existing
relics, including the baryon asymmetry. Furthermore, if moduli decay occurs after Big-Bang
Nucleosynthesis (BBN), the resulting entropy generation alters the predictions for the light
element abundances and such a scenario is in conflict with observations. There are two
possibilities: either moduli decay reheats the universe to above the scale of BBN (about 5
MeV), or they are stable to the present day. These possibilities require heavy moduli and

light moduli, respectively.

Assuming that the energy of the universe is moduli-dominated for the case of heavy

moduli, the reheat temperature 7} from moduli decay is given by

2 _ 2\ 1/4
T = <30m¢’¢(t = 1/T) ) . (2.111)

T2,
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Since 17 > Tppn ~ 5 MeV, we determine that my, 2 50 TeV.

The temperature immediately before ¢ decay is

To = Tru(truls)?. (2.112)

The generated entropy (and hence the dilution of particle relics) is

T3
2 (2.113)

For mg = 100 TeV and Ty ~ 10 GeV, the dilution factor is O(10*). This requires a

primordial baryon asymmetry of ng/s ~ 1 to give the correct abundances at late times.

One method of efficient baryogenesis is Affleck-Dine leptogenesis [46, 44] along a flat
direction with non-zero N and Standard Model lepton number. If the entropy generated
from the decay of the flat direction is larger than that from the inflaton, then np/s can be

of order unity [44]. The baryon asymmetry is

(2.114)

Mpy

2/(n—2)
ng 1B Tru (mFD)
Y
S NFD MFD

where ng/npp ~ O(1) in the standard Affleck-Dine set-up. For mpp ~ TeV, Trg ~ 10° GeV,
and n > 7, then ng/s ~ O(1) and the dilution from moduli decay leads to the correct baryon
asymmetry at late times. Examples of a flat direction lifted at dimension-8 and invariant
under the Standard Model and U(1)" gauge groups include: ¢t, = NLLE and NUDD,
where we impose R-parity to forbid a lifting term of dimension-4. A detailed account of

Affleck-Dine leptogenesis (baryogenesis) and moduli decay can be found in [47]. Other,
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highly efficient, non-standard leptogenesis mechanisms (such as resonant leptogenesis [15])
are also possible, but less generic.

If the moduli are instead light, they can be stable on cosmological scales. From cosmic ray
data, the constraint on the dark matter lifetime is 7 2> 10?® seconds [43]. To be conservative,
we require that the moduli also have a longer lifetime than this. Using the moduli decay
rate (2.110), long-lived moduli have masses mg < 7 MeV.

There are additional constraints on moduli masses from the requirement that moduli do
not overclose the universe. If the initial ¢ VEV is Mp; and oscillation begins at a temperature

Tyse, then ¢ energy density to entropy ratio is

m2 M2
Po o Zo7 P (2.115)
S g 13

osc

To avoid overclosing the universe, and so that moduli do not comprise a substantial fraction
of the dark matter, we require that ps/s be less than the value for baryons, pg/s ~ 10717
GeV. If oscillation begins when H(Tos.) = my, then ¢ overcloses the universe for mg, > 10726
eV [48]. Since we expect mg ~ mg)e, there are no viable models with such low scales of
SUSY breaking.

If oscillation begins at earlier times, however, the pgs per comoving volume is suppressed
and larger ¢ masses are allowed. One example of how this could happen is if the negative
terms proportional to H? in the moduli potential (2.88) arise only due to couplings with
inflaton. If this is the case, the mass-squared of ¢ is driven positive when the inflaton decays

and oscillation begins at the time of reheating, giving

m2 M3
N e (2.116)
S 9«13 S
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For example, if my = 0.1 keV and Ty = 10'® GeV in the scenario where oscillation begins

at reheating, the present-day moduli density is smaller than the baryon density.

Mixing due to flat directions

Combinations of fields with vanishing F— or D—terms are also flat and can have large
VEVs in the early universe. Such directions are typically lifted by higher-dimensional Planck-
suppressed operators. For example, the potential of a flat direction lifted by a superpotential

term of dimension 4 is

C

V(9) = (m* — a*H?)||" + M—21|¢|6’ (2.117)
P

The interplay between the negative mass-squared coming from the background energy and

the ¢S lifting term gives ¢ a VEV for H > m/a,

1/4
Mgl(am_mw " (2.118)

(o) = | Rl
For H > m/a, (¢) ~ H. This is much smaller than the moduli VEV, which is typically
Mpy. As a result, mxy is also suppressed relative to the moduli-induced mass mixing and
the asymmetry transfer is out of equilibrium since it was only marginally so for much of
the parameter space with mass mixing. The outcome is similar to the case for moduli when

Tiep < Tt and mxy was suppressed. This favors TeV scale or higher dark matter.

There are additional complications to flat direction VEVs giving mass mixing. The
direction coupling to X N cannot be comprised solely of MSSM fields, since the lowest allowed
lifting operator would be dimension-4 in the superpotential and lead to rapid dark matter

decay. The flat directions can also induce mass mixing between X and other fields in the



62 Chapter 2: Emergent Dark Matter, Baryon, and Lepton Numbers

theory through renormalizable superpotential couplings, giving X a very large mass and
lifting it out of the theory. Such models typically require more complicated field content and
symmetries to give large asymmetry transfer from N — X. Although possible, the smaller

field values make models more cumbersome so we focus on the simpler cases in this Chapter.

2.3.4 Mixing induced by background energy

An alternate, even more generic origin of mass mixing at early times is through couplings
to fields dominating the energy density of the early universe. We consider the specific case
of couplings to kinetic terms of relativistic fermions ¢ in a thermal background. The higher-

dimensional operators are
AL D — (i’ Dp) (XN + hee.). (2.119)

In a supersymmetric theory, such terms arise from higher-dimensional corrections to the

Kahler potential. If ¢ are fields dominating the background density, we have

2

s
(Wi Dyiis) = 550.T", (2.120)

where g, is the number of relativistic degrees of freedom. We have a mass mixing between

scalars

2 4 2
9 WCQ*TNWC

TN T Th0M2, T 82.8

H?, (2.121)

With a higher-dimensional coupling (2.119), the decay rate is suppressed by (mx/Mp;)* and

for my < 105 GeV, the dark matter is stable.
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Unlike the case of moduli-induced mixing, direct mixing of fermions by a kinetic term
occurs only with operators of higher dimension than those inducing scalar mixing. We show
below that the asymmetry transfer mechanism between scalars is viable only for very high
temperatures (around the GUT scale), and this would be pushed even higher if the mixing
were suppressed by an additional power of T'/Mp;. Therefore, it is only the scalar mixing

through the thermal background that is relevant.

We first estimate the expected parameters that give rise to a viable model and subse-
quently solve the density matrix evolution equations numerically. The total thermal in-
teraction rate, averaged between X and N, and using the couplings from Section 2.3.3 is

approximately

1 1
Lo~—(g*+=y? )T :
0~ 53 (g 2?1) , (2.122)

where y and ¢ are Yukawa and gauge couplings given in (2.91). Because the mass mixing is
proportional to H, it falls as 72, and therefore asymmetry transfer is highest when 7T is large
and leptogenesis occurs at a high scale. Consequently, the out-of-equilibrium conditions and
neutrino masses are consistent with y ~ 1. We therefore expect the hierarchy yT' > mxy >

1 to hold. The mass splittings and mixing angle in this limit are

e ~ %T, (2.123)
sinf ~ Z?fog (2.124)

For g ~ 1, it is always true that Iy > €, and so (2.46) reduces to
Iyoxt = 6—251112(9(30829 ~ 2 T (mXN>4 (2.125)

To Gg* +y2/2) \ T
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Integrating over a Hubble time and substituting (2.121) gives
Tyoxt T\’
N—=XT 7 3/2
—= =~ 0.07 — ] . 2.126

For temperatures around Tgyr ~ 10'® GeV, we obtain a fractional X asymmetry (relative
to lepton number) of around 5 x 10~*, which would be the correct asymmetry for a few TeV
dark matter candidate. In reality, the accumulated asymmetry is larger by a factor of ~ 5
when we account for integrating over multiple Hubble times, as we find when we solve the
full density matrix evolution equations.

We solve the system of equations (2.55) numerically. We present three benchmark points

giving Qpy ~ 5y, with y = 1 and ¢ = 10:
o Tiop = 1.8 x 10 GeV, g =1 and mx =1 TeV,
o Tiop = 1.8 x 10 GeV, g = 3 and mx = 10 TeV,

e Tiop =5 x 10'% GeV, g = 10 and myx = 50 TeV.

We have assumed that higher dimensional operators mix X with all three generations of
N. Asymmetries consistent with higher mass dark matter particles are also possible when
Tep < 10'% GeV or for g < 1, but in these cases, the couplings are insufficiently large to
eliminate the symmetric component. Asymmetries consistent with lower masses of X are
also possible for higher reheat temperatures, but since Try is already borderline given the
gravitino problem and the risk of reintroducing the flatness and monopole problems [49], we
do not consider any higher reheat temperatures.

The temperature scales required for scalar mass mixing are higher than we may typically

expect from a supersymmetric theory due to the gravitino problem. The gravitino problem
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can be alleviated in theories with very heavy gravitinos, where the gravitinos decay into
axions [50] or some other non-Standard Model particle. Alternatively, one may envision a
non-supersymmetric theory with mixed scalars whose scales are stabilized by some unknown
mechanism.

Note also that the asymmetry transferred by mass mixing is dominant over transfer from

thermal scatterings from (2.119). The rate of such processes is

T5
Fysons ~—— < H. (2127)

M,
Integrating the rate over a Hubble time gives T3/M3, ~ 1077 even for the highest tem-

peratures we consider, T' ~ 10'® GeV and is therefore subdominant to the effect of mass

mixing.

2.3.5 Phenomenology

Unlike the two Higgs model in Section 2.2, the minimum interactions necessary between
dark matter and the visible sector for the models in this section are Planck-suppressed
and there is no built-in mechanism for the annihilation of the symmetric component. As
a result, the phenomenology is model-dependent. The main hope of seeing such a model
is through the mechanism for annihilation. In Sections 2.3.3 and 2.3.4, we considered a
U(1)’ gauge interaction under which X and N are charged, although other possibilities exist.
Direct detection bounds strongly constrain the strength of this interaction with quarks. As
a result, signals would be small at hadron colliders.

As in Section 2.2.6, we do not expect asymmetric dark matter models to have large

indirect detection signals. The mechanisms discussed there, however, could yield a non-zero
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anti-dark-matter population at late times, and so the model would not necessarily be ruled
out by a confirmed indirect signal.

Since our model consists of X mixing with a lepton-number-carrying gauge singlet, as
is present in Dirac leptogenesis, the determination of the Dirac or Majorana nature of the
neutrino masses can give insight into the components of our model. However, if neutrinos
are discovered to have Majorana masses, this will not rule out the models listed above but
would favor a more complex model than the minimal Dirac scenario or suggest Affleck-Dine

mechanism for generating original asymmetries.

2.4 Conclusions

The global symmetries of the universe could have been very different in the early universe
than they are today. In particular, independent dark matter and baryon asymmetries at late
times can emerge from a common symmetry at early times and explain the baryon-dark
matter near-coincidence. In this Chapter, we show how large field backgrounds in the early
universe can induce mass mixings between dark matter and visible matter, sometimes leading
to distinctive relations between the dark matter and baryon densities that accommodate a
wide range of dark matter masses. Such mixing can arise in renormalizable Lagrangian
terms with field VEVs linked to scales already present in the theory, such as the scale of
electroweak symmetry breaking. In this case, the dark matter mass is naturally either ~ GeV
or in the range 300—500 GeV. More generically, mixing can also arise from Planck-suppressed
operators, which we expect to break the global symmetries present at low scales. This leads
to mixing even in scenarios where there is no renormalizable connection between dark and

visible matter fields. In this case, the transferred asymmetry is consistent with dark matter
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Table 2.1: Moduli mixing results

Heavy moduli

Light stable moduli

10% GeV: 90

DM mass with scalar | Ty ~ Transfer  highly  sup-
mixing GeV—100 TeV; Try ~ | pressed
10 GeV: ~ O(GeV) —
100 TeV
DM mass with | Try ~ 10° — 100 GeV: | Ty ~ 10° GeV:
fermion mixing O(GeV) ~ O(GeV)—100
TeV:Try ~ 10 GeV:

~ O(GeV)—100 TeV

masses above 1 GeV, with weak scale masses preferred in the case of moduli-induced mixing

and leptogenesis at the intermediate scale or in the case of mixing due to background energy

when leptogenesis happens at the GUT scale. The dark matter masses are typically higher

for lower leptogenesis scales, with the only upper bound on the dark matter masses being

the requirement that the symmetric component be annihilated by perturbative couplings.

We summarize our results for the various cases below:

e Two-stage phase transition:

— Relativistic X: O GeV mass

— Thermally-suppressed X: 300-500 GeV mass

— Mizing-suppressed X: 400-500 GeV mass

e Moduli-induced mixing: see Table 2.1

e Background energy induced mixing:

— Scalar mizing: 1-100 TeV mass, requires Ty ~ 10'% GeV
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This work expands the range of possible transfer mechanisms in asymmetric dark matter
models and provides new considerations for dark matter model building. We see that the
range of possible transfer mechanisms in asymmetric dark matter models is broad and a
broad range of models and masses are possible. It is important to explore such possibilities
and possible means for distinguishing among these and other models so we can eventually

learn the true nature of dark matter.



Chapter 3

A WIMPy Baryogenesis Miracle

3.1 Introduction

Generally, baryogenesis and the establishment of the dark matter number density are
treated as independent processes. With the notable exception of one class of models [26], it
has largely been overlooked that models with symmetric, weakly interacting massive particle
(WIMP) dark matter can connect dark matter physics with baryogenesis. We present a new
mechanism that creates such a link and is based on a simple premise: if WIMP annihilation
satisfies the Sakharov conditions, a non-zero baryon number asymmetry can be generated
from dark matter annihilation, and in some instances, can account for the entire observed
baryon asymmetry. We call this process WIMPy baryogenesis. Our models are distinct from
models of asymmetric dark matter [16, 17, 18, 20, 21, 22, 23, 24, 25, 27], which propose that
dark matter and baryons have their origins in a common asymmetry. In our models, the
energy densities of baryons and dark matter are more loosely linked but can accommodate

the observed dark-matter-to-baryon ratio.

69
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We list below the Sakharov conditions and how they are satisfied in WIMPy baryogenesis:

1. Baryon number violation: WIMP annihilations violate baryon or lepton number. A
preserved U(1) symmetry is allowed if the baryon asymmetry is balanced by a negative
asymmetry in a decoupled sector that restores the net global symmetry. We have such

a U(1) symmetry in most models we present.

2. CP wiolation: WIMP couplings to Standard Model fields violate C'P.

3. Departure from thermal equilibrium: The cooling of the universe provides the neces-
sary departure from thermal equilibrium. Net dark matter annihilation begins around
temperatures T < mpy, resulting in a small deviation of the dark matter number den-
sity from its equilibrium value. The annihilations can generate a baryon asymmetry
that depends on the amount of dark matter annihilation occurring during washout

freeze-out, which is comparable to the dark matter density at that time.

We present models that satisfy all three Sakharov conditions, and that simultaneously gen-
erate the observed baryon asymmetry and WIMP relic density. In particular, we find that
there exist successful models of WIMPy baryogenesis with O(1) couplings and CP phases,
and weak-scale masses for all new fields. This is an extension of the WIMP miracle to also
include baryogenesis, although we show that the size of the generated asymmetry is sensi-
tive to the parameters in the theory and can vary by several orders of magnitude from the
observed asymmetry.

Although WIMP annihilation can generate a baryon asymmetry, there are other processes
that have the potential to wash out the asymmetry, and their freeze-out is crucial to create the

observed baryon asymmetry. In our models, the two leading sources of washout are inverse
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Figure 3.1: Schematic diagrams showing the evolution of the asymmetry created by dark mat-
ter annihilation. (left) Model where asymmetry created in exotic antibaryons is sequestered
in a sterile sector through baryon-number-conserving decays. (right) Model where asym-
metry created in exotic antibaryons is converted into a Standard Model baryon asymmetry
through baryon-number-violating decays.

annihilations of baryons into dark matter and baryon-to-antibaryon processes. Washout
scatterings must be suppressed to generate a sizeable baryon asymmetry because, as we
show in Section 3.2, any asymmetry generated prior to washout freeze-out! is rapidly damped
away. After washout processes freeze out, dark matter annihilations can efficiently create
a baryon asymmetry, and the final asymmetry depends on how much dark matter remains
when washout scatterings freeze out. Washout freeze-out must occur before that of WIMP
annihilation, at which point dark matter annihilation is no longer efficient and no sizeable
asymmetry can be created. Thus, we find our central result: if washout processes freeze out
before WIMP freeze-out, then a large baryon asymmetry may accumulate, and its final value

is proportional to the WIMP abundance at the time that washout becomes inefficient.

The early freeze-out of washout processes can occur for kinematic reasons. Inverse an-

nihilations will be Boltzmann-suppressed for T" < mpy; because the thermal baryon fields

IThe time of washout freeze-out is defined as when the rate of washout processes falls below the Hubble
expansion rate. This is analogous to the freeze-out of WIMP annihilation.
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are no longer energetic enough to annihilate back into dark matter. Baryon-antibaryon
scatterings, however, can remain rapid at temperatures well below mpy. The only way to
suppress baryon-to-antibaryon washout is if all washout processes involve a heavy exotic
baryon field in the initial state. We illustrate this scenario in Figure 3.1, showing how dark
matter annihilates to Standard Model baryons plus an exotic baryon, as well as the possible
decays of the exotic baryon (either through baryon-preserving or baryon-violating interac-
tions). If this exotic field has a mass 2 mpy, its abundance is Boltzmann-suppressed at
T < mpym and suppresses the washout rate. Meanwhile, dark matter annihilations are not
kinematically allowed if the heavy baryon field has mass 2 2mpy;, so the mass condition
MPM S Mexotic baryon  2Mpym 1S essential to generate a large baryon asymmetry through

WIMPy baryogenesis.

Dark matter annihilations generate a positive baryon asymmetry stored in Standard
Model quarks along with an equal negative asymmetry stored in the exotic baryon field. It is
important that the decays of the exotic baryon do not eliminate the Standard Model baryon
asymmetry. In models of WIMPy baryogenesis with a preserved U(1) baryon symmetry,
the exotic baryon-number-carrying field is charged under an additional discrete symmetry,
while Standard Model fields are uncharged, preventing the exotic baryon from decaying into
Standard Model baryons and destroying the asymmetry. The heavy baryon-number-carrying
field decays instead into light gauge singlet fields that are charged under the discrete sym-
metry and decoupled from Standard Model fields at temperatures below the scale of WIMPy
baryogenesis. We also present a model where the exotic baryon decays to Standard Model
quarks through baryon-number-violating couplings, and such models manifestly satisfy the

first Sakharov condition.
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For many years, the WIMP miracle — the fact that dark matter fields with weak-scale
masses and annihilation cross sections give the correct dark matter thermal relic density — has
been a compelling paradigm for dark matter model-building. WIMPy baryogenesis preserves
the WIMP miracle while also offering an explanation for the observed baryon asymmetry.
While WIMPy baryogenesis models do not predict the precise relationship between the dark
matter and baryon number densities, natural models do restrict the baryon asymmetry to a
range of about seven orders of magnitude (see Section 3.2), and the observed asymmetry is
within this range. Since baryogenesis arises from WIMP annihilations, WIMPy baryogenesis
is also necessarily connected to weak-scale physics. While we do not discuss an embedding
of WIMPy baryogenesis in a particular solution of the hierarchy problem, we assume that
whatever new physics lies at the weak scale stabilizes any scalar potentials in our theory
and gives a natural explanation for their weak-scale masses. A consequence of this is that,
with weak-scale masses, some of the new fields necessary for baryogenesis may give signals
at future experiments. Additionally, the present-day dark matter is symmetric, leading
to the possibility of the indirect detection of dark matter annihilations as in conventional
WIMP models. This is in contrast with generic asymmetric dark matter models, in which
the majority of dark matter annihilations ceased long before the present day, although it
is also noteworthy that there do exist scenarios in which the symmetric component of dark
matter is regenerated at late times, giving indirect detection signals for some asymmetric

dark matter models [38].

A further advantage of this scenario is that bounds on the reheat temperature in su-
persymmetric models do not constrain WIMPy baryogenesis. Typical reheat temperature

constraints come from overproduction of gravitinos and are in the range Try < 10°—10° GeV
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[51], and Try is consequently below the scale required for conventional leptogenesis through
the decay of heavy, Majorana right-handed neutrinos. Although low-scale mechanisms for
baryogenesis are known, such as electroweak baryogenesis, WIMPy baryogenesis is a new
way of generating the baryon asymmetry at T' ~ TeV while satisfying the reheat bound.
We discuss the general conditions for successful WIMPy baryogenesis in Section 3.2,
finding that interactions washing out the baryon asymmetry must become ineffective prior
to WIMP freeze-out in order to generate the observed asymmetry. In Section 3.3, we focus
on a particular model where dark matter annihilates through a lepton-number-violating
interaction and the asymmetry is subsequently transferred to baryons by sphalerons. Because
sphaleron processes are only rapid in the unbroken electroweak phase, such baryogenesis must
occur before the electroweak phase transition. We compute the dark matter relic density
and baryon asymmetry, and find the range of masses and couplings that agrees with the
observed densities of both. We also consider the implications of additional lepton-number-
conserving dark matter annihilation channels. In Section 3.4, we consider models with
WIMPs annihilating directly to quarks, where baryogenesis can occur over a wider range of
temperatures because sphalerons are no longer needed to establish the baryon asymmetry.
We discuss experimental constraints and possible signals for models of WIMPy baryogenesis

in Section 3.5. Finally, we summarize in Section 3.6.

3.2 (General Analysis of WIMPy Baryogenesis

To begin our discussion of WIMPy baryogenesis, we highlight in Section 3.2.1 some of its
general features and use an analytic approximation to determine the regimes in which baryo-

genesis is successful. Our central result is that the final baryon asymmetry from WIMPy
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baryogenesis is proportional to the dark matter density at the time when washout processes
freeze out. This means that washout scatterings must freeze out at a time when the dark
matter density was larger than or comparable to the observed final baryon asymmetry, and
that washout freeze-out occurs at such a time when one of the baryon-number-carrying
products of WIMP annihilation is heavier than the dark matter mass, as described in the
introduction. In Section 3.2.2, we estimate the magnitude of the baryon asymmetry for input
parameters consistent with the WIMP miracle and show that it can lie within a range of

approximately seven orders of magnitude.

3.2.1 Boltzmann Equations and Solutions

We consider a theory with dark matter species X whose annihilation violates baryon
number, creating one quark (or anti-quark) along with other field(s) ¢;. In this section we
will not specify the precise interactions mediating dark matter annihilation in order to avoid
specific model dependence. X can be either Majorana or Dirac, and the results derived below
remain the same up to O(1) multiplicative factors. All manifestations of the Boltzmann
equation for baryon number evolution in WIMPy baryogenesis models have two important
terms: one that describes the annihilation of dark matter and the consequent generation
of a baryon asymmetry, and another that drives the asymmetry towards its equilibrium
value of zero through baryon-number-violating washout scatterings. The full Boltzmann
equations describing the evolution of the various particle abundances are model-dependent
and can have many terms, which we give explicitly for concrete models in Sections 3.3 and
3.4. However, in the models of interest to us, namely models where the asymmetry arises

predominantly from WIMP annihilations, the overall dynamics are well-described by the
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inclusion of only these terms.

Consider the limit where WIMP annihilations are the dominant source of the baryon
asymmetry and for which the asymmetry is small as observed. We derive the Boltzmann
equations in terms of dimensionless quantities: the number density per comoving volume
of field 4, Y; = n;/s (s is the entropy density), and the temperature, which we express as
x = mx/T. The dark matter number density is denoted Yx and the baryon asymmetry is
denoted Yap. The Yy evolution equation has one term that is important in all models of
WIMPy baryogenesis, namely the conventional WIMP annihilation term that is proportional
to the annihilation cross section o,,, and drives Yy to its equilibrium value. This term arises
from both XX — baryon processes and the inverse processes, baryons — X X. The Yy
Boltzmann equation with this term is

dYy — 2s(z)
dv ~ rH(x

] (Tamv) [YX — (Y], (3.1)

where H(x) is the Hubble scale.

We neglect a back-reaction term in the Yy Boltzmann equation
€ 5(x) (Oam¥) Yap(Yy')?/(2Y, x H(x)), where € is the net baryon number created per dark
matter annihilation and is a measure of the magnitude of C'P-violation (it is defined more
precisely in Section 3.3). This term accounts for the modification of the inverse scattering
rate of baryons into X when there is a baryon asymmetry. This approximation is valid
because this term is small when Yap < 1, as is true in our universe (Yap ~ 10719). This
simplification also decouples the equations for Yy and Yag, which makes it easier to get
an approximate analytic solution for Yap. The equation (3.1) in this limit is the same as

the familiar Boltzmann equation for conventional WIMPs. Y is then obtained from the
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standard WIMP relic density calculation [45] and is approximately inversely proportional to

the annihilation cross section.

The Boltzmann equation for the evolution of the baryon asymmetry has two important
terms. In the first term, a baryon asymmetry is generated through X annihilations, and
is proportional to €/2 x dYx /dx, which is the annihilation rate multiplied by the fractional
asymmetry generated per annihilation. The factor of 1/2 arises because the annihilation
term in (3.1) includes the sum of annihilation into baryons and antibaryons, whereas the
term generating the asymmetry includes the difference. The second term in the baryon
asymmetry Boltzmann equation reduces the existing baryon asymmetry and is the washout
term. It is proportional to Yap multiplied by the cross section of processes that eliminate
the baryon asymmetry oyashout- 1he Boltzmann equation is

dYap  €s(x)
dv  xH(x)

Y, e
<Uwash0utv>2iyf i Y;-q. (32)

<Uannv> [Y)z( - (Y)%q)ﬂ -

The factor of Yap/2Y, comes from the the fact that the chemical potential pap for the
baryon asymmetry can be written as pap/T = Yap/2Y, [45]. We assume that all species
except for X are in equilibrium. There are other terms that we have not included, such
as washout terms proportional to Yo . Yy that come from scattering of baryon-number-
carrying fields off dark matter fields. Typically, the suppression coming from the small value
of Yy for > 1 makes this term subdominant to other washout terms. In the models of
Section 3.3 and 3.4, the Y. Yy term can be ignored without substantially affecting the

exotic—B

numerical results.

As expected, the Boltzmann equations show that the total baryon number is zero when

all fields are in equilibrium and with the initial condition YA = 0. A solution for Yap can
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be written in integral form in terms of the X density:

Vanle) = [ do' S0 ) [V - 09) @) (3.3

* dx” S(I/’) e
X exp l_ // 2 W (Owashout V) l_IyZ q(xu)l

e [T ,dYx(z) Tdx" s(2) .
‘5/0 da! —3 o exp ‘/1, o 5 i) (o) [V [ (34)

Q

%

Equation (3.4) explicitly shows that Yap(x) can be expressed in terms of a source term from
dark matter annihilations, and an exponential term that attempts to erase any asymmetry
generated by WIMP annihilations. The source term can be written as dYy/dz, as in [52].
At T 2 my, or x < 1, WIMP annihilations are balanced by inverse scattering processes
and dYx/dx ~ 0, meaning no asymmetry is generated according to (3.4). At x 2 1, the
expansion and cooling of the universe result in net WIMP annihilations (dYx/dz # 0),
providing the departure from equilibrium necessary for baryogenesis. The net asymmetry at
any x is sensitive to the rate of washout processes during the epoch of WIMP annihilations.

The integrand in the exponent (3.4) is the washout rate I'yashous(z) normalized to the

Hubble scale H(x),

Fwa;]hz;t)(x) - 2ng)(x) <O'washout'U> I;[Y;Cq(l') (35)

Washout freezes out when I'yasnouwt/H < 1. In the limit where I'yagnous 18 @ rapidly decreasing
function of =, (3.4) takes a particularly simple form. This is true if, for example, the washout

rate freezes out because m;/T becomes large and yields an exponential suppression of Y.
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In this case, we can model the exponential in (3.4) as a step function and obtain

Yap(oo) ~ —% /OO da’ dY‘;{i‘iaj/) = % [Yx (Zywashout) — Y (00)], (3.6)

Twashout

where ZTyashout = M.x/Twashous 18 the point at which washout processes freeze out, and Y (c0)

is the late-time dark matter relic density.

Equation (3.6) has a very clear physical interpretation: after washout scatterings freeze
out, all subsequent WIMP annihilations generate a baryon asymmetry with efficiency e.
This is why, according to (3.6), Yap is proportional to € times the total number of WIMP
annihilations that happen after Tyashout, Which is Y (Zyashout) — Yx (00). The observed baryon

asymmetry is Yap ~ 9 x 107! [53]. Since dark matter at late times satisfies the relation

Y (00) m O GGV%)S:AB(OO), (3.7)

we require that Yy (0o) < Yap(oo) for weak-scale dark matter. Along with the requirement
e < 1, (3.7) and (3.6) imply that Yy (Zwashout) > Yx(00). In other words, the washout
interactions must become ineffective prior to X X annihilation freeze-out in order to generate
a sufficiently large baryon asymmetry through WIMPy baryogenesis. As an example of the
numerical scales in WIMPy baryogenesis: for a WIMP of mass 1 TeV, Yy (oo) ~ 4 x 10713
and WIMP freeze-out happens at x¢, &~ 27, or T' =~ 37 GeV. For ¢ = 0.1, washout scatterings
must freeze out at Tyashout =~ 20 or T' & 50 GeV. The final baryon asymmetry is proportional
to the WIMP density at the time when washout ceases to be important, with Yap(0co) =

9 x 1071,

For what parameters do we expect washout processes to freeze out prior to WIMP an-
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nihilation freeze-out? We compare ['yashout in (3.5) to the corresponding rate of WIMP

annihilation, which is [45]

) (Oann V) Yx (7). (3.8)

We then find that

PW&ShOUt ([L’) ~ <Uwash0utv> HZ Y;-Cq (LU)

Cwivp () - 4(Oam V) Y ()Y, (3.9)

This ratio must be less than one at the time of washout freeze-out for washout processes to
freeze out prior to WIMP freeze-out. This can be realized if either of the following is true

for every process washing out the baryon asymmetry:

I Y (@)

Y (z)Y, <L

1. One of the baryon states is heavier than dark matter so

2. The baryon-number-violating coupling is small 80 (Tyashout ) < (Tann V)-

The second scenario is challenging to realize, because the same baryon-number-violating
couplings appear in both the washout and annihilation cross sections, and (o, v) is fixed
by the dark matter relic density. Furthermore, as we show in Section 3.3.1, suppressing the
washout cross section also suppresses the fractional asymmetry generated per annihilation,
€, and the resulting baryon asymmetry is typically too small. Therefore, we expect that
viable models of WIMPy baryogenesis have at least one baryon-number-carrying field with

mass 2 Mmy.
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3.2.2 Estimates of Baryon Asymmetry

In this section, we derive an estimate of the baryon asymmetry generated by a WIMP
dark matter candidate with mass mx ~ TeV, and we determine the size of the baryon energy
density compared to the WIMP relic density. In the following, we assume for simplicity that
a dark matter field X annihilates into a Standard Model quark ) plus an exotic baryon field
1 (see Sections 3.3 and 3.4 for specific model details). We find that the baryon asymmetry
depends strongly on the mass m,, and is constrained to lie within a seven or eight order-of-
magnitude window, with the observed baryon asymmetry within an order of magnitude of the
upper limit. Therefore, WIMPy baryogenesis does not predict the value of the dark matter-
baryon ratio, but neither is the relationship between the two energy densities completely

arbitrary.

To determine the range of baryon asymmetries obtained from WIMPy baryogenesis, we
use the result from the last section that the final baryon asymmetry is proportional to the
number of dark matter annihilations that occur after washout freeze-out, as shown in (3.6).
The largest possible asymmetry is generated when the exotic baryon field is heavy relative
to dark matter (m, 2 mx) so that washout processes freeze out while there is still a large
dark matter abundance. To determine the upper bound on the asymmetry, we use the fact
that my < 2mx for WIMP annihilation to be allowed kinematically, and this limits how
many dark matter particles can remain when washout freezes out. By contrast, the baryon
asymmetry is small when washout processes turn off at a late time (my < my) after dark
matter annihilation has frozen out. To calculate the lower bound, we determine the rate of
residual dark matter annihilation after dark matter freezes out and use this to determine the

size of the asymmetry.
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For both the upper and lower limits, we first calculate the allowed baryon asymmetry
and then determine the corresponding dark matter-baryon ratio. In both scenarios, the
baryon asymmetry depends on two time scales: the point of washout freeze-out, Tyashout =

mx / Tyashout, and the point at which WIMP annihilation freezes out, T, = mx/Tann-

Estimate of upper limit: We first estimate the upper limit of the baryon asymmetry
generated within our framework, which occurs when m,, is heavy to suppress washout and
is therefore also at the TeV-scale. Kinematically, dark matter annihilation occurs only if
my < 2myx, which bounds how early Zyashous can be relative to zan,. For a TeV-scale dark
matter field, WIMP annihilation freezes out when the temperature is about 1/30 of its mass.
Therefore Tyashout =~ Tann(Mmx/my) 2 15. We also know that, when washout freezes out
while WIMP annihilation is still active, Yx (Zwashout) > Yx(00). We then obtain from (3.6):

Yan(oo) ~ gyx(xwashom) < gy;qma) ~ex 1078, (3.10)

According to (3.10), the asymmetry is independent of myx and depends only on the ratio
Tywashout ~ My /Mx, With a large asymmetry when my, is comparable to or larger than my.
To compare the baryon density to the dark matter energy density, recall that the WIMP

density changes little after annihilation freezes out, and so Yx(00) &~ Yx(Zan) = Yx(30).

We then find that

Qp _ Mproton Yap(00) € Yx(Twashout) [(GeVY) € Y{(15) [ GeV <10 ( € ) TeV (3.11)
Qx mx Yx (00) 2 Yx(%ann) mx mx 10-2) \mx / '

~

T2 V(30

Therefore, for a model with weak-scale mx, O(1) couplings (in accordance with the WIMP

miracle), and the loop-suppressed € ~ 1072 as in (3.24), we find that the energy density of
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baryons can be at most an order of magnitude larger than the energy density of dark matter.

Estimate of lower limit: In deriving the upper bound, we assumed that m,, saturated the
bound m, < 2myx and we found that dark matter annihilation could generate the observed
baryon asymmetry. When m, < 2my, washout processes remain in equilibrium until after
dark matter freeze-out, and the asymmetry from WIMPy baryogenesis is too small to account
for the observed asymmetry. We now estimate the full range of baryon asymmetries achieved
in our models when m,, < 2mx. In this case, the equilibrium number density of X is much
smaller than the actual, frozen-out X abundance. As a result of this overabundance of X
relative to its equilibrium value, some residual dark matter annihilations continue at late
times, even though the annihilation rate is insufficient to appreciably change Yx after x.,,.
Such annihilations can, however, generate a small baryon asymmetry. According to (3.6),

this asymmetry can be estimated by calculating Yy (00) — Yx (Zwashout ), Where Zyashout > Tann-

To determine the asymmetry, we solve the Boltzmann equation (3.1), neglecting the
subdominant term (Y¢')? in equation (3.1). Furthermore, if XX annihilation is s-wave,
then (0., v) is approximately constant in the domain z.,, < T < ZTwashout- The only z-

dependence comes from the factor

s() _ $(Tann) Zann (3.12)
rH(x) H(ram) 22 ’
Integrating (3.1) from & = Zyashour t0 T = 00 gives
25(Zann) Tann (Tann V) Yx (Tann)? 1
YX (xwashout) - YX(OO) ~ ( ) < > X( ) (313)

H (zann) Lwashout
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Using the definition of I'wivp in (3.8), together with the fact that I'wivp(Tann) = H(Tann ),

gives the simple result

2‘,17&1’1]?1 2':C‘a]fll’l

Y (00). (3.14)

YX (xann) ~

Lwashout Twashout

YX(xwashout) - YX(OO) ~

Notice that for Zyashout > Tamn, Yx is constant at leading order from Zyashout to 00. Also
as mentioned earlier, by assuming both X and v have weak-scale masses and interactions,

Zann/ Twashout ~ My/Mx. We can then obtain an estimate for the baryon asymmetry:

€ Tann
YAB ~

Vloo) ~ e (22 ¥i(o0) (3.15)

Lwashout

We see that the baryon asymmetry decreases linearly with m,, when my < mx.

The ratio of the baryon energy density to the dark matter energy density is

g—i ~ 1073 x € <Z—i) <%) . (3.16)
If there is no large hierarchy in myx and m, (i.e. my/myx 2 0.1), and using our earlier
estimate of € ~ 1072 for O(1) couplings that give the correct WIMP relic density, we find
that Qp/Qx = 1075, We emphasize, however, that even smaller asymmetries are possible if
the imaginary parts of the couplings are tuned to be small or if there exist hierarchies in the

masses of the new fields.

Considering equations (3.11) and (3.16), we find that the expected range for the baryon-
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Figure 3.2: The evolution of the number density per comoving volume for field i (Y;) as
a function of x = mx/T. The numerical solutions shown here are based on the WIMPy
leptogenesis model discussed in Section 3.3, where the dominant annihilation process is
XX — L1 and the dominant washout is Ly — Lftf. The input parameters are yx =
27, A\ = 0.8, e = 0.2, mx = 3 TeV, and mg = 5 TeV. my = 4 TeV gives the behavior
when washout freezes out well before WIMP annihilation freezes out (“weak washout”).
my = 2 TeV gives the behavior when washout becomes ineffective subsequent to WIMP
freeze-out (“strong washout”).

to-dark matter ratio in WIMPy baryogenesis is

107° < S <10, (3.17)
Qx

assuming O(1) couplings, and weak-scale masses for all new fields, i.e. mx,my ~ O(0.1 —
1TeV). The observed value of Qp/Qy ~ 0.2 falls within this range, and thus WIMPy
baryogenesis can account for the entire observed baryon asymmetry, but it does fall toward

the upper end of the allowed region.
To summarize, models of WIMPy baryogenesis predict a dark matter relic density
inversely proportional to the WIMP annihilation cross section, as in conventional WIMP

models, and a baryon asymmetry proportional to the dark matter density at the time when
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washout processes freeze out. In Figure 3.2, we illustrate the evolution of the dark matter
abundance and the baryon asymmetry in one model of WIMPy baryogenesis for the two

limiting washout cases.

3.3 WIMP Annihilation to Leptons

3.3.1 Model Overview

We have discussed baryogenesis in the generalized sense of either the direct production
of a baryon asymmetry through WIMP annihilation or leptogenesis, in which a lepton asym-
metry is produced by WIMP annihilation and converted to a baryon asymmetry through
sphalerons. In this section, we present a model of leptogenesis, where the lepton asymmetry
is generated above the electroweak phase transition while sphalerons are still active. We
discuss the field content and symmetries of the model Section 3.3.1, and we calculate the
efficiency of generating a lepton number asymmetry in Section 3.3.1. As we showed in Sec-
tion 3.2, the final baryon asymmetry is determined by the time at which washout processes
freeze out. We address washout in Section 3.3.1, discussing the implications for the WIMPy

leptogenesis parameter space. Finally, we give the Boltzmann equations in Section 3.3.1.

Field Content and Lagrangian

We consider a simple model with the minimal ingredients for WIMPy leptogenesis. Dark
matter consists of a pair of gauge singlet Dirac fermions> X and X that annihilate to the

Standard Model lepton doublet L; and new weak-scale fields ;. X annihilates through weak-

2A Majorana dark matter field X does not work in this case because X must carry a complex charge for
the model to generate a non-zero lepton asymmetry, as we show later in this section.
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scale gauge singlet pseudoscalars® S,. By gauge invariance, 1; has charge (2,1/2) under the

SU(2)1, x U(1)y gauge interactions. The Lagrangian is
L= Lin + Lonase — % (AxaX? + Nyo X2) Sa + i Ao SaLith; + hoc. (3.18)

To satisfy the Sakharov conditions, dark matter annihilation must also violate C'P, and \f, 4;
must be complex. To have physical C'P violation, there must be more than one scalar S, so
there is a relative phase in their amplitudes. X X annihilation can then generate an asym-
metry in L;, and the lepton asymmetry is subsequently converted to a baryon asymmetry
by sphalerons. Because the symmetry preserved by sphalerons is B — L, a negative lepton
asymmetry must be generated to account for the observed positive baryon asymmetry.

A positive lepton number asymmetry also accumulates in v;, and it is important that
this positive asymmetry does not erase the negative asymmetry in Standard Model leptons.
In our model, v; decays into light gauge singlets n; that are decoupled from Standard Model
fields at low temperatures. The asymmetry produced in 1) is therefore sequestered in a sterile
sector and the Standard Model asymmetry persists to the present time*. A Z, symmetry,
with charges in Table 3.1, forbids other operators that allow v to decay directly into Standard
Model leptons, thus preventing the erasure of the Standard Model lepton asymmetry. The

Z, symmetry also makes dark matter stable.

3We consider pseudoscalars instead of scalars because they do not have a velocity-suppressed X X anni-
hilation cross section. A scalar S with couplings to X that are C'P-violating with a large imaginary part
would work as well.

4If my > mg, then ¢ can decay into S + LT and wipe out the lepton asymmetry. However, S then
subsequently decays into either L + H + n' or LT + H* +n (when XX — Lt is kinematically allowed,
S — XX is kinematically forbidden because 2mx > my > mg), and the difference in the rates of these
decays generates another lepton asymmetry. If the efficiency of asymmetry generation from S decays is
comparable to that from X X annihilations, the asymmetry is comparable to the original asymmetry created
from XX — L.
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Table 3.1: Z, charges (WIMP annihilation to leptons)
X | X | v | v | S| n | Standard Model
Zy |+ | =1 | —-1]—-1|—-1] -1 +1

In the simplest model, v; decays to n; + H through the interaction

AL = )\ H'npp; + hec. (3.19)

We assume that 1); is vectorlike with a partner ¢; in order to more readily satisfy electroweak

precision constraints. Its mass is restricted by the LEP bound m, 2 100 GeV (see Section

3.5.2).

After electroweak symmetry breaking, ¢; mixes with the sterile neutrino n;, and we
must ensure that the sterile neutrino satisfies overclosure constraints. Since ) is Dirac, we
also include ¢ when diagonalizing the mass matrix and find that there remains a massless
eigenstate even after the Higgs condenses. This is good, because light, weakly interacting
thermal relics (such as sterile neutrinos) with masses 2 O(eV) would overclose the universe.
n could have a Majorana mass m,, < eV and still satisfy observational constraints, since the

light eigenstate would have a mass < eV as well, but we take n to be massless in our model.

The Lagrangian (3.18) is also invariant under a U(1)? lepton flavor symmetry that pro-
hibits flavor-changing neutral currents but allows flavor-dependent couplings. L;, n;, and ;
have charges +1, +1, and —1, respectively, under the U(1); factor of the flavor symmetry.
We assume that the only source of flavor-breaking in the low-energy theory is through the

neutrino mass matrices, and this effect is very small.
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Figure 3.3: Diagrams of tree and loop contributions to S decay. The difference between
these rates and their conjugates generates a lepton asymmetry.

Figure 3.4: Diagrams of tree and loop contributions to the X X annihilation cross section.
The difference between these rates and their conjugates generates a lepton asymmetry.

Asymmetry generation

In this model, a lepton asymmetry can in principle be generated through two processes:
the more conventional process of S, decay into L;1; and their conjugates (or directly into
L; +n;+ H if my > mg), and XX annihilation into the same final states. We show these in
Figures 3.3 and 3.4, respectively, assuming that decay and annihilation occur predominantly
through the lightest scalar S;. Existing work discusses the relevant processes for generating
a lepton asymmetry through 2 — 2 scattering [54], although the authors consider only high-
scale models (7' = 10° GeV) with qualitatively different features than WIMPy leptogenesis.

C P-violating phases in our model appear in the interference between tree-level and one-loop



90 Chapter 3: A WIMPy Baryogenesis Miracle

diagrams. We define asymmetry factors for the decay of the lightest scalar S; and for WIMP

annihilations, respectively, in the manner of conventional leptogenesis:

Ty trt
Lo [(S) — ¢iLi) — T(Sy — )] Li)’ (3.20)
[(S; — ¢;L;) +T(S) — I L)
o (XX = hiLi) + o(XX = L) —o(XX = ¢ LT — o(XX — ¢l L) (3.21)
2 o(XX = L) +0o(XX — L) +o(XX — %TLZT-) +o(XX = T/JZTLD '

€1 gives the fractional asymmetry generated per S; decay, while €5 gives the fractional asym-
metry generated per X X annihilation. The precise values of €;, €5 in this case depend on
the masses mg, and the couplings \,;.

To reduce the number of arbitrary parameters in our analysis, we make the following

assumptions:

e Dark matter annihilation occurs dominantly to only one flavor of lepton, and the
couplings of all other leptons to S, are zero. The non-zero couplings of the single

lepton flavor are denoted Ap,,.

e Dark matter annihilation and washout occur mostly through the lightest scalar, Sy,
and we consider the rates of only these processes in our analysis. For concreteness, we
require that the corresponding cross sections with intermediate Sy to be less than 20%

of the corresponding cross sections with Sy, giving roughly

4 4
Lo S (3.22)
Mg Mgy
)\2X2)\%2 < )\2Xl )\%1 3 23
g 2N (323)
mgo Mgy

We also assume that mg; < mgs, so that the loop integrals in €; and €; can be put in



Chapter 3: A WIMPy Baryogenesis Miracle 91

a simple analytic form (3.24).

e The physical C'P phases are large i.e. Im(a) ~ a where a is some product of couplings

appearing in scattering and decay amplitudes.

None of these assumptions are required by WIMPy leptogenesis, and we make them only
to simplify the analysis and its interpretation. Relaxing these assumptions would introduce
much complexity into the Boltzmann equations while giving qualitatively similar results. The
phenomenology does, however, depend to some extent on the flavor of leptons to which dark

matter predominantly annihilates (see Section 3.5 for details). With the above assumptions®,

L Im(A\f,\5) (2my)’ my \* g (e N (me )’
N —— 7T—15( — Il —— | — | =— . 3.24
© 6m |)\L1|2 m%Q QmX + 2mX QmX ( )

The expression for €; is the same but with 2my — mg;. Since we are most interested in the

asymmetry from annihilation, €5 is the relevant parameter for WIMPy baryogenesis and we
denote its asymmetry factor by € = €. € is suppressed by 1/m%, from the Sy propagator,
and is proportional to (2mx)? because the momentum flowing through the S; propagator in
X X annihilation is V5 = 2mx + O(T), where T < myx,mg; at freeze-out. Note that (3.24)
vanishes when m, = 2mx, at which point the particles in the loop cannot go on shell and

there is no imaginary part of the amplitude (and, hence, no C'P violation).

5This expression is derived in the narrow-width approximation. For TeV WIMPs, Ax > 1 is often
necessary to obtain the correct dark matter relic abundance, which may lead to I'g1, I'sa ~ mg. When
2mx > mgi, S1 is kinematically forbidden from decaying into XX and the S; width is narrow (because
typically Az, < 1). Sy may be broad, but the imaginary part of its self-energy correction ImII(p?) as
substituted into (3.24) must be evaluated at p? = 4m% < m%, and satisfies ImII(4m?% ) ~ 4m% < m%,.
Similarly, if 2mx < mgi, then the partial width of S; to X can be very large for 2mx < mg1, but once
again Imll is evaluated in (3.24) as ImII(4m%) ~ 4m% < m%,. Therefore, the narrow-width approximation

holds true to a degree sufficient for our purposes.
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Using (3.22), (3.24), and the assumption of large C'P phases, we can bound € from above:

201, m% my \ my \* my \°
< — |7T—=15| — Il — | — | =— . 3.25
€< 3mv/5 M, <2mx) " <2mx) <2mx) (3:25)

We treat € as a free parameter, subject to (3.25), and we can now express all rates and cross

sections in terms of Ax = Ax1, A\, = A1, €, mx, my, and mg = mg;.

We have assumed that the lepton asymmetry from X X annihilations dominates over
that from S decays. We find that this assumption is true whenever my < mg. Since the
asymmetry is proportional to the number density of X or .S at the time of washout freeze-out,
the ratio of asymmetry from decay vs. annihilation is the same as the ratio of the number of
S particles to the number of X particles at the time of washout freeze-out. The assumption

of annihilation-dominated asymmetry is therefore equivalent to my < mg.

Washout

As we demonstrated in Section 3.2, the final baryon asymmetry depends on the time of
washout freeze-out. We now discuss the implications for WIMPYy leptogenesis, finding that
we need my, 2 mx for successful WIMPy leptogenesis. We show the lepton number washout
processes in Figure 3.5. They include inverse annihilations, lepton — antilepton scatterings,
and ¥ X — L'X processes. The dominant washout is typically from L) — L) scatterings,
because the inverse annihilation Ly — X X is kinematically suppressed for T' < my and
X — L'X gets more Boltzmann suppression. Applying (3.5) for the specific model of
WIMPy leptogenesis, the washout rate is proportional to

S(T e e
FWa,shout(x) ~ §/> <0Lw—>LTwT U> YLq Yd;q(x)’ (326)
Y
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Figure 3.5: Diagrams leading to washout of the lepton number from (top row) s-channel and
(bottom row) ¢-channel scatterings.

where s(z) is the entropy density at x. Washout freezes out when its rate is about equal to
the Hubble scale, I"yashout (Twashout) = H (Twashout)- ['washout (Twashout) can be small for one of

two reasons:

1. my 2 mx so that qu(xwashout) is Boltzmann-suppressed while dark matter is annihi-

lating.

2. (0pyp—riyt v) is small relative to the annihilation cross section so that washout freezes

out before annihilation. The washout cross section can be small if \; < 1.

One of these two conditions must hold for each washout process. We find that option #1
leads to viable WIMPy leptogenesis. Option #2, on the other hand, does not give a large
asymmetry. According to (3.25), the asymmetry efficiency factor e is also suppressed when

AL < 1, and the potential gain in the baryon asymmetry from early washout freeze-out
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Figure 3.6: 3 — 3 washout process that can dominate over 2 — 2 scattering when 7" < m.

in option #2 is offset because leptogenesis occurs less efficiently. Therefore, m, 2 mx is
generally required to generate the observed baryon asymmetry.

When my,, is much larger than my (we find this is typically true for my 2 2my), the
exponential suppression of Yy is so large that 3 — 3 scatterings of Ln H — L' n' H* become
important (see Figure 3.6). This region is, however, kinematically inaccessible in WIMPy
leptogenesis since 2mx > m, for efficient annihilation to occur, and we neglect 3 — 3

processes.

Boltzmann equations

We consider the evolution of a single component L,, where a is a gauge index (flavor
indices are suppressed since we consider only one flavor). We define Br, (Bry) as the total
branching fraction of S into leptons (X), with Bry, +Bry = 1. Also, £ = 1+, /fi,, where
1 are chemical potentials, and 7 is defined as the amount of L, asymmetry generated for
each L, directly created/annihilated (this accounts for the fact that the asymmetry spreads
among all baryons and leptons by rapid thermalization). We calculated the cross sections

and widths analytically and checked them with CalcHEP [55].

The Boltzmann equations describing the evolution of the various particle species and the
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asymmetry in one of the components of the L, doublet are

H m dY e Y e
(:v x) d—; = —ds{oxxr,u, V)[Ye — (Y] - 2555 ?La (Ox X Lo, V)(Y)?
¥
2 eq YX 2 eq
—DBr¥ <F5>YS Y—;(q + Brx <F5> (YS — Brp, YS )
Y,
— SR BBy ()Y (3.27)
8
H(my) dY: . Yy \?
% d—; = —(Is)Ys + (I's)Y" |Brp + Brx (Y—ii]> ; (3.28)
X
H(mx) dYAL € Y2
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.

We assume that all abundances are in thermal equilibrium at x = 1 and that all fields remain
in equilibrium except for S and X. In the evolution of the scalar S, we only include the
decay terms, as they dominate over S.S annihilation for T" < mg.

To determine the relationship between ji,, and pr,, we assume that all abundances other
than S, X and AL, are in thermal equilibrium and that all processes except those involving
S are in chemical equilibrium. We also take sphaleron processes to be in equilibrium. The

non-S couplings in (3.18) distribute the L and i) asymmetries among the light fields. Solving
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the chemical potential relations gives

16 + 12 ny) /n7}

_ o/ "Ly 3.31
3+ 120! /npt (3:31)
2(7 4+ 28ng /nd

n = ( ﬁg/ LO;;). (3.32)
79 + 355 ny) /ni!

The precise values of £ and 7 are model-dependent.
The assumption of thermal equilibrium for ¢ is consistent provided the decay width

I'y > H(Tiep), which in our model constrains

167H (Tiey) _ 80v/G: T2,

A2 > ~ .
My Mp My

(3.33)

For Tie, = 100 GeV and m,,; = 2 TeV, this gives \; 2 3 x 1078, This is not a very stringent
requirement, since this value is smaller than any of the Standard Model Yukawa couplings.

The final lepton asymmetry is also determined by the chemical potential relations. The
relation between the total lepton asymmetry AL and the asymmetry in a single component
of the doublet field AL, as determined by equation (3.30) is

51 + 243n} /n7?
7+ 28n! /n7t

Yara. (3.34)

ALtot —

The final baryon asymmetry Yap follows from the sphaleron chemical potential relations,

and is

Van(e) = —a [ B0/, Yy 3.35
AB(']:) - 51 i 24377122/77/%1 ALtot — — ALg+ ( . )

In the limit x — oo, the ratio of total baryon to lepton number reduces to the same expression

as conventional leptogenesis [33].
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The total dark matter relic abundance is

Ypm(00) = Yx(00) + Yx(00) = 2Yx(00). (3.36)

3.3.2 Numerical Results

There are six free parameters in our model: three masses (mg, my, and m,) and three
dimensionless parameters (Ay, Ar, and €). To determine over what range of parameters
WIMPy leptogenesis can be successful, we perform scans over two parameters at a time
while holding others fixed. In particular, we are interested to see what range of masses
is allowed, and if any tuning of the mass and coupling constant relations is necessary to
generate the correct baryon asymmetry and WIMP relic density.

Range of allowed masses: We hold mg fixed and determine for which mx and m, masses

there exists some perturbative couplings that give the observed dark matter density and
baryon asymmetry. We place no other restrictions on the couplings. If m,, > mg, we assume
that the S width is dominated by the three-body decay S — L Hn. We show in Figure
3.7 the masses that give rise to successful WIMPYy leptogenesis. The viable i) masses satisfy
my ~ (1 —2)my, while there is no correlation between my and mg as long as my < mg.
For smaller values of m,/mx, the Boltzmann suppression of the washout rate is insufficient
to generate the observed baryon asymmetry, while m, 2 2mx is not allowed because dark
matter annihilation is not kinematically allowed and because the asymmetry efficiency € is
zero (C'P violation is zero if L and 1 cannot go on-shell in the dark matter annihilation loop

diagrams).

The lower boundary of the allowed region has a meandering shape around m, ~ mg.
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Figure 3.7: Regions in the mx-m, plane with the correct WIMP relic density and baryon
asymmetry from WIMPy leptogenesis, with mg = 5 TeV and some choice of perturbative
couplings. The masses giving both observed abundances are shown in blue (middle stripe).
We plot the ratios myx/mg, my/mg to show the relationship between the X and ¢ masses
and the mediator scale mg. The excluded regions are shown in red: the upper region is not vi-
able because 2mx < m,, and the thermal annihilation cross section is Boltzmann-suppressed,
while the lower region has Yj, too large to prevent rapid washout of the asymmetry. The
dashed line indicates the lower boundary of allowed mx and m,; below the line, the elec-
troweak phase transition occurs before the baryon asymmetry is large enough to account for
the observed value. For myx /mg > 1, the asymmetry is dominated by S decay.

The reason is that s-channel washout processes have a resonant enhancement in this region,
leading to a smaller baryon asymmetry and a restricted parameter space. Above resonance,
t-channel washout processes are also important, explaining why the bend in the curve is

centered at my, slightly larger than mg.

The principal reason that it is difficult to generate a large baryon asymmetry is because
the efficiency of asymmetry generation € is tied to the washout cross section through its
dependence on A2 in (3.25). A large asymmetry can only be generated when washout effects
are also large, limiting how much of an asymmetry can be generated. The viable parameter

space is larger if (3.25) can be relaxed, as is the case when S; and S, are nearly degenerate
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and the asymmetry is resonantly enhanced, but this is not a required feature of WIMPy

leptogenesis.

In leptogenesis, the asymmetry must be generated prior to the electroweak phase tran-
sition, at which point sphalerons decouple and the conversion of a lepton asymmetry into a
baryon asymmetry ceases. Since WIMPy leptogenesis is a weak-scale model, the timing of
the asymmetry generation relative to the phase transition is important. To illustrate this,
we computed the critical temperature 7. of the phase transition assuming a Standard Model
Higgs with mass mj, = 120 GeV, and we required that the baryon asymmetry at 7. be equal
to the observed asymmetry®. This typically yields a much smaller baryon asymmetry than
lepton asymmetry at late times because the baryon asymmetry stops accumulating at 7.
Accounting for the effects of the phase transition, the allowed region is above the dashed
line in Figure 3.7. If the phase transition is modified by additional Higgs fields or other new
physics, then this boundary line changes.

Range of allowed couplings: We choose representative values of the masses, with mg = 5

TeV for all cases, and mx and m, chosen in the middle of the allowed bands in Figure 3.7.
For one set of parameters, dark matter annihilates above the S resonance, with parameters
myx = 4.25 TeV, my, = 7.5 TeV, and |¢|] = 0.075, and we determine the dark matter relic
abundance and baryon asymmetry as functions of the two couplings. We also study X X
annihilation below resonance, with my = 1.5 TeV, m, = 2.25 TeV, and |¢| = 0.0075. We

plot the results in Figure 3.8 as contours of constant relic density and baryon asymmetry. We

6Since the Standard Model phase transition is of second order, sphalerons do not suddenly shut off, and
a more proper treatment would account for the gradual departure from equilibrium of the sphaleron effects.
Since the asymmetry is typically generated over a very short time period (we find numerically that it is on
the order of Az ~ 2 —3 or AT ~5— 10 GeV), the dynamics of sphaleron shut-off are largely irrelevant and
the most important factor is the rate of L — B transfer at the washout freeze-out time Zwashout-
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AL/Ax

Figure 3.8: Dark matter relic density (solid lines) and baryon asymmetry (dotted lines) as
functions of couplings Ay and Ap/Ay. We consider two sets of massses, with mg = 5 TeV
for both: (left) mx = 4.25 TeV, my = 7.5 TeV, and |e| = 0.075; (right) mx = 1.5 TeV,
my = 2.25 TeV, and |e| = 0.0075. The asymmetry contours are, from top to bottom: (left)
Yap =5x 1071 8.5x 107! (observed asymmetry), and 3 x 10719 (right) Yap = 3 x 1071,
8.5 x 107! (observed asymmetry), and 3 x 107'%. The dark matter abundances are printed
on the plots. In the shaded regions, the numerical value of € is not consistent with our
assumptions according to the bound (3.25).

focus on the ratio A; /Ay because we are interested in seeing if any relationship between these
two theoretically unrelated quantities is required to obtain a particular relic abundance and
asymmetry. In both cases shown, WIMPYy leptogenesis gives the correct dark matter relic
abundance and asymmetry when both couplings are O(1). Thus, a perfectly natural choice
of couplings, and the very same couplings that satisfy the WIMP miracle, can also generate
the correct baryon asymmetry if C'P phases are large! Specifically, with myxy = 4.25 TeV,
my, = 7.5 TeV, and || = 0.075, the observational constraints are satisfied with Ay = 2.7 and
A =5.7; with myx = 1.5 TeV, my, = 2.25 TeV, and |e| = 0.0075, the couplings are Ay = 2.8,

AL = 2.5.

In deriving our results, we assumed that dark matter only annihilates through lepton-

number-violating interactions. In a more general model, dark matter may also have lepton-
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Figure 3.9: Regions in the mx-m, plane for viable WIMPy leptogenesis with additional
lepton-number-preserving dark matter annihilation modes: (left) a = 2, (right) o = 3.
The masses giving the correct dark matter density and baryon asymmetry for some choice of
perturbative coupling are shown in blue (middle stripe). As the lepton-number-preserving
annihilation cross section increases, the efficiency of asymmetry generation drops, and the
marginal regions of parameter space become inaccessible, particularly the enhanced washout
region my, ~ mg. The descriptions of the regions on the plot are the same as those in Figure
3.7.

number-preserving interactions that contribute to the total annihilation cross section. We

parameterize this possibility with the quantity

o= <UXX—>anything U) > 1. (337)
<UXX—>L1/1 v)

When a > 1, the asymmetry generated by WIMPYy leptogenesis is smaller, because only 1/«
of dark matter annihilations proceed through lepton-number-violating couplings and can
create an asymmetry’. As a result, the viable parameter space for WIMPy leptogenesis is
reduced. In Figure 3.9, we show the masses my, my, giving successful WIMPy leptogenesis

with o > 1. In particular, we find that the lepton asymmetry from WIMPy leptogenesis is

"When o > 1, the WIMP annihilation cross section is also larger, and Ax, Ay are smaller to give the
same WIMP relic density. As discussed in Section 3.3.1, however, decreasing the couplings results in both a
smaller washout rate and a smaller efficiency of generating an asymmetry. These two effects counteract one
another, and the change in couplings for o > 1 does not substantially affect the asymmetry.



102 Chapter 3: A WIMPy Baryogenesis Miracle

too small in regions with large washout (m, ~ mg, where wash-out scattering is on-shell).
While WIMPYy leptogenesis is possible with lepton-preserving annihilation channels, m,, lies
in a more restricted region when a > 1.

To summarize, we have presented a model of WIMPYy leptogenesis where the WIMP mir-
acle has been extended to the WIMPy baryogenesis miracle: the correct baryon asymmetry
and WIMP relic density can be generated simultaneously with TeV-scale masses and O(1)
couplings. We find that, depending on the ratio m,/mx and the Yukawa couplings, larger
and smaller asymmetries are also possible over a range of about seven orders of magnitude.
Generating the observed baryon asymmetry does require some correlation between mx and
my, which may be explained if the masses have some common dynamical origin. For mx
lighter than about 1 TeV, sphalerons decouple in the middle of asymmetry generation and

the resulting baryon asymmetry is typically smaller than the observed Yag.

3.4 WIMP Annihilation to Quarks

3.4.1 Model Overview

If the final products of dark matter annihilation are quarks, WIMP annihilation can
directly generate a baryon number asymmetry. The lower bound of ~ TeV on my in WIMPy
leptogenesis (the dashed line in Figure 3.7) does not apply when WIMPs annihilate to quarks,
since the production of baryon number no longer depends on efficient sphaleron interactions.
Just as the leptogenesis model included new weakly charged vectorlike doublets, this model
requires new vectorlike colored states to couple to quarks. Such states can be pair-produced

at the LHC, leading to much stronger constraints and better detection prospects, which we
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discuss in Section 3.5.2.
The model content is similar to the leptogenesis model discussed in Section 3.3: vectorlike
gauge singlet dark matter X and X, singlet pseudoscalars S, and vectorlike exotic quark

color triplets 1; and v;. The Lagrangian is
£ = Liin + Liass = 5 (Ao X? + Nyo X2) Sa + idga Safits. (3.38)

A baryon asymmetry can be generated in @ along with an equal negative baryon asymmetry
in . 1Y must decay, because it would otherwise overclose the universe and violate bounds
on stable colored particles.

The negative baryon asymmetry in ) must not destroy the positive baryon asymmetry

in @ when it decays. This can happen in two ways:

1. ¢ decays into a sector decoupled from Standard Model quarks at low energies. To-
tal baryon number is preserved, but the negative baryon number carried by 1 is se-
questered from quarks at late times and does not eliminate the Standard Model asym-

metry.

2. 1 decays into Standard Model quarks through baryon-number-violating couplings. The
final baryon asymmetry is different from the asymmetry created initially in % from
WIMP annihilations because v decays give an additional contribution to the baryon

asymmetry.
We now implement each of the above scenarios.

1. 1; decays to light, baryon-number-carrying singlets n; plus Standard Model antiquarks.

It can do so through a colored scalar ¢ with Standard Model gauge representation
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(3,1, —1/3). The additional terms in the Lagrangian are

A Z, symmetry prevents v from decaying directly into Standard Model quarks through
a QH4v term and eliminating the baryon asymmetry. We show the charges in Table 3.2.
This Lagrangian has a U(1)? flavor symmetry and satisfies all quark flavor constraints.
In particular, u;, v;, and n; have charges —1, +1, and —3, respectively, under the
U(1); factor of the flavor symmetry. ¢ has charge —2 under all U(1) flavor symmetries.
We assume that the only sources of flavor violation are the Standard Model Yukawa

matrices.

In this scenario, 1; also decays to two antiquarks plus a singlet n, but n is a Majorana
fermion that does not carry any charge. Baryon number is now explicitly violated, and
dark matter annihilations generate —1 unit of baryon number for each 1) + @ produced
from dark matter annihilations (because ¢ — ddn). There is a new colored scalar d;
in the (3,1, —1/3) representation of the Standard Model gauge group that mediates 1)

decays. The additional terms in the Lagrangian are

AL = N d;dy, + N d;dn + h.c. (3.40)

A Z, symmetry, with charges given in Table 3.2, prevents v from decaying to Standard
Model quarks through other interactions that would destroy the baryon asymmetry.
This Lagrangian can be naturally realized in supersymmetric models, where d is the

down squark and n is the neutralino, although this is not the only possible realization
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Table 3.2: Z, charges (WIMP annihilation to quarks)

X|X |y | Y| S|a|d|¢/d| Q]| H| n |leptons
Zy |+t | =i | +1 | +1 | =1 ]| —-1]—-1] =1 | —=1|+1|+1 +1

of this scenario. (3.40) has a U(3) flavor symmetry, which is the diagonal subgroup
of the full U(3), x U(3)4 flavor group. The quark, v; and d; fields transform in the
fundamental of U(3). The Yukawa couplings between Sui) in (3.38) have a flavor-
independent piece and a flavor-dependent piece proportional to the up Yukawa matrix

Y, consistent with minimal flavor violation.

In both scenarios, ¥ decays to a singlet n plus quarks. Operators allowing ¢ to decay
entirely to quarks (such as ¢*d@ or d*du) are forbidden by the Z; symmetry. The Z,
symmetry also ensures the stability of dark matter and of the proton. The proton is stable
provided my, < 2mx, mg because baryons have charge (—1)* = —1 and can never decay into
the lighter meson and lepton fields, which are uncharged under the Zj.

The Z, symmetry in principle allows neutral baryons to oscillate into one another. For
scenario #1, the generalized baryon number symmetry prohibits neutron-antineutron oscil-
lation. In scenario #2, the baryon-number-violating term is antisymmetric in flavor indices,
and the dominant contribution to neutron-antineutron mixing involves loops of W bosons and
off-diagonal CKM matrix element insertions V4 and V4. Since the bound on the neutron-
antineutron oscillation operator ¢/A®(udd)? is A = 10 —100 TeV for ¢ = 1 [56], the loop- and
CKM-suppression is sufficient to lower the oscillation rate well below current constraints for
ms, My, mg~ TeV and O(1) couplings.

The Boltzmann equations for WIMP annihilation to quarks are changed only by group

theory factors from the corresponding equations for leptons. Similarly, the chemical poten-
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Figure 3.10: Regions in the mx-m, plane with the correct WIMP relic density and baryon
asymmetry from WIMPy baryogenesis, with (left) mg = 1.5 TeV and (right) mg =5 TeV,
and any choice of perturbative couplings. The masses giving both observed abundances are
shown in blue (middle stripe). The descriptions of the regions on the plot are the same as
those in Figure 3.7.

tials relations are modified to reflect the new interactions (3.39) or (3.40).

As with WIMPy leptogenesis, we assume that 1 is in equilibrium, and this places con-
straints on the couplings through which it decays. In scenario #1, we considered the decay
of 1 according to interactions given in equation (3.39). If m, > my, the ¢ decay is two-
body and the constraint (3.33) applies, giving \; = 6 x 1078, If my < my, ¥ undergoes a

three-body decay to ddn, and the constraint is

80@7}2 m>
MN)2 > VT Tlep 7o 3.41
( Z) ~ Mplm?p ( )

For Tiep, = 50 GeV and m, = 1 TeV, we find that the constraint on the geometric mean of

VAN > 6% 1077, /%. (3.42)

The constraints on scenario #2 are comparable.

the couplings is
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3.4.2 Numerical Results

Because of its similarity to leptogenesis, we use the quark flavor structure of scenario
#1 in our analysis, since it allows for a more direct comparison of numerical results in both
cases. We consider two scenarios: mg = 5 TeV, to compare the results for quarks with that
for leptons, and mg = 1.5 TeV, because dark matter can be much lighter than in WIMPy
leptogenesis since there are no constraints from sphaleron decoupling. For simplicity, we
consider sphalerons to be out of equilibrium for the 1.5 TeV case and in equilibrium for the
5 TeV case to avoid considering sphaleron decoupling effects, although the calculation can
be easily extended to include them.

Range of allowed masses: We show the range of allowed masses in Figure 3.10. Gluino

searches at the LHC constrain this scenario (see Section 3.5.2), in contrast with the lepto-
genesis model, for which the entire parameter space is unconstrained by collider searches.
This is particularly true for mg = 1.5 TeV, where LHC searches will cover almost the entire
parameter space for dark matter annihilation to quarks during the 14 TeV run. The WIMP
mass is already constrained to be my 2 295 GeV by the gluino bound discussed in Section
3.5.2 along with the kinematic requirement that 2mx > m,. This is true independent of all

other parameters.

In both cases, the results are qualitatively similar to leptogenesis. With WIMP annihi-
lation to quarks, the annihilation and washout cross sections are enhanced because the final
states are charged under SU(3)c. As a result, the baryon asymmetry is suppressed by the
increased washout rate. This is partially offset by the fact that the self-energy contribution
to € is enhanced by a group theory factor as well. With myx = 0.9 TeV, the parameter

space is actually larger than for my = 4.25 TeV or WIMPYy leptogenesis. Since in this case,
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Ap/dx

Figure 3.11: Dark matter relic density (solid lines) and baryon asymmetry (dotted lines) as
functions of couplings Ax and Ag/Ax. We consider two sets of massses: (left), myx = 4.25
TeV, my = 7.25 TeV, mg =5 TeV, and |¢| = 0.075. The asymmetry contours are, from top
to bottom: Yap = 4 x 1071, 8.5 x 107 (observed asymmetry), and 1.5 x 1071, (right)
mx = 0.9 TeV, my, = 1.2 TeV, mg = 1.5 TeV, and |¢| = 0.075; the asymmetry contours are,
from top to bottom: Yap =5 x 1071, 8.5 x 107! (observed asymmetry), and 3 x 1071%. In
the shaded regions, € is not consistent with our assumptions according to the bound (3.25).

sphalerons no longer inter-convert baryon and lepton number, the asymmetry created in
quarks is distributed among fewer fields, enhancing the asymmetry.

Range of allowed couplings: We do the same analysis as in Section 3.3.2. To compare

the results of direct baryon asymmetry production with those for WIMPy leptogenesis, we
choose a set of parameters used in the leptogenesis analysis: my = 4.25 TeV, my, = 7.25
TeV, mg = 5 TeV, and |¢| = 0.075. We also consider a corresponding point with light S
and broken phase chemical potential relations: mx = 0.9 TeV, my = 1.2 TeV, mg = 1.5
TeV, and |e| = 0.075. We show the results in Figure 3.11. The parameter points giving the
correct dark matter density and baryon asymmetry are Ay = 2.7, A\g = 4.5 for mx = 4.25

TeV, and Ax = 0.22, Ag = 2.8 for mx = 0.9 TeV.
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Table 3.3: Experimental prospects

Annihilation to leptons Annihilation to quarks

Direct detection —— myx <5 TeV for some parameters

(UX—nucleon ~107% —10~* Cm2)
Indirect detection myx < 200 GeV myx <1 TeV
(antideuterons)
Colliders my S few hundred GeV, my S 1.44 TeV with
possible improvements 100 fb~!' LHC (14 TeV)
with targeted searches
EDM —— ——

3.5 Experimental Constraints and Prospects

In this section, we survey the possible experimental constraints and signals for models of
WIMPy baryogenesis, considering both annihilation to leptons and annihilation to quarks.
For WIMP annihilation to leptons, the experimental bounds on myx and m, are too weak
to constrain leptogenesis because mx,m, 2 TeV are required to generate a sufficiently
large baryon asymmetry. The prospects are better for WIMP annihilation to quarks, which
predicts signals at indirect and direct detection experiments, as well as at the LHC. We first
give a preview of our results for current and near-future experiments in Table 3.3. In this

table, ‘——" indicates no signal in that particular search channel.

We provide details for each class of experiment in the following sections.

8Precise reach depends on My, Ms, Ax, Ap, and €.



110 Chapter 3: A WIMPy Baryogenesis Miracle

Figure 3.12: Feynman diagrams for dark matter scattering off (left) nucleons and (right)
electrons in direct detection experiments for WIMPy leptogenesis.

3.5.1 Dark Matter Detection

Direct Detection

Dark matter direct detection experiments are typically important probes of weak-scale
dark matter models. As we show in this section, however, only WIMPy baryogenesis with
dark matter annihilation to quarks is expected to give a signal in conventional direct detection
experiments. This is because the dark matter scattering cross section is suppressed by loops
of heavy fields, and it is only when dark matter couples directly to quarks that the WIMP-
nucleon cross section is large enough to give a signal in upcoming experiments. We assume in
this section that dark matter annihilates predominantly to first generation quarks/leptons.
The baryon-number-violating interactions in WIMPy baryogenesis can also induce proton
decay due to WIMP scattering, but we find that our models are consistent with all current
and projected experimental bounds.

We first present the Feynman diagrams for the leading processes relevant to direct de-
tection. With WIMP annihilation to leptons, we show the diagrams for scattering in direct
detection experiments in Figure 3.12. We show the corresponding diagrams with WIMP

annihilation to quarks in Figure 3.13.
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Figure 3.13: Feynman diagrams for dark matter scattering off nucleons in direct detection
experiments when WIMPs annihilate to quarks: (left) standard signal and (right) inelastic
induced nucleon decay.

WIMP annihilation to leptons: X can elastically scatter off electrons at one loop and nu-

cleons at two loops. However, direct detection experiments are on the verge of testing dark
matter models with nucleon scattering at one loop [35, 17, 23, 27| and electron scattering at
tree level [36]. Therefore, the elastic scattering signals from our models are too small to be

detected at near-future experiments.

As we discussed in Section 3.3.2, there can be lepton-number-preserving dark matter
annihilation channels in addition to those responsible for baryogenesis, although the param-
eter space is more restricted in this case. The lepton-number-preserving WIMP interactions
can lead to conventional WIMP signals in direct detection experiments, but do not probe
the WIMP’s lepton-number-violating couplings, which are the crucial ingredients of WIMPy

leptogenesis.

WIMP annihilation to quarks: The dominant contribution to the direct detection cross sec-

tion is the one-loop scattering of dark matter off the right-handed up quark. We estimate
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the dark matter-nucleon cross section:

1 /(A2302\° 12
N~ A4
TXN T 6 < 1672 ) m%’ (343)

where p is the reduced mass of the dark matter-nucleon system?. In our models, mx > my,

where my is the nucleon mass, so u ~ my.

We determine the direct detection cross section for the benchmark points in Section 3.4.2.
For the point mx = 4.25 TeV, my = 7.25 TeV, mg = 5 TeV, Ax = 2.7 and A\p = 4.5, we
find ox_n ~ 1 x 107* cm?. For the point myx = 0.9 TeV, m, = 1.2 TeV, mg = 1.5 TeV,
Ax = 0.22 and A\ = 2.8, we find ox_n ~ 4 x 1076 cm?. The current limits from the
XENON100, CDMS experiments [8, 9] on dark matter direct detection have a minimum
bound of ~ 10~** cm? for WIMPs with masses of ~ 50 GeV. The upper limit on the cross
section for a TeV WIMP is ~ 10713 cm?. We therefore see that the cross sections for our
benchmark points are below current bounds but are large enough that they can give a signal
in upcoming direct detection experiments such as XENONI1T [57]. We leave a detailed study

of the direct detection reach for future work.

There also exists an inelastic scattering process that converts an up-type quark to two
down-type antiquarks, as we show in the right-hand graph in Figure 3.13. Such an inelastic
process can lead to nucleon decays induced by WIMP scattering. The dominant process is
Xp — Xnzt, along with the corresponding processes with strange quark production (b
quark production is kinematically suppressed). To avoid conflict with proton decay experi-

ments, the induced proton decay rate should satisfy bounds outlined in [58]. Comparing our

9Because the masses of all fields running in the loop are similar in mass, there is no significant mass
suppression to the cross section from evaluating the loop integral.
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model to the Hylogenesis model in [58], we find that the operator giving rise to induced pro-
ton decay in our model is dimension-9 (X?2uddn/A®), whereas the corresponding Hylogenesis
operator is dimension-7. At the hadronic level, the Hylogenesis process is 2 — 2, in contrast
with our 2 — 3 process, which gives our model a relative phase space suppression ~ 1/(27)3.
Furthermore, the Hylogenesis model has a dark matter mass ~ O(GeV), while the dark
matter mass in WIMPy baryogenesis is my ~ O(TeV). As a result, the dark matter number
density is smaller by a factor of (GeV/TeV) in WIMPy baryogenesis, and the incident flux
of dark matter particles is suppressed. Taking into account all factors, the induced proton

L)3 (M

5 ~ .
)P (S2)7 ~ 1077 suppression compared

decay rate for WIMPy baryogenesis has a ~ (
to that of Hylogenesis. Since induced proton decay is on the verge of current bounds for
Hylogenesis models with a heavy scale A ~ TeV, the proton lifetime in our model is safely
above the current bound, and not within the reach of near-future proton decay experiments.

To summarize, models with WIMP annihilation to leptons typically predict the absence
of a signal in conventional dark matter direct detection experiments, while models with
WIMP annihilation to quarks have WIMP-nucleon cross sections below the current bounds
but accessible in upcoming experiments. Baryon/lepton-number-preserving WIMP interac-
tions can also give a signal in direct detection experiments, but such models have a smaller

viable parameter space. WIMP scattering can induce nucleon decay in WIMPy baryogenesis

models, but the proton decay rate is far lower than current experimental constraints.

Indirect Detection

Models of WIMPy baryogenesis have indirect detection prospects similar to those in

conventional WIMP scenarios because the dark matter relic abundance is symmetric and is
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established by thermal freeze-out. This is in contrast with many asymmetric dark matter
models, which typically have suppressed indirect detection signals due to the fact that dark
matter is largely asymmetric today. The only asymmetric dark matter models with indirect
detection signals are those in which the symmetric component is regenerated after WIMP
freeze-out [38]. In the following summary, we assume that WIMPs annihilate predominantly

through the interactions that generate the baryon asymmetry.

We find that indirect detection is most promising with WIMPy baryogenesis with dark
matter annihilating to quarks. In this scenario, the final states are color-connected quarks
and sterile fields n;, and the quarks hadronize in the dark matter rest frame. This populates
the low-energy anti-deuteron spectrum, leading to a clean, low-background signal at GAPS
and AMS-02. The mass reach in this scenario is my < 1 TeV. Annihilation of dark matter in
WIMPy leptogenesis also leads to q¢ production via Higgs decay, but the quarks hadronize
in the Higgs rest frame. Fewer low-energy antideuterons are produced, and the mass reach
is only my < 200 GeV, which is too low for viable models of WIMPy leptogenesis. We give

more details below.

WIMP annihilation to leptons: The indirect detection signals are energetic neutrinos, positrons,

and secondary photons from the leptons produced in WIMP annihilations, along with an-
tiprotons and antideuterons (D) from ¢ — h+mn — bb+n. Unfortunately, the dark matter
mass of O(TeV) in leptogenesis gives a flux lower than the sensitivities of most upcoming
indirect direction experiments. With the standard cross section for thermal WIMP annihi-
lation ((Tann) ~ 3 x 10729 cm?/s), the reach of most current experiments like Fermi-LAT

[59] is in the mass range < O(100 GeV). One exception is in the scenario with a very steep
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dark matter profile in the galactic center, which occurs in halo models favored by hydro-
dynamical simulations. In this case, HESS measurements of gamma rays from the galactic
center are within a factor of two of constraining a 3 TeV WIMP with standard annihilation
cross section to leptonic final states [60]. Based on the HESS analysis, it is likely that with
more data Fermi-LAT could rule out WIMPYy leptogenesis models with masses < few TeV
if the similar assumptions on dark matter distribution are applied. Such constraints suffer
from large uncertainties in the dark matter profile, however, and we caution that such strong

limits on WIMP masses may not be possible.

According to the general analysis performed in [61], the mass reach of low energy an-
tideuteron detection experiments at AMS-02 and GAPS could be up to ~ 1TeV if hadroniza-
tion happens mostly in the rest frame of dark matter annihilation, as occurs in the gg channel
in [61]. However, hadronic decay products in the leptogenesis scenario are secondary or ter-
tiary, and hadronization typically happens in the boosted frame, similar to the WW channel
in the same reference. The resulting mass reach could be only ~ 200 GeV, which is too
low for WIMPYy leptogenesis because sphalerons are decoupled during the era of asymmetry

generation for dark matter masses in this range.

WIMP annihilation to quarks: The possible signals are p, D, and 7. In contrast with lep-

togenesis, the baryon asymmetry can be generated after the electroweak phase transition
and the dark matter mass can be as low as ~ 290 GeV according to the bound in Section
3.5.2. This is promising for detection at upcoming experiments, particularly low energy
anti-deuteron searches. Because the primary products of WIMP annihilation now involve

color-connected u and 1, a large proportion of hadronization proceeds in the rest frame,
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resulting in a larger rate of D production [61]. This extends the mass reach at GAPS and
AMS-02 [62] to ~ 1 TeV and covers a large part of the WIMPy baryogenesis parameter
space. Higher WIMP mass regions (~ TeV) may be constrained by Fermi-LAT gamma ray
observations of the galactic center, but as discussed above with WIMPYy leptogenesis, these

constraints are highly dependent on the dark matter profile [60].

In general, models of WIMPy baryogenesis and leptogenesis satisfy all current constraints
from indirect detection experiments, and future searches for antideuterons are promising

discovery channels for models with WIMP annihilation to quarks.

3.5.2 Collider Detection

We consider the LHC constraints and detection prospects for new charged particles pre-
dicted in WIMPy baryogenesis. We find that the LHC can strongly constrain the scenario
with WIMP annihilation to quarks but may not constrain WIMP annihilation to leptons.
Searches for supersymmetry (SUSY) with missing energy are relevant to our models, since
WIMPy baryogenesis predicts new charged fields decaying to Standard Model particles and
neutral fermions. We focus on existing LHC searches for SUSY and leave for later work the
optimization of collider searches for the particular charged fields found in our models.

The strongest LHC constraints are bounds on new colored fields, such as gluinos and
squarks. Current searches at the LHC therefore constrain the scenario with WIMP annihi-
lation to quarks, which has new colored fields ). The luminosity at the LHC is not yet large
enough to bound electroweak production of new particles, due to the smaller production

cross section, and softer jets and missing energy. As a result, current collider constraints on
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q wH+

Figure 3.14: LHC electroweak pair production of ¢ and its subsequent decay in the model
with WIMP annihilation to leptons. 1° decays to a Higgs boson and the light neutral fermion
ne, while 1% decays to W+ and ny.

my in the scenario with dark matter annihilation to leptons are well below the range needed
for viable WIMPYy leptogenesis. Higher luminosity and new targeted searches can improve

the LHC reach for m,, depending on its decay modes.

We now consider each scenario in more detail.

WIMP annihilation to leptons: A characteristic feature of the WIMPYy leptogenesis model

in section 3.3 is the presence of an exotic vectorlike SU(2), doublet ¢. The neutral and
charged components of ¢ can be pair-produced via electroweak gauge bosons. According to

our arguments in Section 3.3.1, ¥ decays promptly.

The dominant decay of ¢/° is to Higgs + n, through the interactions in (3.18), where n, is
the light neutral mass eigenstate after Higgs-induced mixing between 1 and n. The resulting
collider signature for pair production is ¢°1)° — 4b(4;5) + E'v. The charged component, 1)*,
decays to W= + n,, with a collider signature for pair production of ¥f¢= — WHW = + Eq.

The relevant diagrams are shown in Figure 3.14.

Searches at LEP constrain the masses of the charged and neutral components of i) with

bounds on pair production of charginos (Y= — W*x%), m,+ = 100 GeV [63]. ¢* decays look
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identical to chargino decays, so my1 2 100 GeV as well. Hadronic chargino decays, which
have a 4j + K final state, constrain the ¢ mass. The LEP bound groups hadronic chargino
decays with other decay modes, so the bound is not directly applicable to 1/°. A more careful
analysis (that we leave for future work) is needed to determine the precise bound on 4°, but
we expect it to be on the order of 100 GeV as well. The bounds on both * and ¥° are well

below the typical m,, required for WIMPy leptogenesis.

With the current luminosity of 5 fb™' at /s = 7 TeV, the LHC bounds the masses
of weakly charged particles appearing in cascade decays of colored particles, but does not
constrain particles such as v that are only produced directly from electroweak gauge bosons.
Therefore, the LHC does not bound m,, at present, and the LEP constraint remains the
most important. Searches for direct chargino and slepton production with future LHC data
will improve the bounds on m, to masses on the order of a few hundred GeV, but this is

still smaller than m,, needed in WIMPYy leptogenesis.

New LHC searches at 14 TeV could possibly yield stronger constraints. For example,
If the Higgs mass is known, we could require a reconstruction of the Higgs mass among
final state jet pairs, greatly reducing backgrounds. If m, > my, the final state Higgses are

boosted and can be studied with jet substructure techniques, as suggested in [64].

In summary, the collider constraints on ¢ are currently too weak to place any bounds on
WIMPy leptogenesis models. Future LHC running will improve the bounds on my, and we
have outlined some of the possible signals here. A more detailed collider analysis is deferred

to later work.

WIMP annihilation to quarks: As with WIMP annihilation to leptons, there are new charged
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Figure 3.15: LHC pair production of ¢ and its subsequent decay in the model with WIMP
annihilation to quarks.

states at the weak scale. In this model, 1 carries color charge, and the bounds are conse-
quently much stronger than for WIMPy leptogenesis: my 2 590 GeV as inferred from the
current LHC gluino search at 7 TeV. The phenomenology depends on how v decays, and
we outlined two possible models in (3.39) and (3.40). In both, ¢ decays to two jets plus a
singlet, and so the collider phenomenology is identical. For the purposes of notation in this
section, we assume that 1 decays through an intermediate colored scalar ¢ to 2 Standard
Model quarks and a singlet fermion, n.

¥ can be pair-produced at the LHC with the signature pp — ¥ — 45 + K. We show
the relevant diagram in Figure 3.15.

Gluino searches at LHC7 bound the 1 mass. Both gluinos and 1 decay to jj + K, and
the bounds on both gluinos and v are comparable, as their cross sections differ only by a
group theory factor. We correct the gluino bounds for this factor. We apply simplified model
searches from ATLAS, which place bounds on gluino and squark masses in the presence of a
massless neutralino [65]. The corresponding fields in WIMPy baryogenesis are 1), the colored
scalar ¢, and the massless singlet fermion n. The lower bound on the ¢ mass is m, 2 590

GeV, which comes from the gluino bound when the squark is much heavier than the gluino.
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In our scenario, this means that m, 2 590 GeV when my > m, (numerically, m, 2 1.2
TeV). The bounds on my, cut significantly into the allowed parameter space for dark matter
because 2mx > my, and so my 2 295 GeV for heavy ¢. The bounds are stronger for lighter
¢ because ¢ and ¢ can be jointly produced. For example, the bound on m, is about 30%

higher for my = 1 TeV.

The LHC search reach for gluinos is expected to be m; ~ 1.44 TeV at 100 fb~! and
Vs = 14 TeV [66] (with the assumptions of mSUGRA and heavy squarks), so models of
WIMPy baryogenesis will be strongly constrained by future running of the LHC. The LHC
will not reach the highest-mass regions of WIMPy baryogenesis, but will exclude models

with masses my <2 TeV, mx <1 TeV, and O(1) couplings.

LHC searches also constrain the mass of the colored scalar ¢. Since my is not directly
relevant to the outcome of WIMPy baryogenesis (apart from the requirement that it be light
enough for ¢ decays to be in thermal equilibrium), bounds on mg4 do not directly constrain
WIMPy baryogenesis. Nevertheless, the production rate of ¢ is comparable to that of squarks
and is very high at the LHC. With the interaction (3.39), ¢ decays to d;+ £ and has an event
topology identical to squark pair production in the MSSM: two jets (possibly b-tagged) plus
missing energy. The current model-independent constraint is m, 2 875 GeV for degenerate
squarks of the first two generations [65]. In WIMPy baryogenesis, however, only a single
field ¢ is necessary, so the bound can be relaxed. Since ¢ can decay into b, the bound is
approximately that of a sbottom squark from DO, m; > 250 GeV [67]. Future LHC running
at 14 TeV will improve the bound to ~ 2 TeV at 100 fb~' [66], and has the potential to

discover colored scalars in the mass range of WIMPy baryogenesis.
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Figure 3.16: A set of two-loop contributions to the electron EDM that vanishes when summed
together.

3.5.3 Electric Dipole Moment Constraints

A viable mechanism for baryogenesis necessitates the existence of new C'P phases. Bounds
on the electron and neutron electric dipole moments (EDMs) strongly constrain many new
sources of C'P-violation, but we find C'P phases in WIMPy baryogenesis are not constrained
by EDM experiments. The minimal models of WIMPy baryogenesis presented in this Chap-
ter couple new fields to either left-handed or right-handed light fermions (but not both),
resulting in suppressed EDMs that are consistent with current observations. As a result,
minimal models of WIMPy baryogenesis do not have the C'P problem often associated with
models of weak-scale physics.

In the models presented in Sections 3.3 and 3.4, the fields S and 1 couple exclusively
to either left-handed or right-handed quarks and leptons. As a result, loops contributing to
light fermion EDMs are helicity-preserving with an even number of Yukawa couplings, half
of which are of the form A,; and the other half A3 ;. By summing over all permutations of
different flavors of S, L and 1 on the internal lines, it can be shown that all one- and two-
loop diagrams appear in pairs that are complex conjugates of one another. Summing over
each set of pairs leads to a result that is real, and hence a vanishing EDM. As an example,
we show in Figure 3.16 a set of four diagrams contributing to the electron EDM: the sum of

the first two is proportional to A Lal)\zma while the sum of the second two is proportional
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to A7 1ALgi. Therefore, the sum of all four is real and does not contribute to the electron
EDM.

The two-loop EDM in the Standard Model vanishes for the same reason as in WIMPy
baryogenesis: C'P-violation arises only in couplings to one chirality of fermion. In both the
Standard Model and WIMPy baryogenesis, the neutron EDM is non-zero at three loops, and
we show the relevant diagrams in Figure 3.17. The principal difference between the two is
that C'P violation vanishes in the Standard Model with fewer than three generations, so the
Standard Model EDM is suppressed by mixings involving all three generations. By contrast,
WIMPy baryogenesis has a contribution to the EDM with only two generations of quarks
that couple to more than one flavor of S, and if the model is minimally flavor violating,
the EDM will be suppressed by sin? 6, ~ 0.05, the square of the Cabibbo angle. The naive

estimate for the neutron EDM in WIMPy baryogenesis with O(1) couplings is

d, sin?f. m,

Substituting mg ~ 5 TeV and m; ~ MeV gives d,,/e < 5% 107%? cm, which is well below the
current experimental bound of d,,/e < 2.9 x 10726 c¢m [68]. The electron EDM from WIMPy
leptogenesis is even smaller than this, as flavor-changing effects in the charged lepton sector
are suppressed by neutrino masses, and the EDM is also well below the experimental bound
of d./e < 1.05 x 10727 cm [69)].

Phases from WIMPy leptogenesis can also contribute to EDMs via other new, weak-scale
fields not included in our minimal models. Since these contributions are model-dependent,
we do not consider them further.

Minimal models of WIMPy baryogenesis do not suffer from a C'P problem and are con-
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Figure 3.17: (left) Three loop EDM in the Standard Model. (right) The analogous diagram
for quark EDMs in WIMPy baryogenesis. The photon line attaches to any charged internal
fields.

sistent with low-energy experiments, but it is possible that other, model-dependent contri-
butions to the EDM could be constrained by and give rise to signals in electron and neutron

EDM experiments.

3.6 Conclusions

In this Chapter, we explored a novel scenario called WIMPy baryogenesis that extends
the WIMP miracle by generating the observed baryon asymmetry through annihilations of
weak-scale dark matter and provides a dynamical connection between the dark matter and
baryon abundances. We found that natural couplings and weak-scale masses for the new
fields can lead to the correct baryon asymmetry. As a by-product of linking baryogenesis
with dark matter annihilation, we introduced a new mechanism for weak-scale baryogenesis,
avoiding any conflicts with reheat bounds in supersymmetric theories.

The key observation is that, if dark matter annihilation proceeds via C P— and (Standard
Model) B— or L—violating operators, all Sakharov conditions for baryogenesis are satisfied.
Successful models also suppress washout prior to dark matter freeze-out. In our models, such

suppression results from the heaviness of the field ¢ carrying Standard Model gauge charges
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and B— or L—number that is one of the final states in dark matter annihilation. Additional
discrete symmetries forbid such exotic fields from decaying back to Standard Model fields.
We presented models where dark matter annihilates to either quarks or leptons, and found
viable parameter spaces with natural couplings and TeV-scale masses in both scenarios.

In models where dark matter annihilates to leptons, the lepton asymmetry must be
generated before the electroweak phase transition so that the asymmetry can be transferred
to baryons via sphalerons. As a result, dark matter and ¢ masses must be O(TeV). Because
the new states are heavy and dark matter does not couple directly to quarks, dark matter
in this set-up is not in reach of near-future direct and indirect detection experiments. In
this scenario, 1 is charged only under weak interactions, making LHC searches challenging,
although targeted searches at high integrated luminosity may allow discovery.

If dark matter annihilates to quarks, baryogenesis can occur after the electroweak phase
transition, allowing smaller dark matter and 1) masses. With lighter new states and colored
objects, dark matter in these models can be within reach of direct detection experiments
and indirect detection searches for antideuterons. LHC searches for ¢ are similar to gluino
searches and can exclude m, < 1.44 TeV at 100 fb™' and /s = 14 TeV.

In both scenarios, WIMPy baryogenesis models can generate both the correct dark mat-
ter relic density and the baryon asymmetry at the weak scale. Such models predict new
weak-scale particles that can lead to signals in dark matter direct and indirect detection

experiments, and that may be accessible at the LHC.



Appendix A

Two Higgs model vacua

A.1 Vacua and stability

The vacua of the potential can be determined by finding the extrema of the potential.
Here, we follow the analysis of [30]. We perform the analysis at finite temperature and then

discuss the particular case of the zero temperature vacua.

Extremizing the potential gives

hy = 0, %\/4“%‘%3;?)2‘0‘@2, (A1)
442 — 2y (h)? — asT?
(0) = 0 %\/ = 2 3;{; e (A.2)

At a given temperature, there are four distinct critical points of the potential:
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For extrema 2 and 3, the vacuum is only well-defined if
2
72 <72 = (A.8)

7

These temperatures are sufficiently important that we label them critical temperatures and

they indicate the point at which the fields h and ¢ can condense.

We now examine the stability of the extrema of the potential.

1. The symmetric vacuum is only stable for 72 > max(7%,7%). Below these temper-

atures, the negative mass-squared parameter in the Lagrangian dominates and tends

to drive the fields to non-zero values. At high temperature, the scalars begin in the

symmetric phase and later condense when T passes below one of the threshold tem-

peratures.

2. The vacuum where (h) = 0 and (¢) # 0 is stable given T' < T., and kzao(T% — T?) >
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2kocr) (T4 —T?). For Toy > T > T, this condition is automatically satisfied. If T' < T,
and Teo, then the vacuum is only stable down to the temperature

A2kt — kspi3)

Ty =
0 ]{720(1 — ]{53&2

(A.9)

at which point this extremum becomes a saddle point.

3. The vacuum where (¢) = 0 and (h) # 0 is exactly the same as the one in vacuum #2,

except with indices 1 <> 2.

4. Finally, the conditions for a stable vacuum at both h and ¢ non-zero are

2k (T — T?) — k(T —T?) > 0, (A.10)
2k (T — T?) — ksay (T3 —T?) > 0, (A.11)
4]{51/{52 — k‘g’ > 0. (Al?)

It is not immediately apparent whether this is stable or not, but we demonstrate below
out that for all parameters of interest to us (namely those that give a two stage phase

transition), the conditions are be violated and this is be a saddle point.

Because extremum # 4 is a saddle point, there is only one non-zero VEV in any vacuum.
This gives us two options: the first is that the field that initially condenses is also the field
with a VEV at zero temperature (we want this to be h) and hence there is only a one stage
phase transition. The other possibility is that the initial field to condense (¢) has a higher
zero-temperature energy when condensed than the vacuum with non-zero h, and so at late

times there is a phase transition where the ¢ VEV shuts off and the h VEV is turned on.
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Because there is a classical energy barrier between these two minima of the potential, this

generally leads to a first-order phase transition (see Appendix B).

A.1.1 Parameter constraints

In this section, we determine the parameters that lead to a viable two stage phase tran-
sition. We begin by matching the parameters onto the known zero temperature physics. In
particular, we would like (¢) = 0 and (h) = v at zero temperature, where v = 246 GeV. To
ensure that h condenses instead of ¢, we require the vacuum energy in the state where h is
condensed to have a lower energy than the state where ¢ is condensed. The vacuum energy

in the (¢) = 0 vacuum at zero temperature is
V(T =0)=—-— (A.13)

and similarly for the (h) = 0 vacuum energy V5. For the former to be lower, we require

(VA(T' = 0)| > |Va(T = 0)] or, alternately,

Mf‘>k1

— > . A.14
py ke (A.14)

Imposing this constraint, and therefore being in the (¢) = 0 vacuum at zero temperature,

we can determine the physical Higgs mass from the quadratic term,

m; = 8y’ (A.15)
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The zero temperature Higgs mass has not yet been determined, but electroweak fits prefer a
value as close as possible to the LEP bound of 115 GeV, so we choose myg = 120 GeV. We

can then determine the parameters p; and %y using

mp
— MR~ 494 Gev, A.16
H1 \/g ( )
h__ﬂ7jwwm. (A.17)

Meanwhile, ¢ gets a mass due to the ¢?h? term, and its value is

ks
m; = Q;ﬁk—l — dys. (A.18)
This gives us our second constraint,
2 2
ks > T2k, (A.19)
M1

which requires that the mixed quartic term be large enough to compensate for the negative
¢ mass-squared term. If (A.19) is not satisfied, then ¢ is also driven to a non-zero value
(vacuum #4 above).

In order to have a two stage phase transition, we would like the system to first condense

in the ¢ direction. This imposes the requirement that 7., < 7.5, which can be expressed as

o4 (A.20)
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combining this with (A.14) gives

k1 ,U% aq
\— <= < —. A21
ko M% &%) ( )

Thus, we see that the mass terms are constrained to be roughly close in magnitude to one

another in order to have a two stage phase transition.
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The two Higgs phase transition and

bubble nucleation

B.1 Tunneling and bubble nucleation

There exists a potential barrier between the true and false vacua in our two Higgs model.

The vacua become degenerate at the temperature

A (VEpd — \/k‘Tug)'

7% = B.1
Y R (B.1)

Below this temperature, the system can transition from the false vacuum to the true vac-
uum. The phase transition between the two vacua, should it occur, satisfies the following

conditions:

1. Tt occurs at the very latest before big bang nucleosynthesis (7' > 10 MeV) to satisfy

observational constraints.

131
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2. The ¢ VEV must turn off sufficiently rapidly that the asymmetry relation from mass
mixing is not disturbed. This means either that the fields directly tunnel into the
¢ = 0 vacuum, or in the case where the system tunnels to a non-zero ¢ vev, that ¢
is rapidly damped to zero (on a time shorter than the rate of asymmetry transfer)

following tunneling.

3. The expansion of the bubble wall should be faster than the asymmetry transfer rate

from thermal scattering.

To begin, we calculate the temperature at which bubble nucleation occurs. At large
temperature, when the bubble wall r, > 3, we can take the bubble solution to be constant
in the period Euclidean time, 7. The bounce solution is then given by the O(3) symmetric

function minimizing the Euclidean action

A 1 (d¢\* 1 [(dh\?
S(T,gs,h)_?/drr? [5 <%> +§<5) +V(¢,h,T)

The semi-classical probability P of nucleating a bubble inside of a casual volume during the

. (B.2)

temperature interval d7’ is [?]
Mpy s
Prl6wg =t e O AT, (B.3)

where w is a dimensionless coefficient given by functional determinants from the path integral
and £ ~ 1/34 is a numerical factor coming from the Hubble constant. The result is dominated
by the action S in the exponential, making the precise value of w irrelevant. Taking w ~ 1,
T ~ 30 GeV and AT ~ 10 GeV (for reasons that will be shown later), we find that S ~ 140

gives a probability of nucleation equal to one. We take this as our benchmark for determining
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when nucleation occurs.

It is difficult to find the bounce solution to (B.2) numerically since there are two fields
involved. Because we are simply interested in an estimate of the action, we instead make an

ansatz that eliminates one of the fields. We take h = f(¢), with f to be determined from

V (¢, h), giving

A7

S(T,gb):?/drrz d¢

% (1+F(@)) (5) v

The resulting equation of motion is

Po  2dp 1

&’ 2dp 1 ov (d¢
dr? ~ rdr 14 f'(¢)?

5 5) f’(cb)f”(cb)]- (B.5)

The initial condition ¢(0) is chosen to satisfy the bounce boundary conditions ¢'(0) = 0 and
¢(00) = bpase- This equation can be solved numerically using the “overshoot-undershoot”

method [?].

The ansatz h = f(¢) is chosen as the curve in ¢ — h space such that the smallest possible
potential barrier is crossed while tunneling. We determine this curve by slicing the potential
along lines of constant ¢ and determining the value of h that minimizes V. While we cannot
guarantee that this is the minimum action, it is plausible that it is among the curves that
gives the smallest action, and it gives an upper bound on the action. If we find rapid bubble
nucleation from our ansatz, then bubble nucleation does occur, even if the exact instanton

configuration is slightly different from the one determined here.

Bubble nucleation does not occur for all choices of parameters; for a particular choice

of ks, ks must be chosen sufficiently large to reduce the barrier between vacua. Numerical
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solutions are presented in Section 2.2.4.

To address point #2 above, we find that tunneling does not, in fact, take ¢ to zero but
instead to some non-zero value. ¢ then undergoes damped oscillations about its minimum,
¢ = 0. The damping due to the Hubble constant, H ~ 107 GeV, is negligible. The
dominant source of damping is decays of ¢ — X + L and the conjugate process. These
decays do not change the asymmetry in the X or L sectors, since it is C'P-conserving. We
require that I'y > I';_,x to avoid eliminating the asymmetry in X by the residual mass

mixing due to non-zero ¢. We can estimate I'y, by

2 2
Y m
Ty~ ﬁ mg (|1 — m—gf (B.6)
®

The asymmetry washout term is 2.7, with Iy given by the larger of

4,2
Yx Mx 3
I'y ~ = —=T B.7
X 8m3 my (B.7)
4
g
rp ~ =22T. B.8
L 873 (B8)

The first interaction comes from XX — LL through an intermediate ¢, while the second
is LY interacting with W bosons, whose mass is given dominantly by the h VEV. For a
benchmark point with yx = 1, mx = 400 GeV, my = 450 GeV and Ty = 60 GeV (as is a
typical scale for bubble nucleation), we get I'y = 16 GeV while I’y ~ 'y, = 7.6 x 1072 GeV.
Thus, the VEV of ¢ safely damps away before the asymmetry relation from mass mixing is

altered.

Finally, the bubble wall must sweep over a particle without it undergoing any thermal

interactions. There is approximately one particle in a region with length 1/7". The bubble
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wall takes a time t, = (20r + 1/7T) /vy, to pass over the cube, where dr is the bubble wall
thickness and vy, is the velocity. This time must satisfy ¢, < 1/, x. We find that the wall
thickness is always < 1 GeV™'. Using the rates of interaction in the false vacuum phase and
assuming a small mixing angle, we determine that v, > 1072 for the bubble wall passage
to be out of equilibrium. This is easily satisfied for variants of the Standard Model with a
first-order phase transition (the drag from top quarks in that case is similar to the drag for
this bubble wall) [?]. Therefore, the transition is strongly first-order and our instantaneous

approximation for the state projection is valid.

For GeV-scale dark matter, where the mixing angle is large, there is no thermal suppres-
sion of any of the modes (ng = ny/) and neither the number densities nor the asymmetries

change during the phase transition.

B.2 Back-reaction on phase transition

So far, we have neglected the back-reaction of the mass terms on the evolution of the
bubble expansion at the first-order phase transition. In the limit of T, <« M, the dark
matter energy density present after the phase transition is entirely given by the repopulation
of the heavy states due to the mass mixing. We must also concern ourselves with the “drag”

associated with the top quarks becoming massive at the phase transition.

The energy density of the light mass eigenstates that become heavy X fields following

the phase transition is given by

2
px =mx sin®Ong = —2sin2 Omx T3, (B.9)
T



136 Appendiz B: The two Higgs phase transition and bubble nucleation

while the mass energy density of the top quarks following the phase transition is

12 Uh(TN) 3
— gy = 2= (UN) s B.10
P =Tl = 7 <246 Gev ) "N (B-10)

The contribution from top quarks dominates over the contribution from X even for the
largest viable masses for our model mx ~ 500 GeV, since there are six top quark degrees of

freedom, giving an “effective” top quark mass of 6m; ~ TeV.

At high temperature, the quarks have a large kinetic energy and this can be used to offset
the vacuum energy expended to impart mass to the quarks. The energy density from the

kinetic energy of the quarks (using (p) ~ 3T') is

36
Px = —2T§, (B.11)
T
and so for Ty > 50 GeV, we find that the mass of the top quarks can be accounted for entirely

from the kinetic energy and so this does not affect the progress of the phase transition.

In the region 30 GeV < T; < 50 GeV, the situation is slightly more subtle. The energy
density that goes into creating masses for the top quarks is comparable to the energy differ-
ence between the vacua immediately after T;. We must therefore not use T} as the tunneling
temperature and use instead the temperature at which the energy difference between the
vacua is equal to the energy density from top quark masses. For a benchmark point with
yx = 0.4, ks = 0.5, kg = 0.7 and pus = 80 GeV, we find that Ty = 34 GeV, whereas the
temperature where the energy difference between vacua is p; is T' = 30 GeV, corresponding

to an approximately 10% difference. Similar results are found for nearby benchmark points.

Bubble nucleation rarely occurs below 30 GeV, so we do not consider this range further.
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Fortunately, this does not significantly alter our results, since in the mass mixing-dominated
limit, the final X density is fixed only by tan?#, which has only a weak dependence on 7.
In fact, this gives us slightly more flexibility as the temperature for bubble nucleation can
be about 10% lower than before, giving more thermal suppression and a broader range of

parameter space where the X density is dominated by mass mixing.



Appendix C

Review of Dirac leptogenesis

We review a mechanism for realistic Dirac leptogenesis [39]. As the universe cools below

the temperature 7' = My, ¢ and Y decay in two ways:

¢ — NUHI, (C.1)
v = Ly (C.2)
o — NH, (C.3)
o — Liy' (C.4)

The total decay rates of ¢ and 1) are equal, but they can decay with different rates into N and
L. This can give rise to an asymmetry of L over L'. Because total lepton number is conserved
by these interactions (assuming v carries L = 1), this asymmetry is equal and opposite to
the asymmetry of N over NT. Thus, there is an N asymmetry that is directly correlated
with the Standard Model lepton asymmetry (and hence related to the baryon asymmetry

by sphaleron processes). N and L ultimately come into equilibrium due to oscillations once

138
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H, and x have VEVs (see [32]).

Eventually, N and L come into thermal equilibrium and the lepton asymmetry is de-
stroyed at the time of equilibriation. This must happen after the time of BBN, since strong
constraints exist on the Standard Model lepton asymmetry in that era. Fortunately, this
equilibriation rate is suppressed by neutrino masses and is not important until 7"~ eV. We

can see that this is true below M, by integrating out v, giving an effective superpotential

YL Yn
My

Weg O NH,Ly. (C.5)

At low temperatures, x and H, have weak scale VEVs (which come about due to interactions

with the SUSY breaking sector), giving neutrino masses

N YL Yn U(X)

M, < eV, (C.6)

my

meaning that y, yn ~ 0.1—1 for M, ~ 10 GeV and weak scale (), while it is y, yy ~ 1077

for My, ~ 1019 GeV.
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