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ABSTRACT

CHASING NEW PHYSICS: FROM ELECTROWEAK
BARYOGENESIS TO DARK MATTER

SEPTEMBER 2016

HUAIKE GUO
B.S., SHANDONG NORMAL UNIVERSITY
M.S., PEKING UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Michael J. Ramsey-Musolf

The origin of the baryon asymmetry in the universe and the nature of the dark
matter remain mysteries and addressing these cosmological puzzles requires physics
beyond the standard model. Electroweak baryogenesis remains a highly testable
framework for explaining the baryon asymmetry and is employed in this work to
study the capability of baryon generation for beyond standard model physics models
and to explore new physics discovery potential in high energy and precision frontier.
Weakly interacting massive particles as cold dark matter are also studied in this work
featuring loop induced direct detection signals and novel nuclear responses within the

recently developed non-relativistic effective field theory framework.
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INTRODUCTION

The standard model(SM) of particle physics provides an unified theoretical frame-
work for describing subatomic particles and their interactions. Its predictions are
found overall agreement with experimental measurements in high energy and preci-
sion frontier and this framework is further solidified by the discovery [3, 78] of the
last missing piece, the Higgs boson which is the key particle responsible for the spon-
taneous symmetry breaking of the theory to give mass to the other particles. The
SM however is not perfect since it is infeasible to explain the observed cosmological
baryon asymmetry in the universe and also does not provides a candidate for the dark
matter.

Precise cosmological measurements have determined that about 84.5% of the
universe matter content is dark matter while only 15.5% is attributed to ordinary
baryonic matter [14] from a collective fit of parameters of the standard cosmological
Lambda Cold Dark Matter model(ACDM) to various observations. On one hand,
the origin of the predominance of baryonic matter over anti-matter is still mysterious
from the SM point of view since particle and anti-particle are naturally symmetric
in this framework. On the other hand, the incapability of the SM to incorporate the
dark matter has triggered intensive theoretical efforts resorting to new physics for
understanding the nature of the dark matter and numerous experimental searches
directly or indirectly for the dark matter.

According to Sakharov [201], three conditions are required to generate a net baryon
abundance, that is, baryon number violation, C and CP violation(CPV) and out
of equilibrium conditions(assuming CPT conservation). All mechanisms of baryge-

nesis thus need to satisfy above three conditions. The mechanisms that work at
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The energy budget of the universe. Plotted using the Planck 2015 results [14].

the grand unified theory scale at approximately 10'°GeV generally involve decays of
some heavy particle which violates baryon number conservation. The Affleck-Dine
mechanism [15, 104, 105] has its motivations in the supersymmetry theories. Also
since a lepton asymmetry can be transferred into a baryon asymmetry through the
electroweak Sphaleron process, a leptogenesis [124, 62] scenario can also serve as a
baryogenesis scenario. Furthermore since the expansion of the universe actually vi-
olate time reversal invariance and thus CPT invariance, baryon asymmetry can be
generated in equilibrium conditions which generally involve adding CP-violating inter-
actions to the Lagrangian with the baryonic current coupled to a vector current. The
most interesting mechanism is the electroweak baryogenesis(EWBG) [171, 207, 208]
(See [192] for a recent review) in which the baryon asymmetry is generated duing
duing the electroweak phase transition(EWPT) when the universe went through a
first order phase transition from the electroweak symmetric phase to a phase where
this symmetry is broken by a non-zero Higgs vev. This corresponds to approximately
100GeV and thus can be probed at current high energy collider laboratories. The
following baryogenesis scenarios are set in this framework. In this picture the Higgs
vacuum decay happens by nucleation of bubbles in the symmetric environment within

which Higgs has a non zero vev. The bubbles expand, collide and merge with each



other and when the phase transition is over, the universe is in the broken phase. In
this picture, the turbulent bubble wall provides a non-equilibrium environment as
required by the Sakharov condition. Even though the standard model(SM) does pro-
vide baryon number violation through weak Sphaleron interactions [182, 168], it falls
short in the following aspects to generate the observed BAU: the magnitude of the
CPV [127, 144, 128] is too tiny for BAU, the EWPT [54, 158] is a smooth cross over
and not a first order EWPT for a 125GeV Higgs [6] from lattice simulations(See [192]
for a catalog of these results) and thus physics beyond the SM is required with new
sources of CPV and with strongly first order EWPT. The purpose of this work is
partly dedicated to constructing and exploring new physics models which include
these ingredients and within which the observed BAU can be generated.

Much effort has also been devoted to understanding the nature of dark matter and
to interpreting its possible signals (See Ref. [209] for a review.). Among the various
dark matter candidates that have been explored in the literature, the weakly inter-
acting massive particle(WIMP) stands out as an highly interesting scenario. However
the nature of dark matter and the way it interacts with the ordinary matter are still
mysteries.

Dark matter is searched conventionally in two ways either directly by observing
possible scintillations from the energy released when dark matter recoils off nucleus
in deep underground detectors or indirectly by tracing annihilations products to dark
matter through discovery of anomalous flux of cosmic rays such as anti-particles and
gamma rays. Experimental searches are complimented by theoretical explorations
of numerous dark matter models and by advances in more precise understanding
of the dark matter nucleus interactions. The traditional direct detection limits are
set assuming spin-independent(SI or Fermi) or spin-dependent(SD or Gamow-Teller)
dark matter nucleon interactions. In very recent years, a systematic non-relativistic

effective field theory(EFT) framework for describing dark matter nucleus interac-



tions was developed [120, 24] following earlier work in Ref. [115]. This framework is
based on the fact that the dark matter nucleus interaction picture is essentially non-
relativistic and instead of working with relativistically covariant formalism a full set
of non-relativistic operators is constructed in accordance with the underlying Galilean
invariance. A detailed partial wave analysis enables the elastic scattering cross sec-
tion of dark matter off finite-sized nucleus to be expressed as a factorized form with
model dependent part encapsulated as coefficients of six model independent nuclear
responses. These nuclear responses correspond to the previously adopted form factors
for finite momentum transfer or finite-sized nucleus. Thus the various new physics
model explorations is separated from the nuclear calculations of the universal nuclear
responses with a theoretically well founded basis. This also drives current direct de-
tection experimental searches and theoretical analysis to be interpreted on these full
set of non-relativistic operators [203, 72, 26] rather than the previously used incom-
plete SI and SD interactions.

These new nuclear responses are generally involved when loop level dark mat-
ter quark interactions are considered such as when dark matter electric dipole mo-
ment(EDM), magnetic dipole moment(MDM), charge radius, axial charge radius, etc.
contribute at leading order. Such loop induced dark matter quark interactions are
gaining more attention [145, 141, 76] since they generally contribute less to direct de-
tection cross sections in accordance with the currently null search results from direct
detection measurements while still maintaining the right amount of relic abundance.
In this work several models where these novel nuclear responses show up are explored
and their phenomenological roles in this non-relativistic EFT framework are studied.

The following chapters are organized as follows. In chapter 1, an introduction to
various aspects of the EWBG framework is given and the discussion of dark matter
calculations is presented in chapter 2. Since most of the projects is set in the two Higgs

doublet model, a brief discussion of it is given in 3. Pragmatic utilizations of above



frameworks in calculations of BAU and dark matter properties follows. Specificially,
a quark-flavored EWBG scenario set in the “b-s” quark sector is studied in chapter 4
and a lepton-flavored EWBG scenario set in the “u — 77 is given in chapter 5. In
chapter 6, a model with tau flavored dark matter is studied and in the following
chapter 7, an analysis of a Higgs portal dark matter scenario set in the two Higgs

doublet model is studied in detail.



CHAPTER 1
THE ELECTROWEAK BARYOGENESIS FRAMEWORK

In the framework of the Electroweak Baryogenesis(EWBG), the baryon asym-
metry is generated duing the Electroweak phase transition(EWPT) at around 7' =
100GeV. Compared with other high scale mechanisms, EWBG remains an experimen-
tally probable mechanism and can be tested at the energy frontier. In this chapter we
first give a brief introduction and then review the various ingredients in this picture
and finally show how the baryon asymmetry is calculated.

At high temperatures, the full electroweak symmetry SU(2). x U(1)y is manifest
and as temperature drops when the universe expands, the universe went through a
phase transition from this electroweak symmetric phase to the phase where the sym-
metry is broken to the subgroup U(1)gm by a non-zero Higgs vacuum expectation
value(vev) as we feel today. This phase transition proceeds through the nucleation
of electroweak bubbles of the broken phase within the environment where the elec-
troweak symmetry is still unbroken(symmetric phase). This transition has to be first
order to provide a non-equilibrium environment as required by the Sakharov condi-
tions, otherwise all physical quantities will continuously transform as the temperature
drops. The turbulent phase boundaries(bubble wall) provide this non-equilibrium
environment within which the CP-violating interactions of particle scatterings will
create a net chiral flux. This chiral flux is injected into the electroweak symmetric
phase where the baryon number violating electroweak Sphaleron [183, 168] process

convert this chiral asymmetry into a net baryon density which is then later captured



by the expanding bubble wall. Inside the bubble wall, the Sphaleron process has to
be suppressed to avoid the wiping out the captured baryon asymmetry.

In this picture, the diffusion of the chiral flux in front of the bubble wall provides
an enhancement [98] of the efficiency for baryon generation compared with the earlier
local EWBG mechanism where both the CP-violating process and the electroweak
Sphaleron process have to be inside the narrow bubble wall thus significantly sup-
pressing the baryon generation. Thus this mechanism is essentially non-local EWBG.
Historically, the non-local EWBG further distinguishes two regimes. One regime is
the thin wall case [152, 96, 97] where the particle can move across the bubble wall
without significant scattering with the wall and thus is simpler to deal with. The other
case is the thick wall regime [155, 98] where particle scatterings with the bubble wall
have to be considered.

Furthermore it is discovered that the Non-Markovian nature of scattering(1998)
using Closed Time Path(CTP) formulation of non-equilibrium Quantum Field The-
ory(QFT) is important [200](See Ref. [174] for a pedagogical description.). The obser-
vation is that transport properties in the plasma is non-Markovian, so one should use
the CTP formalism to write down quantum Boltzmann equations(QBE) for particle
densities in the plasma. These equations would involve integral over past time signi-
fying its non-Markovian nature and this memory effect included by integrating over
past history may lead to significant resonant enhancements of the sources. In this
framework, the local and non-local, thin wall and thick wall are all unified in a sys-

tematic framework allowing for a more precise description of the baryon generation.

In the following, we will discuss various aspects entering above picture. We first
introduce the non-trivial vacua structure of the electroweak theory and discuss details
of the barrier between these adjacent vacua state, the electroweak Sphaleron. The

following section explores the CPV invariants in the SM and the 2HDM. After that,



Unbroken Phase

Figure 1.1: An illustrative picture of the baryon generation during the first order
electroweak phase transition with a single electroweak bubble nucleated. The gradient
of the blue color within the bubble wall represents a increasing Higgs vev from zero
outside across the bubble wall into the bubble where the full finite temperature vev is
developed. Note the generated B outside the bubble is later captured by the expand-
ing bubble and kept inside the bubble. When all the space is turned into the broken
phase, these generated B will become the baryon source for the nucleosynthesis.

the various aspects of the EWPT picture is discussed briefly including the details
of the electroweak bubble, the rate of the baryon number violating process and the
Sphaleron decoupling condition for the preservation of the generated baryons inside
the bubbles. Finally in the last section, we illustrate how the baryon density is

calculated within the CTP formalism.

1.1 Baryon Number Violation
1.1.1 The Anomalous Baryonic Current

Despite the conservation at the classical level, the U(1) baryonic and leptonic cur-
rents are indeed violated in the SM by non-perturbative effects [212] due to anomalies
of the theory. For ny quark or lepton families, these anomalous fermionic currents

are [216, 93]



2 2
y ; 9 i apy g Ty
8ﬂjg = a,u]lu =TnNnyf 3072 W;wW HY 327T2F/WFM , (11)

where W and F* are respectively the field strength tensor for the gauge fields

associated with the local SU(2), and U(1)y symmetries. Wan = eMPTWope and

1
2
with similar definition for F**. From this relation, we can see the change of the
baryonic number as time evolves depends on the spatial integral over the r.h.s of

above equation.

Qslty) — Qult) = /tvfdt / 20l

ty A q? —~
= /tl /d X |:V *)B +anWm,W # s (12)

Since the U(1)y field is not relevant [168], we neglected it in above expression. Fur-
thermore jB vanishes at spatial infinity and the first term on the r.h.s wont contribute.
For the second part, the spatial integral over the gauge fields is actually a Chern-
Simons number N¢g and if the initial and final gauge configurations are topologically

distinct pure gauges, then their difference is an integer, that is,

AQp = ny[Nes(ty) — Nes(ti)], (1.3)

where there are three color states for each generation with a total of 3 x % X ny baryon
number change for each unit of Chern-Simons number change. The reason why we
have integer changes over integration of the gauge fields is rooted in the non-trivial
topological structures of the electroweak theory from the requirement that the energy

in Eucliden spacetime is finite.

1.1.2 The Degenerate Electroweak Vacua
The EW theory possesses degenerate vacua structures [149] and in this section we

see how the EW vacua configurations are and introduce the Sphaleron later on. We



start from the energy functional for static field configurations in the EW theory

. 1 2
E(®,A) = /d?’f {Z i Fiy 4 (D@)1(D;@) + A(@TP — %)2 ; (1.4)

—,

and the vacua corresponds to E(®, A) = 0. Field configurations with finite energy

need to satisfy ®T® = % at spatial infinity corresponding |¥| — oo. The trivial

vacuum configuration we can immediate find is

. (1.5)

and others can be obtained through a gauge transformation

& = Ud,
AL = —ig H(O,U)UT, (1.6)
where U € SU(2) and can be parametrized following Manton [183] by
(cos p1 — isin yrcos 0)e* sin p sin fe’?
U, é,p) = ‘ ‘ (1.7)
— sin p sin e "% (cos p + isin pcos @)e
This is related to the standard parametrization of SU(2) element by
o 1
ez ~ T e'z 0
U0, 6,1) = ulio.—o—2).2n Lo
0 ez 0 ez
where
- W,
U, w) = exp(—zan - 0), 0 <w < 2m,

(1.9)

These pure gauge configurations have zero energy and furthermore these configura-

tions can be classified according to the topological group they reside in which can
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Figure 1.2: The Electroweak vacua periodic structure and the Electroweak Sphalerons
from numerical calculations. The left plot is as a function of Chern-Simons number
and the right plot as a function of u. The lowest points with vanishing energy are

the electroweak vacua and each highest red point in the barrier between two adjacent

vacua corresponds to a Sphaleron solution. The energy value is normalized by 4”7”

and the numerical calculation uses the Higgs boson mass 125GeV as input to define
the quartic coupling A.

be characterized by the integer values of the Chern-Simons numbers. For generic
such numbers, its relation with p is Ncg = 2"%:(2“) [214]. Note these integral values
of topological charges can be generally expressed in terms of Cartan-Maurer inte-
gral invariants(See sec 23.4 in Ref. [216]). Thus these vacua states have a periodic
structure as a function of the Chern-Simons number. This periodic structure of the
EW vacua is shown in Fig. 1.2 as a function of Chern-Simons number(left) and as
a function of p(right) from numerically minimizing the energy functional for generic
non-pure-gauge configurations as discussed later. The lowest points are the vacua
states. Note that the left figure has a non-zero yet finite slope at each integer values

of the Chern-Simons number while the right figure smoothly approach zero. This is

in accordance with that in Ref. [214].

1.1.3 The Electroweak Sphalerons

The Electroweak Sphalerons correspond to the field configurations that have the
minimum energy among those that sit at the top of the barrier in all the path connect-
ing two neighboring vacua and thus they are saddle points of the energy functional and

unstable. In fact, the word “Sphaleron” coined by N.S.Manton and F.R.Klinkhamer

11



in their 1984 paper [168] is based on the Greek adjective “cpalepos” which means
“ready to fall” signifying its unstable nature. In this section, we will review the
calculations of Sphaleron profiles in the Electroweak theory following closely the dis-
cussions in the original papers [168, 182] and study its properties to be equipped for
beyond SM Sphaleron studies.

The Higgs field at the spatial infinity which corresponds to a gauge rotation of

the trivial vacuum and gives zero energy in Eq. 1.6 is written explicitly here as

v sin p sin fe’?
(0, ;1) = —= ,
V2 e~ (cos p + isin pcos 6)

To define the fields across R?, we follow the spherical symmetric ansatz,

0
(r, 0, ;1) = (1 — h(r)) } + h(r)®>(0, ¢; ),
\/Lie"“ COS [t
A0, ¢ )t = —if(r)g~ (VU>)U> 7, (1.10)

The energy of the Sphaleron as a function of the Higgs coupling \/g? is spherically

symmetric and is given by

dmo [* (4 [ 2 |

o= T [Taee{ g [ttt Zra - prsnt
%(%)anﬂu + ésinm H2(L— £)? — 2fh(1 — F)(1— h)cos i+ fA(1 — h)? cos? 4]
+i%(1—h2)25m4u}, (1.11)

where the contributions in the first line comes from the gauge kinetic term, the second
line from the Higgs kinetic term and the last line from the Higgs potential.
Note to easily derive above expression, one should use the spherical decomposition

of the gauge fields. Also it should be remembered that above parametrization of the

12



path from one vacuum to the adjacent one is not unique, a more generic spherical
symmetric parametrization like the one in Ref. [21] wound involve more form factors
like f,h here and change the energy slightly(see for example Ref. [214]) for field
configurations except for that of the vacua and of the Sphaleron states whose energy
is guaranteed to be unique by definition.

Finally the Sphaleorn profiles can be solved by minimizing the energy functional

with respect to f and h for each fixed p and we have

>f 2
e
—I—%[QhQ(f —1) = 2h(1 — h)(1 — 2f) cos® p + 2f(1 — h)*cos? ],

(1= f)(1 —2f)sin g

d dh
d_f {de—g] =2h(1 — f)?* = 2f(1 — f)(1 — 2h) cos® un — 2f*(1 — h) cos® p

A .
—i—?th(hz — 1) sin® p, (1.12)

with here f and h subjected to the boundary conditions

£0)=0, R0)=0, f(oo)=1, h(c0)=1. (1.13)

Then the profiles f and h can be solved as a function of ¢ for each u from above
two set of equations. It is not possible to seek exact anaytical solutions to these non-
linear coupled equations and numerical method has to be used to precisely determine
the profiles of f and h. In Fig. 1.3, we show the numerically solved f, h, g—{; and %
profiles when g% = 0. We can see all these four functions approach ¢ — oo with zero
slope while at £ = 0, only f has a zero slope and h has a non-zero yet finite slope.

The asymptotic behavior of these functions near either infinity or zero can be studied

directly from Eq. 1.12.
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Figure 1.3: Numerically solved Sphaleron(y = %) profiles of f, h and their derivatives
as a function of the dimensionless quantity £&. The Higgs quartic coupling is set to be
zero in this plot.

In Fig. 1.4, we show more profiles of f and h as function of £ for different choices
of g% in the range 0 to 1000. It is observed from this figure that for increased g%, f
and h will both be larger with h having more notiable change of profiles.

With f(&) and h(§) solved, the energy of the Sphelerons can now be readily
obtained from Eq. 1.11 and in Fig. 1.5 the energies as a function of g% is shown. The
Sphaleron energy curve as a function of the Higgs quartic coupling has a kink-type
profile with small g% approaching ~ 1.6 asymptotically and with large g% approaching
~ 2.7. For a 125GeV SM Higgs, A = ﬁ we have E ~ 1.82 x 1 ~ 9TeV.

Fixing the Higgs quartic coupling to be the one corresponding a 125GeV Higgs
boson, we show the energies along the path 0 < g < 7 which connects two adjacent
Electroweak vacua in Fig. 1.2. There the Sphalerons on top of the barrier is shown
with a red dot and has energy 1.82 in unit 4”7”. Note that there are other [21]
definitions of the path connecting the different vacua and the obtained energy profiles
might differ slightly from the one shown in Fig. 1.5 but the value of the Sphaleron
energies are all the same.

It should noted that the periodicity of the energy functional in Fig. 1.5 is an

essential feature of the studies in solid state physics on material with Bravais lattice
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Figure 1.4: More Sphaleron(u = 7) profiles of f(left) and h(right) as functions of
¢ for different choices g% in the range from 0 to 1000 with 0(black solid), 10~(red

dashed), 107! (blue solid), 1(pink dotted), 10(brown solid), 1000(green dashed).

structures. It is well known that the solution is Bloch waves if here the horizontal axis
variable is replaced by spatial coordinates. This has motivated Ref. [214] to treat N¢g
as a dynamical variable replacing the role of z in Schrodinger equations and found
interesting properties of resulting Sphalerons. Following this analysis, Ref. [113, 113]
studied the discovery prospect of the modified Sphalerons at colliders and in IceCube.

This also trigged the study of band structures in Yang-Mills theories in Ref. [30].

1.2 CP-Violation
1.2.1 CPYV in the SM and Jarlskog Invariant

In the SM, the only one CP violating complex phase comes from CKM matrix
and the extra spurious phases of a general 3 X 3 unitary matrix are all removed by
rephasing of quark fields. All CP violating physical observables should be invariant
under rephasing of quark fields, that is , they should be able to expressed in terms of
moduli of CKM matrix elements or quartets defined as

Qaiﬂj = Vaivﬂjv;'vgi- (114)

J
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Figure 1.5: Sphaleron energy in unit of 4%” with g% varying between a large range of
values. The red triangle is the numerically calculated Sphaleron energy for discrete
values of g% and the dotted line is the corresponding fitted curve joining these discrete
points.

All higher orders of CKM matrix elements could be expressed in terms of these moduli
and quartets. Also, due to unitariry of CKM matrix, imaginary parts of all Qn;3; are

equal up to a sign difference. Thus we can use
J = ImQ1122 (115)

as the unique measure of CPV in the SM.

This term also follows from a more systematic way of considering rephasing in-
variants Suppose in SM, the Yukawa coupling matrices My, Mp are rotated to be
Hermitian. (For example, start with physical mass matrix and rotate it with some
unitary matrix. But this is not the basis transformation in our discussion. Gener-
ally, this will change gauge-kinetic terms of quarks.) Then the quantity det[My, Mp]
is a more comprehensive way of characterizing presence or absence of CP violation

[151, 111], since
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det[MU, MD]
= det[VIimyV, mp]
= 2Im tr(m3VimgVmpVimiV)

= 2i(my — my)(my — me)(me — my,)(my — mg)(my — mg)(ms —my)J, (1.16)

with here my/p physical mass matrices. Then it follows that in order to have CPV in
the SM, we need not only J to be non-vanishing but also non-zero and non-degenerate
quark masses. However even though this determinant is rephasing invariant, it is not
invariant under weak basis transformation.

Another way [60, 129] of getting this kind of relations is through considering
general CP transformation properties of quark fields and invariance of SM under
those transformations would give another measure of CP violation, tr([Hy, Hp)?)

where Hyy = MUM(T] and also the same kind of definition for Hp.

tl"([HU, HD]S)
= 6ilm tr(mbVImEVmAiVimi V)
= 6i(m{ —mg)(mi —mg)(mg —mg)(mi — mg)(mj — m3)(m — mg)J.(L.17)
Comparing this with the formulation in Eq. 1.16, we can see aside from the extra
overall factor of 3 here, the only major difference is the quark masses in Eq. 1.16 are
replaced by squares here. Actually the trace here can also be expressed in terms of a

determinant as in Eq. 1.16 from the following identity for a generic n X n matrix A,

det(A) = ) H%tr(%ﬂ)kl, (1.18)

Ky kg, o 1=1
subject to constraint for the summation over k; and [,
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d 1k =n. (1.19)
1=1
For a 3 x 3 matrix as in the SM, this gives
1
det(A) = 6[(t7’A)3 — 3tr(A)tr(A?) + 2tr(A%)]. (1.20)

Here A is a commutator, so tr(A) = 0 and det(A) = ztr(A%), that is,

tr([Hy, Hp]*) = 3 det([Hy, Hp)). (1.21)

This relation can be used in organizing the expansion of the L.H.S of Eq. 1.16 into
a form proportional to J which is quite easier than dealing with the products of six
CKM matrix elements if one were to use the determinant.

From experimental measurements of the quark masses and the CKM matrix ele-
ments, we can readily evaluate the CPV invariant using a specific parametrization of
the CKM matrix to have a sense of its magnitude. Since this invariant is of dimension
12, a dimensionless measure should be used at T' = 100GeV and this can be chosen

as [93]

tr([Hy, Hp))?

R e e PP [ 1.22
6i(100Gev) 2 ~ 10 (122)

and it is generally argued on this basis that the CPV in the SM is too small to account

for the observed baryon asymmetry.

1.2.2 CPYV Invariants in 2HDM
In chapter 4 and chapter 5, we are going to exploit the relatively large CPV in
the 2HDM to study whether or not it is possible to generate the BAU. More details

of the 2HDM will be presented in chapter 3 to fix our conventions and here we focus
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on listing the set of CPV invariants in this model as a preparation for later studies.
Even though in this study we only work with serveral CPV invariants, we list here a
more complete set of such invariants from group theoretical considerations following
existing studies in the references and use this chapter as a basis for future more
thorough analysis of the CPV effects in the 2HDM.

In the 2HDM, there is now an extra symmetry, the U(2) Higgs basis transfor-
mation and there are possibly many sources of CPV. Thus a clear identification and
formulation of a Jarlskog-like invariant for CPV in 2HDM is highly important to
sort out the different origins of the CPV in such invariant way for phenomenological
analysis.

The procedure for finding such invariants in the 2HDM was introduced in Ref. [57]
and here we give a review and summary of the invariants in the 2HDM even though the
following chapters actually studied only one of the invariants. The basic procedures
for finding these CPV invariants is to firstly list all the symmetries of the theory |,
identify the transformation properties of the fields and construct quantities that are
invariant under these transformations by taking traces of the products. The imaginary

part of such invariants can then serve as a proper invariant formulation of CPV.

1.2.2.1 Fermion and Higgs Basis Transformations
In this section we list the symmetries of the 2HDM and transformation properties
of the fields and couplings. The Fermionic kinetic sector of the Lagrangian is defined

with the convention
3 — — — —
Liinetic = Y [Qﬁ@@f + U iDUS + DD + EFIPE] +efilpe]|, (1.23)

i=1

with here 7, j being the quark and lepton family indices. The generic type I1I Yuakawa

interactions are defined in its most generic way as
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Dr— E;, er + h.c,

2
> oY

J=1

2
gYukawa = _@ [Z q)jY}U
j=1

2
Ur — Q1 [Z o,;vP

J=1

(1.24)

For Higgs potential, it is convenient to work with the following notations to study

basis transformation and invariants [57, 59|,

2

2
1
L= pa®id,+ 5 D Aabea(@L D) (D1Dy), (1.25)

a,b=1 a,b,c,d=1

with Agpcd = Aca,ap @and Hermiticity imposes the following conditions

1= 10 Aabed = Mg e (1.26)

and vacuum minimization conditions lead to the following constraints,

2.

a

1
Map + 5 ; )\ab,cdvzvd] v, = 0. (127)

With now the definitions given for the kinetic, Yukawa and potential interactions, we
can identify the following transformations that leaves the fermion and scalar kinetic

interactions invariant,

e Flavor symmetries [101, 59]
U<3)QL ® U(3>UR ® U<3)DR ® U(3)LL ® U(3)LR (128>

which leaves fermionic gauge-kinetic terms in Eq. 1.23 invariant. Explicitly,

they are

Ur = D(Ur)Ur, Dy = D(Dr)Dr, Q= D(Qr)Qr,

G/R = D(eR)eR, E}J = D(EL)EL (129)
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e Higgs basis transformation: ¢/ = 25:1 Uapy®p, which leaves Higgs gauge-kinetic

terms invariant.

To make sure gauge-kinetic term does not change we assume all transformations above
are space time independent. Above transformations are called basis transformations.
The model parameters in the new basis will have a different form but they are related
with the original parameters through

YV = D(QL)Y,Y DN (Ug)Ug,

a

Y,” = D(Qr)Y,”D'(Dr)U;,

a ab’

Y, = D(EL)Y," D' (er)Us, (1.30)

a a,

for Yukawa couplings and for potential parameters,

p = UpU",
V' =UVUT,
A;b,cd = UancgUJfUJh)‘ef,gh (1-31)

with 17&;, = v,v; being a tensor under Higgs basis transformation [57]. The fermion

indices associated with YaU’D B

and the Higgs basis indices of p, V are implicit in above
writing.

If CP exsits, they should be independent on above choices of the basis for fermions
and for the two Higgs doublets. Therefore they should exist through quantities which
are invariant under above transoformations. The procedure of constructing such
invariants is first construct invariants under fermion family transformations. The
resulting quantites are tensors under Higgs basis transformations which needs to be

combined in all possible ways to construct further Higgs basis invariants.
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1.2.2.2 Fermion Family Invariants and Higgs Basis Tensor

Now we write down the quantites which are invairant under fermion family tran-
sofrmations but are tensors under Higgs basis transformation with the definition
YP = YP* Y& = YF* to make them have the same properties properties under

a

Higgs basis transformtions

75 = tr (YY), TE = tr(YPY,Ph), TS = tr (YY), (1.32)

where ‘tr” acts on fermion family indices making Tg)’p’g invariant under the corre-
sponding transformations while the subscripts “a,b” signify that they are still tensors

under Higgs basis transformations,

™ =vur"Ut, TP =UTPU', T¥ =UT°U". (1.33)

TUPE 1.V, \ to make invariants also under Higgs basis trans-

Now we can combine
formations.

One thing to point out is that, aside from these basis transformations, there
could also be rephasing of left and right handed quark fields equally to eliminate the

unphysical phases in CKM matrix. But these could not be incorporated in above

transformations because they act differently on upper and lower component of Q).

1.2.2.3 CP Invariant Yukawa Sector

The invariants that is nontrivial, simplest and involve Yukawa matrices are [57]

Jo = Im tr(VuTP), (1.34)
Jy = Im tr(V 1Y), (1.35)
Je = Im tr(V puT®), (1.36)
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while quantities like Im tr(A”B™) vanish for Hermitian A and B. Other kinds of

invariants are at higher orders of V., T, L.

1.2.2.4 Explicit CPV in Potential

Theorem 1 of Ref. [139] states that the Higgs potential is explicitly CP conserving
if and only if a basis exists in which all potential parameters are real. Otherwise,
CP is explicitly violated. Theorem 2 [139] states that the necessary and sufficient
conditions for explicitly CP-conserving 2HDM scalar potential is the simultaneous
vanishing of the imaginary part of the four I-invariants (The name has been changed

according the conventions here.),

Ly = Tm(AQAG Noceattaa), (1.37)
Iyyon = Im(,uabllcd)\badf/\;lc))a (1.38)
Iy = Im()\abchl(,?Aéz))\fajk)\kjmn)\nmhc)7 (1.39)
I3,30 = Im(AacbaAcedg Aehfqllgalthbllqf ), (1.40)

where )\((lld) = ijc 5bc)\ab,cd-

1.2.2.5 Spontaneous CPV from Complex Vacuum

The necessary and sufficient condition for the absence of spontaneous CPV from
a complex Higgs vev was stated in Theorem 3 and Theorem 4 in Ref. [139] and
corresponds to the vanishing of the I-invariants in Sec. 1.2.2.4 also the vanishing of

the following three invariants.

Ji = =20 Vaaptap ALY, (1.41)
J2 = 4U78‘7ab‘7dc,ulbe,ucf)\eafda (142>
J3 == U_4‘Zb‘7dc)\l(,i))\((;if))\eafd7 (143)
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or using the minimization conditions in Eq. 1.27,

Jl = U_4%a‘7feA§);)Aabef>

J2 = U_8‘/ab‘/dcvhgv;p)\begh)\cfprAeafd7

J13 are also defined in Ref. [57] but with a different form,

J, = Im(vjv;uiaﬂjﬁ)\ak,ﬁzvkvz),

Jy = Im(v] i A jr ),

we need to find the relation between these two sets of Jj ».

For general 2HDM potential,

1 L
Ji = szlm()\g)\’g),

1 o
Jg = —51)41111()\6)\;),

where relations from minization conditions of potential
1< 1<
11 = — =02, fl1s = =gV,
Hi11 oM H12 9 /\6

were used.

(1.44)

(1.45)

(1.46)

(1.47)

(1.48)

(1.49)

(1.50)

Note that above invariants are all non-zero for the most general type 2HDM

with no restricted form and assumptions of the reality of its parameters. In each

specific model of 2HDM, generally more simpler forms of the model will be defined

and assumptions made to make most parameters real and in such cases, many of the

above invariants will vanish.
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1.3 Electroweak Phase Transition

Sometime in the early universe at T' ~ 100GeV, there should be a phase transition
from the electroweak symmetric phase to the broken phase from which all the par-
ticles in the SM obtain their mass. This EWPT provides one of the three Sakharov
conditions that is the out-of-equilibrium condition for baryon asymmetry generation.
The phase transition starts through formulation of broken phase bubbles in the envi-
ronment of the symmetric phase. These bubbles expand and collide with each other
leaving eventually the universe in the electroweak broken phase. To ensure that the
generated baryon in the broken phase not to be wiped out, the Sphaleron process has
to be suppressed in the broken phase. This requires the EWPT to be strongly first
order and poses strong constraints on the potential.

In this section, a brief introduction of various concepts in this picture is discussed
including a discussion of the finite temperature effective potential, an illustration of
the dynamics of the bubble generation for calculating the nucleation temperature,
nucleation rate, bubble wall profiles. Also the vacuum transition rate, also called the

Sphaleron rate is reviewed briefly.

1.3.1 Electroweak Bubble Nucleation

Below the critical temperature T, the bubble of the true vacua will develop. The
picture of this bubble formation is similar to that in inflation. In this picture, small
bubbles are disfavored and only those larger bubble can furture expand. The minimal
energy correspond to the critical bubble which is actually a spherically symmetric

bounce solution minimizing the action

Sy(T) = / P B(%b)Q +V(¢>b,T>} e / P2dr [é (%ﬁ’“))? + V(¢ T)

(1.51)

I

and thus can be solved from the following equation of motion,
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Poy | 2doy _ OV(on.T)

=0. 1.52
dr?  r dr Oy, ( )
with boundary conditions
dw
— =0. 1.
dr lr=0 07 (bb r—00 0 ( 53)

It is due to this type of boundary condition that its solution is called a bounce
solution(See Ref. [216] for an introduction). If it is not for the boundary condition,
we can see there are trivial solutions that satisfy the above equation, that is, when ¢
are constants taking values of the ¢ corresponding to the extremum of the potential.
In particular the trivial solution ¢ = 0 satisfies the above boundary condition but it is
not the bounce solution. The bounce solution requires the value of ¢ at the origin to
take the value of the field standing at the lower minimum of potential energy and thus
the bounce solutions interpolate between those two minima of the potential. These
two fields are topologically distinct from each other since one can not be deformed
continuously to the other through due to the different fixed boundary values.

This equation is generally a nonlinear ordinary differential equation and numerical
solutions are needed to get a precise solution. Since this bounce solution is important
in many aspects of baryogenesis calculations, we briefly discuss how this kinds of
ordinary differential equations can be solved numerically. By a trivial operation, this

equation can be written as

¢y OV (gy, T) 2dey
dr2 Oy rdr’

(1.54)

If we make the understanding that ¢, is position  and r as time, then the first
term on the r.h.s represents a force from potential —V'(¢) shown in Fig. 1.6 and
the second term acts like a friction force. So the particle moves at ¢t = 0 from

the potential maximum at ¢ = ¢y and reach ¢ = ¢y at t = oo. This forms the
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Figure 1.6: Illustrative understanding of the bounce solution of Eq. 1.52 as a particle
rolls from one maximum to the lower one at origin under potential —V(¢).

basis of the undershooting-overshooting method as used in CosmoTransitions [?] and
many other literatures. Note the relaxation method can also be used for this kind of
problems [125, 126] as discussed in the appendix.

As a specific example, we consider the following simple scalar potential taken from

Ref. [112],

W@:%&—%&+%&7 a > 0. (1.55)

For v < 1, this potential has two minima ¢; = 0 and ¢, = 2=[1 + /1 — 3a] and
for @ = 1 these two are degenerate. The bounce solution has at its origin ¢ = ¢
and at infinity ¢ = 0. As a@ — 1 from below, the solution becomes more thin-walled.
This can be seen from Fig. 1.7 where the solutions are obtained numerically using
CosmoTransitions and agree very well with Fig.3 in Ref. [112]. The intercept with
the vertical axis in this figure should correspond to the lower minimum ¢, and these

values have been tabulated in Table. 1.1 in the right column to be compared with

the values direct calcualted from above formula given in the middle column. Note
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Figure 1.7: Numerically solved Bounce solutions corresponding to the topy model in
Eq. 1.55.

that for thin-walled cases the agreement is very good while for the thick wall case like
a = 0.5, there is a noticeable difference between these two values. This discrepancy
has also been observed in Fig.3 of Ref. [112].

It is worth to mention that the shape of the bounce solution looks like that of the
Kink solution in one dimension of a scalar ¢* theory [183]. They both interpolate two
different minima of the potential but the two minima in the Kink solution originates
from the degenerate vacua which have the same potential energy while the bounce
solution describes a tunneling from the higher meta-stable minimum to the more
stable lower minimum. Despite this, due the similarities of the two kinds of solutions,
the Kink solutions are also used in the literature [123] as an approximation to describe
the bubble profiles corresponding to the bounce solution which will be discussed in
the next section.

Once solved, the bounce solutions provide important input for calculations in
EWBG. These include finding out the nucleation temperature(7},.) as well as nucle-
ation rate, determining the bubble wall profiles which are essential for baryogenesis

calculations and they also can be used to study the gravitational waves generated
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0.50 | 5.2360679775 | 4.13871154238
0.90 | 2.41202265917 | 2.41187160571
0.95 | 2.20169260875 | 2.20169259815
0.96 | 2.16089194235 | 2.16089194226
0.97 | 2.12038807864 | 2.12038807864
0.98 | 2.08011885787 | 2.08011885787
0.99 | 2.04001539623 | 2.04001539623

Table 1.1: The ¢ that gives the lower minimum in the toy model in Eq. 1.55 for
different values of a approaching the ideal thin wall limit a = 1. The middle column
is the theoretical values directly calculated from the potential and the right column
shows the corresponding values(the left end of lines in Fig. 1.7) from numerically
solving the bounce solutions using CosmoTransitions.

from the bubble collision. In the remaining part of this section, we will discuss how
Trua and the nucleation rate can be determined from the bounce solutions, the more
detailed discussions of the bubble wall profiles will be discussed in the next section
while a brief discussion of the calculations of gravitation waves will be deferred to a
later section.

The nucleation rate per unit volume per unit time has the same form as the

Sphaleron rate in Eq. 1.63,

r
V = [0T4€Xp(—i).

- (1.56)

The prefactor like the case of Sphaleron corresponds to integrating over the fluctu-
ations around the bounce solution and are fluctuation determinants which need to
be evaluated numerically. The exponential is just the action corresponding to the
stationary point: the bounce solution and can be straightforwardly calculated once
the bounce profile ¢, is solved. For bubbles expanding at the velocity v,,, the fraction

of space that is still occupied by the symmetric phase is [189]

t
4
fsymmetric = €Xp |:_/ _ﬂ-vfu@ - t/>3]0T4eisb/Tdt/ ) (157>

. 3
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where both S, and T are functions of ¢'. Accordingly the fraction of space correspond-
ing to broken phase that is occupied by nucleated bubbles is firoken = 1 — foymmetric-
The nucleation temperature is then defined by the condition that the integral in above
exponential is 1, explicitly,

t
4
/ gvf’v(t — 3L T/ al = A(t) = 1. (1.58)

—00

and the T}, can be determined implicitly by the following equation,

S 1
Sb(TnuCI)/T s TS 0 159
‘ (HTdS/dT)" (1.59)
The nucleation temperature solved this way will be changed through the release of
latent heat and more details on corrections due to this effect as well as more detailed

illustration of above discussions can be found in Ref. [189].

1.3.2 Electroweak Bubble Profiles

In this section, we will discuss more about the bounce solutions focusing on the
aspect of wall profile determination. The profile of the Electroweak bubble is an
important concept for the Baryon asymmetry calculations since this is where the CP-
violating interactions generate left-handed charge asymmetries and thus the place
where the CP-violating source terms that enter the Boltzmann equations are gener-
ated. Since there might be multiple scalar fields that couple to the gauge fields, there
will then be correspondingly several coupled set of bounce solutions and we denote
these solutions by wv;(z). These solutions can be modeled roughly by the bubble-
wall width(L,,), wall velocity(v,,) and ratios of the vevs such as £(z) in 2HDM and
supersymmetric theories both of which have two Higgs doublets. L, and (3 can
be determined right from above calculations of the bounce solutions as was done
in MSSM [191] and in 2HDM [125, 126]. Rather than using a perturbative Higgs

effective potential, these quantites have also been calculated on the lattice [100].
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On the other hand, calculations of the wall vellcity v,, are more difficult and are
missing in various studies on phenomenology in the literature. This needs a more
detailed study of the dynamics and transport properties of the Higgs condensate in
the plasma [188, 184]. Starting from the classical equation of motion of the Higgs

background fields, the dynamics of the Higgs field can be derived

dm?

D¢+V}(¢)+Zd¢2 /(2:)52E5f(p,x):o, (1.60)

where V(o) is the finite temperature effective potential, m is the field dependent
particle mass and 0 f = f — fo characterizes the deviation from the equilibrium dis-
tribution fy. The main difficulty lies in determining 0 f which should be solved from

the Boltzmann equation,

O + Z0.f + .0, f = ~CIf) (1.61)

where the collision term on the r.h.s of above equation needs to include all possible
scattering processes affecting the distribution f. Ref. [188, 184] used a simpler three
parameter fluid ansatz for the form of f and obtained a set of coupled transport
equations for these quantities including also ¢ which they solved numerically. Values
of v, in the literature range from ~ 0.01 to ~ 0.6 [184] depending on the details of
the model. From these we note that the value of v,, constitutes a large uncertainties

in the EWBG calculations on phenomenological studies.

1.3.3 Vacuum Transition Rate

At zero temperature, the transition between two topologically different Elec-
troweak vacua happens through tunnelling over the barrier between adjacent vacua.
The rate of this process is characterized by instantons [211, 46] which interpolate
these two vacua with a rate roughly equals exp(—i]i;) ~ 1071%2 [216] and thus in-

feasible for generating enough baryons. However when temperature is high enough
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to surpass the Sphaleron barrier, this transition can happen classically by hopping
over the barrier instead of tunnelling through it. The rate that this hopping process

happens can be defined classically [27, 28]

I' = (d(z)pb(p)), (1.62)
and is found to be [27, 28]
V T T ’ '

where % ~ A x* 4?’7@ with A corresponding the quantity plotted in Fig. 1.5 but
at finite 7" and taking the value of approximately 2. Note that the validity of above
expression is when above discussions of the Sphaleron is valid, that is, when the Higgs
takes a vev lower than the trivial vacuum. The temperature at which the newly
developed vacuum is dengerate with the trivial one is the critical temperature(7;)
of the Electroweak phase transition and will be discussed in following sections. For
T < T,, the new vacuum is lower than the trivial one and a Sphaleron solution can
be found following discussions in previous sections and the rate takes the form as in
above equation. However when 7" > T., the Higgs only has the trivial vacuum and
there is no Sphaleron solution and no energy barrier at all. The rate that the vacua
transition happens in these two different eras take different forms. Calculations above
the critical temperature is plagued by non-perturbative infrared effects and generally
lattice simulations [106, 107, 190] is needed with the rate defined by

_ 2
I — lim L (Nes(t) = Nes(0)])
V=00 t—00 Vit

(1.64)

Note that even though there is no Sphaleron solution in this case, the above vacua
transition rate is still call the Sphaleron rate due to historical reasons. Also the rate

in this regime is much faster than that in the broken phase [107].
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1.3.4 Sphaleron Decoupling Condition

To maintain the created baryon asymmetry within the broken phase, the Sphaleron
rate has to be suppressed in this phase. This condition is called the Sphaleron decou-
pling condition or Sphaleron bound [207, 208]. A naive way of estimating this bound
is to require that the Sphaleron rate be less than the rate of the expansion of the
universe, that is, I'sp, < H. Using Eq. 1.63, this translates into a lower bound on the
Sphaleron energy at finite temperature. From previous calculations of the Sphaleron
energy, we know that the Sphaleron energy is A(T)Lm;# = A(T)(3=)"?u(T) with
the prefactor A(T') varying between roughly 1.6 and 2.7, so the bound on Sphaleron
energy can be expressed as a lower bound on the quantity v(7")/T at a temperature
below the critical temperature. Since this temperature is quite close to the critical
temperature T,, a further estimation is generally made by setting the lower bound

as [208, 207]
v/ T 2 1. (1.65)

Care should be taken when using this criteria due to the following reasons. Firstly
this inequality is actually not a gauge invariant condition in the sense of Ref. [195]
and readers are referred to above reference for procedures of implementing a gauge in-
variant Sphaleron decoupling condition. Secondly, this generally adopted criteria for
Sphaleron decoupling in the Electroweak broken phase is actually not universal and it
applies to only the standard Electroweak baryogenesis mechanism with a strong first
oder EWPT. This relation might be changed with modifications of the Electroweak
baryogensis mechanism. For example in a scenario with swifter expansion of the uni-
verse through a non-standard cosmology such as with the kinetic energy domination
of a scalar field over that from radiation until before the nucleosynthesis era [154, 153],

the above bounds on Sphaleron energy as well as on v./T, can be relaxed. A more pre-
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cise estimation of the Sphaleron decoupling condition can also be found by analyzing

in more details the dynamics of the bubbles at the phase transition [154, 189].

1.4 Transport Equations
Having discussed the basic ingredients of the EWBG mechanism, we now gather
these altogether in a set of Boltzmann equations to solve for the baryon asymmetry

governed by [174]

87’&3(5)

ot — DVQTLB(Z) = @(—2>RLFWSTLL + @(—Z)R ng, (166)

Here ny, = >, nF is the sum of the left-handed doublet densities in the plasma and
serves as the source of the baryon number through the weak Sphaleron interactions
whose rate I',, is discussed in previous sections. The factor D is the diffusion con-
stant and R characterizes decays of the generated baryon density through the weak
Sphaleron process. Note the Sphaleron process is switched on only in the electroweak
symmetric phase due to the assumption of a suppressed weak Sphaleron rate in the
broken phase given a strongly first order EWPT. The derivative with respect to time
can be substituted as that for z, a% = Uwa%' So this equation becomes a second order
ordinary differential equations with a constant D and I',; which can readily be solved

analytically given n; with ng a constant in the broken phase,

nplys [~ g
1820 = " /O ni(x)e> " da, (1.67)

/22
where Ay = W. The only unknown quantity here is the source n; and
requires to write down the transport equations governing all the particle densities in
the plasma. Note that these particle densities can be solved together with Eq. 1.67 as

a single set of coupled transport equations from which ng can be directly obtained.
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The way that we solve ny, first and then use above equation to solve for ng is due to

the slow rate of weak Sphaleron process.

1.4.1 Closed Time Path Formalism

As mentioned briefly in the beginning of this chapter, the use of CTP formalism
leads to resonant enhancement of the CP-violating source terms as well as the relax-
ation rates. So in this section, we are going to discuss how these terms are calculated
in this framework. After all the relevant source terms and relaxation rates are calcu-
lated, the resulting coupled transport equations can be solved fully numerically or in
some cases analytically and this will be discussed later.

The non-equilibrium nature of the bubble wall expansion picture makes it inap-
propriate to use equilibrium QFT in solving the particle densities and one need to
resort to non-equilibrium QFT which can be described with the real time formalism.
Among the several formulations of the real time formalism, we follow closely here
the treatment in Ref. [200, 174] by adopting the commonly used closed time path
formalism [204, 179, 34, 35, 160, 86, 102]. In this formalism the time is integrated
in the complex t plane along the contour from —oco to +oo(= C,), from +oo back
to —oo(= C_) and along the negative imarinary time axis. The last segment turns
to be irrevelant and thus can be ignored. The resulting integration over time thus
takes the form of a closed path and the time ordering in the zero temperature QFT
is replaced by a path ordering along this contour. Fields defined along this contour

W

are labelled by a “4” sign when it is on C; and a sign if on C_. Due to this
distinction, the Greens function needs four correlators of fields and can be organized

in a 2 x 2 matrix form,

Gy (x, —G<(x,
Glz,y) = (=:9) (@9) | (1.68)

G (z,y) G__(2,y)
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This Greens function satisfy the Schwinger-Dyson equatons [174],

G(z,y) = G(z,y) + /d4wd4zG0(:v,w)Z(w, 2)G(x, 2),

G(z,y) = G°(z,y) + /d4wd4zG(a:,w)E(w,z)G(:c,z)O, (1.69)

where G° denotes the non-interacting Greens function and ¥ is the full interacting
self-energy. Note both G° and ¥ are 2 x 2 matrices. The transport equations can be
derived by applying the Klein-Gordon operator on the (1,2) component of above two

equations at spacetime x and y respectively, take the difference and use the limit
(85 - ai)G<(x, y)|$:y = _iju(x)v (1.70)
which then gives for scalar fields

o TV J(x) = /dSz /_ro dzo[27 (2,2)G<(2,2) — G7 (2, 2) X5 (z, 1)

+G<(2,2)57 (2,2) — X5(x, 2)G7 (2, 2)](1.71)
and similarly for fermionic fields,

— +V-j(z) = —/dgz /zo dzTe[X7 (2, 2)S(2,2) — S7 (2, 2)8° (2, x)

+S<(z,2)27 (2,2) — X5(z,2)S7 (2, 2)]. (1.72)

where S is similar Greens function defined for fermionic fields.

Outside the electroweak bubble, the Higgs field has no vev and deep inside the
bubble, the full Higgs vev at finite temperature T is developed. Across the bubble
wall, the Higgs field interpolates between these two phases smoothly. This poses a

problem for calculations since for each step closer into the electroweak bubble, the
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mass eigenstate of various fields at the initial step would no longer be the mass eigen-
state at the coordinate with increased vev. One approximation method is to start with
the fields in the unbroken phase and incorporate the effect of the increasing Higgs vev
perturbatively, known as the vev insertion approximation [200]. Of course, this ap-
proximation works well if the Higgs vev is small and slowly varying. To futher reduce
the uncertainties introduced in this treatment, one need to perform improvement like
the resummation method proposed in Ref [70, 197, 198].

The resulting equations governing the diffusion and scattering of the various par-

ticle species can generally be put into this form [88]

: 1
8#]#:__ZFX(Mi+Mj+"'_Hk_lﬁl_"')+SiC/P, (1.73)

6 %
where j! is the charge current density for particle species “i”, I'x describes the rate

of the scattering process

i+ okl (1.74)

and SiC/P is the CP-violating source term that generate the various charge asymmetries

in the plasma. We use the diffusion approximation jz ~ —D;Vn;, then 0,j!' =

86’? + Vv ;1 = 887?' — D;Vv?n,; and the diffusion constant D, can be calculated as in

Ref. [156]. Assuming local thermal equilibrium then the number density n; can be

related to the corresponding chemical potential u; approximately by a linear relation,

/+°° >y { 1 1
niy = G - )
P ) e @n) lexplep — ) F1 explwy — ) F 1
(m. /T .
_ k:z(ng/ )TQM_'_O(%)?,’ (1.75)
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where “+”7 and “-” is for boson and Fermion respectively, g; is the number of internal

«s
1

degrees of freedom of particle species “/”, pu; is its chemical potential, wﬁ =p>+m?

with m; being the effective mass at temperature 7" and the statistical factor k; is

given by factor

6 [~ xe”
k(m;/T) = giﬁ/'/T dﬂ?m\/xz —m2/T?, (1.76)

m

which equals approximatley 1 for fermions and 2 for bosons in the massless limit.
So what remains to calculate is the diffusion constants for various particle species
D;, all relevant rates I'x in the plasma and the sources SZ.C/P . The diffusion constants
can be calculated following the method in Ref. [156, 157] and the calculation of the
relaxation rates and CP-violating source terms will be discussed in the following part

of this section.

1.4.2 Relaxation and CP-violating Source terms

We consider a generic example with Lagrangian
AL = ¢y [gi(x) P + gr(w) Pr] ¥n + h.c, (1.77)

Then

o=~ [ |

Tr{X7(x,2)S7 (2, 2) — 57 (z,2)55 (z,2) + S7 (¢, 2)57 (2, ) — BF (x, 2) S7 (o 1TB)
where the self-energy term is given by

Sp(z,y) = —[g(x) P + gr(x) PrlSh(z,y)g5 (v) P + g3 (y) Prl, (1.79)
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Using this in Eq. 1.78, it gives

ouft = /d?’z/_xo AZ
{[gj(m7 Z) + _%‘(Z,I‘)]RGTI[S}?(ZE, Z)S]f(zv I) - Slf(xa Z)S?(Z,ZE)]]}

+1 {[gj(x’ Z) - gj(z7 x)]ImTr[S,f(x, Z)S?(Z7 :L“) - S}T(ZE, Z)S?(Z, I)]Q}SO)

where the real part of the trace corresponds to the CP-conserving contribution and
gives the relaxation rates while the imaginary part is CP-violating source term. The
subscripts “A” and “B” denotes the two different parts in taking the trace. For

example, for two generic momenta k, q with the following trace,

Tr[(k +ma)(d + m2)]a = 4k - q, (1.81)

Tr[(k 4 ma)(d + ma)]p = 4mims. (1.82)

For these two terms, the factor g;(z,y) is defined as

9a(2,9) = 31o0(@)g5(0) + 9n(r)g(v)] (1.83)
95(r.) = 5l00(0)gi() + 9n(2)g; ()] (1.84)

The CP-conserving part will generate the terms

SFPC (@) = TF (@) (g + mn) + T () (i — py), (1.85)

and correspond to relaxation terms in the transport equations. Here the relaxation

rates is given by
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1 * |k[2d|k
ij(a:) = —Im/ —| il
22T 0 Wrwp

hh<€h) + hh(E;)
€n — €

hi(en) F hu(ey)
Ep Tt Ef

[(en = F)(192(@) 2 + lgr(@)[) + myma(gi (v)gr(x) + 91(2)gk())]

[(€f€h + B (g2 (@) + lgr(@) ) = mgmn(g; (x)gr(z) + gL(fv)g}%(w))} }

(1.86)

where in the drivation the following assumptions were used

9a(,2) + ga(z, 2) & 294 (2, ) = |g(2)]* + gr(2) ], (1.87)

98(7, 2) + gp(2,7) = 2g5(x, x) = g (v)gr(z) + gr(2)gR(z),  (1.88)

The calculation of the CP-violating source terms SiC/P basically parallels above
CP-conserving calculations. However the factor g;(z,y) — ¢;(y, ) that appears in
Eq. 1.80 vanishes at leading order in the expansion of y near x, so we keep the next

order in this expansion and define the expansion coefficients,

ga(@,y) — galy, x) = im g ()9} (y) + gr(x)gr(y)] = iH (y —x)* + -, (1.89)

98(x.y) — gs(y, ) = ilm [g () g5 (y) + gr(x)g} ()] = iH P (y — )" + -+, (1.90)

where the coefficients H lf‘ and H 5 need to be evaluated in each specific model. Eva-
luting the traces and inserting the propagators in the equation and it turns out only
the time components contribute under the integral therefore only Hg', HP appear in

the final expression. The source from the “A” term is

qopv oy Hi [ RPARL g (ensg = ) ne(en) — ne(ep)]
fa (2) = 2 Whw m{ (e, —e%)?
0 hW f h f

~ (enes + k) (en) + np(ey)] }’ (1.91)

(ef +¢en)?
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and for the “B” term it is

o1 0y = gy, [y [relen) ~ () np(e) + nste)
S ( ) / Whw { (5h _ 8})2 (Ef + Eh)Q } ’
(1.92)

Note in above expressions, we have removed the terms that are divergent under the

integral and results from the normal ordering of the fields [176].

1.4.3 Analytical Approximations

The transport equations in Eq. 1.73 is a type of coupled set of second order
ordinary differential equations which can generally be solved only numerically as
discussed in detail in the appendix. However there are certain assumptions under
which these equations can be simplified and admit analytical solutions which are

used frequently in the literature.

e [f the interaction rate 'y is sufficiently slow, then the corresponding term can

be dropped from the above equation.

e [f the interaction rate I'x is sufficiently fast, then the corresponding interaction

can reach chemical equilibrium, that is,
pi gt = — g — =0 (1.93)

The resulting solution is then actually a perturbative expansion in terms of % where
I' is typical scales of the other interactions rates much smaller than I'y. We can

verify the correctness of above statement more precisely by numerically investigating
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a case where such assumptions exist. For this purpose, we study a set of two coupled

transport equations regarding two scalar fields H; and Hs,

DyH{ — v H| —TA(H, — Hy) — Tp(H, + Hy) + 5, =0,

DHH;—UwHé—FA(HQ—Hl)—FB(H1+H2)+;§2:O. (194)
The asymptotic behavior of Hy, Hy at z — 00 is required to be
= (0779 . .
H;(+o00) = — th i=1,2,
(£o00) 2 o with
which we can solve at leader order of the z=! expansion,

I'n+I'g I'g—T4 H; St 0 H1<:|:OO):O
FB—FA FA+FB H2 52 0 HQ(ZlZOO):O

So Hi (%) both approach 0 as z — £o0o. Now we study a case when Eq. 1.94 has
an analytical solution. We assume that I'g >> 'y > 0. Since ['g constitutes the
largest scale in the transport equations and much greater than the remaining scale,
the transport equations written above can be expanded in power of % =90 with I’

some other scale in the equations, in particular
[p(Hy + Hy) =T [0+ O(9)],

that is, we solve the transport equations perturbatively in powers of ¢. In particular

at lead order we have H; = —H,. Take the difference of the two equations and use
H, = — H, at leading order, we obtain here a single equation for Hi,
S =S,

DHH{, — UwHi — QFAHl +

=0,
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Figure 1.8: The approach to analytical solution of a set of coupled transport equa-
tions in Eq. 1.94. The left plot shows the input profiles. The right plot shows the
numerically solved solutions of H;(Dashed) and Hs(Dotted) where —H;(Solid) is also
plotted. Each color corresponds a fixed r. As r getting larger, — H; approaches more
closer to Hs.

In this case, so in order to have a non-trivial solution, we need S; # S,. If the
relaxation coefficient T'y is a constant of z a step-function, this equation can be
solved analytically and this is the generally considered analytical approximation in
the literature. However near the bubble wall, the relaxation profile is not exactly a
step-function which can be solved analytically and a more precise solution requires
again numerical solutions. To study how large I's should be such that H, ~ —Ho,
we choose different ratios r defined by I's = rI" 4, numerically solve the original set of
transport equations in Eq. 1.94 and show H,, H, and —H; in Fig. 1.8. In this case,
NDSolve can not give stable results and we show only the profiles obtained using
RelaxEWB whose correctness has been tested in various cases in previous sections.
In this figure, the left panel shows the input profiles and the right panel shows
obtained H;(dashed), Hy(dotted) and —H (solid) for several choices of r taking values

of 3, 10, 50, 10*. Here —H, is to be compared with H, and we expect for larger r, —H;
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should approach close to Hy. This trend is indeed confirmed in the right plot. For the
choices of 10*, the difference between —H, and H, is barely visible and corresponds

to a much more precise analytical approximation.
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CHAPTER 2
DARK MATTER

The fact that the majority of the non-relativistic matter in our universe is at-
tributed to dark matter is now well established [209]. A conventional evidence for
the existence of DM is from galaxy rotation curves where the measured velocity of
luminous stars as a function of distance shows that this can not be accounted for by
only the luminous objects and the mass density should include substantial invisible
fractions of the dark matter. Recently Ref. [148] shows similar evidence for dark
matter from our Milky Way galaxy. More precise measurement of its abundance has
been performed by the Planck collaboration from a fit of the base ACDM(Lambda
Cold Dark Matter) model to correlations of temperature fluctuations in the Cosmic
Microwave Background(CMB) radiation. Their 2015 result on the cold dark matter
abundance is Q.h* = 0.1186 £ 0.0020 at 68% CL [13].

Weakly interacting massive particles(WIMP) can serve as dark matter candidates
and will be the focus here. DM is detected traditionally in two ways, direct detection
and indirect detection. Direct detection refers to the deep underground experiments
looking for events of signals from dark matter scattering off the atomic nuclei. De-
pending on the types of this interactions, the results are presented as spin-dependent
or spin-independent. Of these experiments, the LUX collaboration put currently the
strongest constraints on dark matter - nucleon scattering spin-independent cross sec-
tions [20]. Indirect detection infers the existence of dark matter through observing
dark matter annihilation products which for example can change the normal cosmic

rays of rare anti-particles like positrons. There can also be monochromatic gamma
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rays produced through annihilatioins of dark matter through for example the vy or
~Z final states which can provide a sharp peak on top of the continuum gamma ray
background. It was also proposed in Ref. [135] to search for indirect signals of DM
from merging galaxy clusters such as the Bullet Cluster where the spatial distribution
of DM is directly measurable through gravitational lensing which is substantially dif-
ferent from the distribution of potential astrophysical backgrounds. DM can also be
searched at colliders. For example for an effective interaction like v1)gq, one process
to look at is gg — 11 with initial state emissions of jets and this leads to the mono-jet
plus missing transverse energy signatures. Searches of this kind of final states have
been performed at ATLAS [2, 4, 1] and CMS [77, 79, 162].

Despite the concrete evidence for DM and the ongoing efforts in various exper-
iments searching for it, the SM of particle physics unfortunately does not have a
DM candidate and we need to resort to new physics to incorporate a DM can-
didate. For example in the supersymmetric version of the SM the lightest neu-
tralino can serve as a dark matter candidate. Explaining the DM using a mecha-
nism similar to the generation of baryon asymmetry has also been studied and is
named asymmetric dark matter [159, 196, 221]. Since a generic UV-complete model
have large parameter space, it is preferred in some cases to use effective field the-
ory(EFT) [68, 47, 33, 115, 133, 84, 220, 85, 83, 199, 178, 218, 134, 121]. But at high
energies as for example at LHC, the conditions for EFT is not generally met and this
in turn motivates the use of simplified dark matter models [22, 10, 181, 143, 61, 150].
Incorporating dark matters in the SM can also be done with a bottom up approach by
opening up portals of interactions of SM particles with dark matter in a minimal way:.
For example for simple extensions of the SM with an extended Higgs sector, single
or multiplets of scalars can be added. This procedure can also be done in the 2HDM
and will be studied in detail in later chapters. Due to the increasing strengent upper

limit on the DM nucleon scattering cross sections, there are also scenarios proposed
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with DM quark interactions proceed through loop level diagrams which are gener-
ally suppressed as compared with tree level contributions. I will also discuss such
scenarios in the 2HDM framework and in a model with lepton portal interactions.
In the following, the calculations of DM relic density and direct detection cross
sections are briefly reviewed. While the relic density calculations follow the stan-
dard freezing-out approach [172, 50, 132], the direct detection calculations use the

systematic non-relativistic EFT theory developed in Ref. [115, 120, 119, 24].

2.1 Relic Abundance

The main observable regarding the properties of dark matter is its inferred relic
abundance Q.h? from cosmological studies. The calculations of this quantity dark
matter remain standard following works in Ref. [172, 50, 132] where the freezing out
picture is used. In this picture the dark matter remain equilibrium with the SM
particles initially through the assumed portal interactions and when the rate of these
interactions fall below the expansion rate of the universe, the dark matter abundance
freezes around a constant value. Here a brief description is given following above
references. For homogeneous and isotropic universe, phase space density f(p,Z,1)
is only functions of energy and time whose evolution is governed by the quantum

Boltzmann equation,

L[f] = C[f] (2.1)

where L is the Liouville operator and C denotes the collision terms in the Boltzmann
equation. The integral over momentum space over the L[f] gives the density change

given by

-3
gl/L[f] 1;1 = iy + 3Hn,, (2.2)
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where ¢ is the degrees of freedom of particle density “n,”, H is the Hubble constant
and the term on the right hand side of above equation is the dilution of the number
density due to the expansion of the universe. The collision term of the Boltzmann
equation includes all the inelastic scattering processes increasing or decreasing the

DM density while the elastic scattering wont change the density. This gives
dpi ° ca e
1 [ CUIE: = ~(ta) (uma = ritng?), (23)
and then it follows that

n1 + 3Hny = —(ovme) (ning — nitng?t). (2.4)

N

€q

where vmot = 5g; = [|01 — ©2|” — [th X T[*]? is the Moller velocity, n;* is the particle

equilibrium distribution and

|
|5
=
=
S
N
S
[\]
w

( > [ ovmadn{idnst [ ovmeexp(—2 — &
O0Umol) = e e = -3 1>
: [ dn{tdn3? [exp(—£ — &)dpi*dpy®

(2.5)

After evaluating the integrals in the numerator and denominator, the result can be

written as a more compact form,

2 2 Vs s
(o) = 2L S Olo = A )\fK;( s (2.6)
[4mm?T Ko (%)]

where the special functions K, (a) is the modified Bessel function of the second kind,
1 o0
Ko(a) = YT (Lo / =97 (2% — 1) 3 d. (2.7)
- 1

In the lab frame

B 2z
- K3(x)

< o Ulab>1ab

/OO dev/e(2e + 1) K1 (2zve + 1)(0V1ap)- (2.8)
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Another quantity Yy = ny/s with s the entropy density of the universe is also generally

used in cosmological characterization of abundances and its relation to {2y is

pr 275 % 10° my
Perit - h2 Gev I

Qp = (2.9)
2.2 Direct Detection

When dark matter scatters off nuclei, the recoil effects can be detected through
the emitting photons and this kind of detection is categorized as the direct detection
of dark matter. For example the LUX experiment can measure the number of pho-
toelectrons produced from prompt scintillation(S;) and from electroluminescence(.Ss)
of ionization electrons where the requirement of both S; and S is to distinguish the
WIMP-induced nuclear recoil energy signal from the electromagnetic background of
electronic recoils(ERs) [20]. However there is currently no signal for dark matter
discovery from direct detection and upper limits are set on cross sections of the dark
matter nucleon spin-independent(SI) and spin-dependent(SD) cross sections. Here
SI and SD refer to whether the nature of dark matter nucleon interaction is spin-
independent or spin-dependent and these two are the traditionally considered set of
interactions. Even though more complicated spin structures was also considered in
the studies but in a ad hoc way. This picture of dark matter nucleon interactions
are far from complete for example a dark matter with non-zero electric dipole mo-
ments(EDM) or magnetic dipole moments(MDM) can have more complicated spin
interactions with nucleons. Due to the low momentum transfer in this scattering pro-
cess, an effective field theory framework has been constructed in recent years which
incorporates a full set of non-relativistic operators constructed from the Galilean in-

variant physical quantities [120],

iq, v, S, Sk (2.10)
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where ¢ is the momentum transfer from nucleon to the fermionic dark matter 1,

vt =7+ 2;% with ¥ = Uy in — Un,in, 52;, and §N are the spins of ¥ and nucleon N.

=1

From this definition the relation v~ - § = 0 holds. The list of operator relevant for

spin-0 and spin-1 mediators are [24],

Ol = 1¢,1N
02 = (Ul)Q
03 = ZgN(LXUJ')
my
Oy = S-Sy
_ g 4
05 = 251/, (mN XU )
= 7. 4q
Os = (Sy-——)(Sy-—
o = (Bor )@ )
O; = Sy-o*
Os = S,-0*
Og = Z.;S_”w'(_’NXi)
my
my
g q
O = 1Sy, — 2.11
1 R (2.11)

where O; and O, are the SI and SD interactions usually considered in the literature.
It is found that starting from above set of non-relativistic operators, the final dark

matter nucleus cross sections can be written in a factorized form [24]

> Ri(c)Wi(7?) (2.12)

where Ry depends on the coefficients of above non-relativistic operators ¢; and is
the WIMP response function associated with the k& — th nuclear response function
Wi(7?). In the analysis of Ref. [24], there is a total of six nuclear response functions.

To use above framework, the following steps should be followed
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e Write down the set of quark level relativistic operators at the scale of typical

momentum transfer O(50MeV).

e Match these quark level operators to nucleon level operators of the form ¢ I' 4o NTEN.

e Decompose the relativistically covariant nucleon level operators into non-relativistic

operators in Eq. 2.11.

e Find the WIMP response function Ry using the translation formula in Eq.38 of
Ref. [24].

e Calculate the nuclear response functions using the formulae given in Ref. [120].
e (Calculate cross sections and compare with experimental limits.

In the following a study a dark matter with non-zero magnetic dipole moment
and charge radius is performed to see how to use above framework in detail. This
appears in a following project that will be discussed in more detail later. Start from

the following dark matter v and quark interactions,

ALY = Z {qubMEV#Qﬁq_%tq + qu,usziUWl/)%QMLq + dszﬁl/@q ’ (2.13)

q

where by, and p, are the charge radius and magnetic dipole moment of ¥, @), is the

[P

charge of quark species “q” and di comes from a t — channel scalar mediation between

1 and q.
To convert these into Lagrangian at nucleon level, we need a matching condi-

tion by calculating the amplitude using both quark and nucleon degrees of freedom
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where Nucleon matrix elemnts are expressed by form factors. For the scalar operator
(N|myGq|N), it measures the quark contribution to nucleon mass and the form factor
N|m,qq|N
fjj“\; _ < |mqqq| >’ qzu,d,s,c,b,t (214)
my
is generally used. For light quarks, this can be determined from quark masses and ra-
tios of B, = (N|gq|N) [44]. Several groups have worked on this and we use the values
tabulated in Table.4 in Ref. [89]. On the other hand, for heavy quarks, it contributes
to DM-gluon interactions through loops and the form factor can be calculated from

QCD trace anomaly and is related to light quark form factors. The relation is

2 2
f%vq === Z fz]yq) = —fq]yg, q=c,b,t (2.15)
21 q=u,d,s 27
For the vector current, we use the following Gordon identity [136] at low momentum
transfer
K* io"q,

(N| Zq: Quy"qIN) = UVlN(QNM TN

)N|N), (2.16)
where the ¢ is the momentum transfer from nucleon to DM, @y is charge, jiy is half

of the g factor of nucleon, that is, fi, ~ 2.80, 1, ~ —1.91 and @), = 0,Q, = 1. Then

the nucleon level operators are

ALY = CNGNN + CNy Ny, N + CY zzz'aw%z/wf(w +CN zzw“”%wvwwqyzv,

(2.17)

with the coefficients of above operators being
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Cl = eby anQq = ebyQn,

cY = ZdQ—qu,
C]QV — elu”L/)QN,
2mN
oN = _Gln 2.18
K 2mN ( )

Here the dimension of b¢7di is -2 and dimension of p, is -1. So the couplings in
Eq. 2.17 are all of dimension -2. The next step is to do a non-relativistic reduction
of the nucleon level operators, that is to calculate the amplitude for Y N — ¥ N
with polarized ¢ and N and the results can be represented by the operators given in
Eq. 2.11. A convenient reduction table for each relativistic operator has been given
in Table.1 in Ref. [24] where the reduction assumes non-relativistic normalizations of

|¥), |N) and we need an extra factor of 4muym, here. Then we have

,CwN N N 2mN N —2 —Q
W — O’Y Ql -+ Ch Ql + Q—QOQ _ﬂOl -+ 2mN05 — ZmN(2—O4 — 06)
4
+(CF + Cg)?(f04 —m30g) (2.19)

Use the expressions of CIV, C)Y, C3, CY, we then have

ﬁwq = 4mme(€b¢QN + Z dq m—qu) + 6[1,¢QN2’I’)’LN 01
q=1
+8eptymyfin(Os — OF ) + SepyQumamy Qs (2.20)
and we have defined the long-range operators with a tilde by
I _ mNO5 _ _mNO5
5 q2 q—Q )
51— _ w0 _ mivOs (2.21)
‘ ¢ 7
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As a check, these two long range operators are essentially the same as those defined
in Ref. [89] since the operator Os needs a factor of my and minus sign from different
definition of ¢ to be the same as in that literature while Og needs a factor of m3,.
Keeping only the p,, term, we recover the result in Ref. [89)].

With the non-relativistic operators and their coefficients calculated, the cross sec-
tion can be written down in a factorized form in Eq. 2.12 where the coefficients of
the various nuclear responses can be readily obtained from Eq.38 in Ref. [24] which
are functions of the coefficients of above non-relativistic operators.

Finally we can calculate the differential rate with respect to the nuclear recoil
energy Epr from the differential cross section. The differential rate(R) with respect
to Egr per kilogram of target can be written as an integral over the DM velocity

distribution,

B = NT% /m of (5)2 @y (2.22)
where Ny is the number of nuclei per kilogram, f(¢) is the local dark matter velocity
distribution, p, is the local DM mass density(~ 0.3GeV/cm?).  Note that above
procedure of inputing the nuclear responses from the set of non-relativistic operators
have been streamlized in a public package [89] and will be used in later analysis.

It should be noted that a global analysis can be performed on the full set of Wilson
coefficients of the non-relativistic operators rather than being restricted to the SI
and SD interpretations of the experimental limits. For example the SuperCDMDS
collaboration has set limits on coefficients of these operators [203] using optimum
interval method. Global analysis in this direction has also been considered in Bayesian

and frequentist framework [72, 26].
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CHAPTER 3
THE TWO HIGGS DOUBLET MODEL

In this chapter a brief introduction to the two Higgs doublet model(2HDM) is
given since most of the work is set in this model or its extentions. The 2HDM is a
simple extention of the SM with one more repetition of the Higgs doublet and was
originally introduced to provide sources of time reversal violation [175](See [59] for
a review). This model is extensively studied in the literature due to the following
reasons: the Higgs sector of the type II 2HDM is similar to the Higgs sector in
supersymmetric theories, the precision p parameter constraint is naturally satisifed
at tree level, there are new sources of CP-violation(equivalent to T-violation from
CPT conservation) which makes this model capable to explain the BAU, etc,.

Define the two Higgs doublets by ®; = (o7, (vi + p1 + im)/v2)", and &, =
(03, (Va4 pa +1i12) /V/2)T where vy = vcos 3, v, = vsin B, v = 256GeV, p; and py are
two CP-even scalars, 7y, 7 are two CP-odd scalars and o7, ¢ are two charged scalars
in the gauge eigenbasis. In total there are eight degrees of freedom and three of them
would become the unphysical Goldstones leaving five physical scalars hy, ho, hs, H*.
The physical particle spectrum can be determined once the potential is given. The

most general renormalizable potential is [59]

Ve = m3®0ld, +m2,0ldy — (m2,®®, + h.c.)
1 1
+§A1(<1>{<1>1)2 + §A2(q>;<1>2)2 + A3(DT D) (BLDy) + Ay (D] D) (DL D))

1
+ §A5(q>§q>2)2 + X6(DTD1) (BT Dy) + Mg (BLD,) (DI DY) + hoc. | | (3.1)
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where there are 6 real parameters m?,, m3,, A1, A2, A3, Ay and 4 complex parame-
ters m3,, As, A¢, A7 and therefore a total of 14 real parameters. The minimization
conditions will reduce three parameters. From the minimization with respect to the
direction of p; and ps around the vacuum, the two parameters m?, and m3, can be

solved as a function of the other parameters,

ov) 1
0= 8,0H = mi, = tgRe(mi,) — 5112 [)\10% + )\3455% + 35505 + AFshts] |
1
0= o 2 R L2 DA 4 Aaind + A2 AR
O = m3, = cotg Re(miy) — 3V [ 235 + 345cﬁ % cotg +3Asscs]

(3.2)

while minimizing in the direction of n; and 7, can only solve one more parameter

since they lead to similar conditions

A%
0= 877H = vsglm [212 (SﬁCﬁ)\g, + C%)\(; + 8%)\7) — Qm%Q} ,
1
_OVu _ 2 > 2y o 2
0= Iy veglm [v (SﬁCﬁ)\g, + czAe + 35)\7) 2m12} ) (3.3)
2

Note this condition also follows from the requirement that Goldstones get no mass
from the potential, that is, from requiring det(MZ.) = det(MZy) = 0 where MZ, and
M2, are the mass matrix for charged scalars ¢f, pF and neutrl CP-odd scalars 7,

1o Tespectively. From this condition we can solve for Im(m2,) if it is non-zero,
2 1 2 Im 2 yIm 2 yIm
Im(m7i,) = Y [spCaAs™ + GAG™ + 53A7] - (3.4)

Using this in Mgq, the mass matrix for charged scalars is

2
:mHi
A

TTolm? 1 ) 53 —sgC
M. = {M _ 51)2 [Aa+ A5+ A8 cot 8+ t@?ﬂ} f o (3.5)
—sgcs (3

o6



and from diagonalization of it, the mass eigenstates are

G* = ¢t + 5307,
8%1 BP2 (3.6)

H* = —s307 + ca3,

where the mass of the charged Higgs is my+ as defined above. For neutral scalars, it

is convenient to isolate the neutral Goldstone boson through the following definition

GO = cgm + S, (3.7)

AY = —spmy + camp. (3.8)

where G is the Goldstone boson and Ay a CP-odd scalar which is a mass eigen-
state if there is no CPV in the potential. With this definition, the mass matrix for
(G, p1, pa, Ap) is block diagonal with G° already a mass eigenstate. The 3 x 3 mass
matrix for the remaining scalars (p1, ps, Ag) is given by a real symmetric matrix m?

with matrix elements

1
m3, = tgRe(mi,) + 52)2 [2X1¢5 + BA\E°spcs — A?esétﬂ] :

1
M3, = cots Re(mi,) + 5”2 [2X253 + BAT 5505 — Ag°c cotg)
Re(m? 1
m%S — (LH) _ 51}21}5 [2)\5Re COtﬁ + )\g{e C0t2ﬁ + )\56} :
SpCB

1
m% = —Re(m%) + 51)2 [)\34582/3 + 3)\?60% + 38%)\17:{6} s

1
My = —50" [ssA5" + 205067]
1
Mg = —5712 [csA™ + 255" (3.9)

and the minimization conditions have been used in obtaining above expressions.

Clearly, when there is no CPV, that is when X5, \¢ and \; are all real, A° is a
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mass eigenstate. However generally when there is CPV, A° would mix with p; and

p2. This mass matrix m? can be diagonalized by a rotation matrix R,

Ri®R" = diag(mj, ,mj;,, mj,,), (3.10)

and from this definition of R, the physical states hy, ho, hg is related to the gauge

eigenstates by

hy P1
hy | =R P2 | - (3.11)
hs Ay

The rotation matrix R can be parametrized by three angles v, 9, o,

R(f% 67 Oé) = R(éla _7)R<€27 _5>R(€37 _a>
CaCs SaCs —Ss5
$485Ca — SaCy  SaS5Sy + CaCy S4Cs | > (3.12)

SaSy T S§CaCy  SaS§Cy — SyCa CyCs

In the absence of CPV, v = § = 0 and « is the traditionally defined mixing angle of

the two CP even states p; and py [138],

Co Sa O
R(0,0,a) = —So Co 0 |- (313)
0O 0 1

In above definition of the rotation matrix R, h; is the defined as a CP-even Higgs
scalar and hy is another CP-even scalar identified as the SM Higgs boson. With hsy

defined as the SM Higgs, above definition of « is the same mixing angle as traditionally
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defined angle in the literature if there is no CPV in the potential. It is useful to note
that there exist several different definitions of the rotation angles. The rotation matrix
in Ref. [164] can be obtained using the following replacement v = ., § = —p, a0 = &
but there my, < mp, < my, is defined. So actually the identification & = o + /2
in the CP-conserving limit connect the two kinds of definitions of o but the thus
obtained heavier CP-even Higgs has a sign difference. The case in Ref. [215] can
be obtained from the identifications v = a3, = —as,a = ;. From the definition
of the rotation matrix R in Eq.3.10, the potential parameters can be expressed as
functions of the physical parameters including the three neutral scalar masses and

three rotation angles,

1 [Ry ! >
A = > [U_lzl — Ds% + §A$es%tﬁ - 5)‘6Resﬁcﬂ} )
B
1 [Ry 1 S
B
1 [.Rp Re 2 Re 2| | 5
)\325 27_3)\6 65_3)‘7 Sp T = A=A
2
m2,. R R R
Ay =20 — 205 — AT — A% cot B — £,
v
m ]_ ]_
A = 5 — AR cot B — SR,
v
2 m
Im 13 Im
= [
)\Im B 3 __27% B )\Ims (3 14)
5 = Cg ’U2 TR |

where in above equations, R}? = [R"diag(mj, ,mj, ,mj )R];; and the dimensionless
quantity 7 = Rem?,/vjv, is defined to replace the real part of m?,. Note the param-
eter AI™ can be solved in two different ways as is evident from the last two equations
and this leads to one more condition on the physical parameters and allows to reduce
one more parameter [147]. Of course when there is no CPV in the potential, these
last two equations become trivial since Ry = 0 and A% ; = 0. After the potential

parameters are expressed as functions of physical parameters, the purely scalar in-
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teractions can be obtained straightforwardly by expanding the potential in terms of
physical fields and physical parameters.

With now the scalar spectrum determined from the potential, the Yukawa cou-
plings of these calars can be obtained from the SU(2), x U(1)y invariant Lagrangian
which is given generally by
Ur— E;

2
Pruawa = — Q1L [Z (I)ijD er + h.c..
=1

2
DT [Z By
j=1

2
> oY
j=1

(3.15)

Here )1, Ey, are three vectors in the flavor space with each element being a SU(2),
doublet, Ug, Dg, ER are three vectors in the flavor space but SU(2), singlets, ® 5 are
the two Higgs doublets and ®; = e®;. Furthermore Y%, Y/}, Y/ are 3 x 3 Yukawa
matrice in flavor space. Diagonalizing the fermion fields, the above Lagrangian written
in terms of physical states is [59]

.ﬁ/ﬂyukawa = — UmUU — ﬁmDD — EmEE
2 .
+ £G—"_ @mUVDL —UrVmpDpgr — ﬁmEER] + h.c.
v
— LG UpmyUs — UpmyUr + DimpDg — DrmpDy,
v
+EmEER - FRmEEL]
\/i + |77 a7t T —
+ “ZH* [UpN{ VDL~ ULVNpDR — 7ENgEg| + hc.
v
Sy _ _
— 2L [UmpU + DmpD + EmgE]
v
Sy +iA° [ _ _
S ch i [URN[T,UL +DLNpDpg + ELNEER} + h.c. (3.16)
v

where mp is the 3 x 3 diagonal mass matrix for fermions of group “F” and Npg
is a 3 x 3 matrix and is completely arbitrary. In above terms, The first line is the
mass terms for quarks and leptons, the following three lines are Yukawa interactions
involving the unphysical Goldstone bosons which remain the same as that in the
SM, the fifth line is interactions involving charged Higgs H* where V is the CKM
matrix and the last two lines give Yukawa interactions of the physical scalars. Here

(S1, 52, Ag) are the scalars in the Higgs basis, the two Higgs doublet basis when only
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one doublet has the full vev and the other no vev. This doublets basis can be obtained

from the generic basis doublets ®; and ®5 by a rotation with angle j,

H c s d
o e (3.17)
HQ —Sg Cp CI)Q
and it follows that
o Copl + 553 | ¢
! vt+cgpi+sgpati(cgm+spnz) | wbSitiG
i V2 V2
+ + +
—Spp] + cap H
Hy — oYL T = . (3.18)
—sgp1tcgp2ti(—sgni+canz) Sa+idg
i V2 V2
Then (51, S2, Ap) are related to the physical scalars (hq, ho, h3) by
=(p1,p2,40)T
——~
51 Ca S 0 hl hl
SQ = —Sg CB O RT hg = éT hz ) (319)
A 0 0 1 hs hs

and a new rotation matrix R is defined for the Higgs basis scalars. For the case of

the CP-consering Higgs potential,

Sl = Cg_aH + Sg_ah7 (320)

SQ = —Sﬁ_aH + Cﬁ_ah. (321)

For 8 — a = 7, we can see from Eq. 3.16 that the couplings of the SM-like Higgs

takes its SM value. This limit is called the SM limit or the alignment limit. In many

following studies, I will take a bottom-up approach by working around this limit and
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open up the non-SM effects gradually to be consistent with all the phenomenological
observations.

Away from the alignment limit, since the matrix N is completely arbitrary, there
will be flavor changing neutral interactions(FCNI) associated with these scalars at tree
level which are generally dangerous since in the SM these processes can only happen
at loop level and are thus greatly suppressed. These tree level FCNI can be absent at
tree level if N*' is diagonal and can be obtained by allowing each Ug or Dy or Ey to
couple to only one of ®, 5. Fixing up type quarks to couple to @9, there are four ways
of assigning couplings of down type quarks and leptons to ®; o with natural flavor
conservation [131, 194] at tree level and this corresponds to the four types of 2HDM
generally encountered in the literature. I follow the convention of Ref. [37, 114] to call
them type I, I, III, IV and note that type III (IV) is also called type Flipped [59] or
Y [25] (Lepton-Specific [59] or X [25]). Defining Ny = kpmp with the 5 dependent
real factor kp given in Table. 3.1 for the four types of 2HDM, we write down explicitly

the Yukawa terms related to Sy, S3, Ap in a more intuitive form

Type I IT 11 1A%
ky | cotB | cot B | cot 5 | cot B
kp |cotB | —tg | —tg | cotf
kg |cotB | —tg |cotf | —tg

Table 3.1: The four types of 2HDM and the corresponding factor kp.

1 [~ ~ -
51,52,A .
EYtkgwaO = _; F_UZD Ea;g thaF |:R1Ta + /{FR2Ta - 175(2]3F)HFR§(1 F
1 _
- - haF[ t 8 — kp)RE / RT
5 > ) mphoF|ss(cot B — k)R, + ca(ts + kp) Ry,

F=U,D,E a=1,3

—¢75(213F)@R§a} F. (3.22)

The couplings in the other sectors of the 2HDM can be written down straightfor-

wardly. Especially the purely gauge interactions and fermionic kinetic terms are the
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same as in the SM, the gauge-fixing and FP ghost interactions can be obtained di-
rectly from the SM set by substituting S; for A. The Higgs kinetic interactions and
their interactions with gauge fields are more complicated but can be written down in a
compact form using definitions of several rotation matrices as was done in Ref. [137].

One such example is the “SVV” type interactions which is given by

AN
Lsyv = g(mWWJFW_‘i‘%—)ZR?ahm (3.23)
cw 2 a=1

St

where }N%ITG = csRY, + ssRj, and the terms in the sum is actually S;. So S; couples
fully to WW/ZZ and the strength of the hy 2 5 coupling to WW/ZZ depends on their
magnitude of component in S;. This can easily understood by going to Higgs basis
and notice that only the term corresponding to the doublet with nonvanishing vev

can generate such couplings.
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CHAPTER 4
ELECTROWEAK BEAUTYGENESIS

Currently most of the CPV interactions in existing literature are flavor diagonal
while EWBG induced by flavor off-diagonal interactions is less studied [95, 213, 176].
The flavor off-diagonal scenario is beneficial in that it wont contribute to EDM until
at two-loop order upon properly chosing the Yukawa textures in the weak eigenbasis.
Thus it is less severely constrained by the null search result of EDM for various sys-
tems which generally impose the most stringent constraint on new sources of CPV.
Also there will generally be flavor off-diagonal interactions that provide novel signa-
tures of flavor changing neutral interactions of the Higgs boson. In particular the
lepton flavor violating Higgs decays reported by ATLAS [8] and CMS [163] might be
connected with this scenario. As the Higgs signal strength measurements in various
channels acquire higher precision in the future, this will either confirm or exclude
such scenarios. Along this line, in Ref. [176], we introduced a novel scenario that the
baryon asymmetry is generated by a flavor off-diagonal CP-violating Yukawa inter-
actions in the down quark sector. This scenario is set in the type III 2HDM with
generic Yukawa interactions in the b — s quark system and its connections with CPV
in B, — B, mixing is explored. In this work, we extend our previous analysis by
doing a more detailed study of this flavor off-diagonal EWBG scenario. We found
that the mass matrix texture in the weak gauge eigenbasis is severely constrained
by the bi-diagonalization procedure and we list all possible mass and Yukawa matrix
textures thus allowed by this condition. Furthermore we made a more comprehensive

and detailed analysis of the phenomenological constraints.
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The rest of this paper is organized as follows. In Sec. 4.1, we define our conventions
on the type III 2HDM and discuss CP-violation in the Yukawa sector. We then in
Sec. 4.3 analyze phenomenological constraints on weak eigenbasis and mass eigenbaiss
parameters from experimental measurements of Higgs signal strength measurements,
B, — X,v, B, — B, mixing and electric dipole moments. We calculate in Sec. 4.2 the
baryon asymmetry within the framework of closed-time-path-formula. We then make

a summary.

4.1 Two Higgs Doublet Model

Since our focus is on b — s Yukawa induced CP-violation the details of the 2HDM
potential wont matter so much and we consider the softly broken Z, symmetric and
CP-conserving Higgs potential [59, 138] which is one of the mostly studied case in
the literature. This means we take \¢ = A\; = 0 in discussions of chapter 3. Also we
do not impose the accompanying Z transformation on the quark sector such that a

type III Yukawa texture can be allowed.

4.1.1 Yukawa Interactions and CP-Violation

At high temperatures when Higgs have not yet developed a nonzero vacuum ex-
pectation value(vev), the quarks and leptons which later gain their mass through
Higgs mechanism are now all massless. The transition from this electroweak symmet-
ric phase to a broken phase occurs during the electroweak phase transition(EWPT)
through bubble nucleation, expansion and coalition. The turbulent bubble boundary
provides a non-equilibrium environment where the CP-violating interactions leads to
a imbalance between left and right handed charge densities which then bias elec-
troweak sphalerons in the symmetric phase to generate a net baryon number. This
baryon number is then captured by the expanding bubble and leads to the baryon

asymmetry we observed.
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The CP-violating interactions that enter this picture add source terms to the
coupled transport equations for the various charge densities and the calculation is
generally based on the vev insertion approximation [200]. In this approximation, the
Higgs vev and its rate of change is assumed to be small and the transition to mass
eigenbasis is treated perturbatively by considering particles scattering off the Higgs
vev using the bilinear mass terms in the weak eigenbasis.

In 2HDM, the SU(2), ® U(1)y invariant Yukawa interactions one can write down
for down type quarks is

Lo = —Qr [21Y,” + ©:.Y,"] D + h.c. (4.1)
where ), and Dy denote three families of left-handed doublet and right-handed
singlet quarks and Yf; are two generic Yukawa coupling matrices. Since our focus

is the b — s system and the down quark mass is negligible, we adopt the following

Yukawa structures with complex Yf; components

v (DY + v2(2)Yy”
V2

Mp(z) =

vi(Z) |0 (YP)22 (YP)as | +02(2) | 0 (YiP)2 (YiP)as
0 (Y7)s2 (Yi")ss 0 (Y)se (Y57)ss

Sl

(4.2)

Here we have assumed a one dimensional bubble profile for simplicity and z is the
spatial coordinate in the bubble wall rest frame with Z > 0 corresponding to broken
phase and z < 0 to unbroken phase. We also assume the Yukawa structures in up-
type quark sector are chosen appropriately to reproduce the CKM matrix when Higgs

field acquires a full vev.
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Some of the phases in the mass matrix can be partly removed via appropriate
quark and Higgs field rephasing. It can be seen that the gauge kinetic term and the

potential is invariant [101] under the following transformations
U)o, @UB)p, @ U(2) . (4.3)
More explicitly, we define the transformation to be
D;% = D(Dg)Dr, Q) =D(QL)Qr, CI); = Ui; P, (4.4)
and the Yukawa matrices is transofrmed to
Y, = D(Qu)Y,” D' (Dr)U};. (4.5)
For fields rephasing, the transformation matrices are diagonal

D(Qp) = diag(--- 761957 )
D(DR) = dlag( o 767:057' ”)7

U:dlag( 7€i9§{7"')7 (46)

with here the index a running over the number of generation of quarks and ¢ taking

values of 1 and 2 since there are two Higgs doublets. Defining the phase of Y2, to be

i,a
Y
ei,ab7

then from Eq. 4.5, we have

9221; = GZab + 68 — 67 — 07, (4.7)
~———
=€,

and we have defined £, to a linear combination of 6%, 6% ¥ for convenience. For the

a’’a’’

Y

specific Yukawa structure in Eq. 4.2, we have now eight 6; ;,

eight & . and a total
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of six of Y, 0% 9. The 8 x 6 transformation matrix from 6%, 6% 6F 0F 6 98 to

eight ¢, has rank four, thus only four of £, are independent and correspondingly a

Y

i ap can be rendered real by rephasings. The number of ways

maximum of four of 6
that such 4 phases can be removed is 58 but physical observables should only depend
on rephasing invariant representations of CP violation. In our previous study [176],
Vi, Vi, Yy and Yy}, are set to be 0. For the remaining 4 of 6}, only 3 of &,
are independent and the last remaining phase was chosen to be 9}/732.

More generally, if we consider not just fields rephasing but generic transformations
then things become more complicated in finding invariant characterizations of CP
violation. In SM, there is only one such invariant, the Jarlskog invariant [151, 111].

Generalizations to 2HDM have been studied in the past [57] and invariants are

generally constructed by taking traces or determinants of appropriate products of

;i - In our calculations, we have expressed the CP-violating source terms in terms
of such invariants. For more generall transformations, the study of the invariant forms
of the result will be postponed to a further study.

In the broken phase when Higgs acquires the full vev (= 246 GeV), the diagonal-
ization of the mass matrix in Eq. 4.2 will give the Yukawa interactions in the mass
eigenbasis which has already been summarized in Eq. 3.16. The relation between Y1D2
and mp, Np is

Y2 + 0pV,P —0y,
LR Y S VAN 1\/5

Dt
N ADE, (4.8)

mp = A?
and AP /g are the matrices that diagonalize the quark mass matrix. The diagonal-

ization of the mass matrix is in fact the singular value decomposition of the complex

matrix Mp,
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0 0 0
Mp = AP | o m(MP) 0 AR, (4.9)

0 0 my(MP)

with unitary matrices AP R each of which can be parametrized by N? (N = 2)real
parameters. The real diagonal mass matrix has N real parameters making the total
number of real parameters on the right hand side 2N? + N. However the above

decomposition is invariant under the transformation

e 0 0
ADr=1 0o € 0o |ADg (4.10)
0 0 €%

and this can be used to eliminate N phases on r.h.s of Eq. 4.9. So we can parameterize

N(N-1)

5 rotation

the 1.h.s of Eq. 4.9 using 2N? real parameters, or more explicitly, 2 x

N(J\;Jrl) — N = N? phases. The original Mp, being a

angles, N physical masses and 2 x
generic complex matrix, has 2N? real parameters with N? magnitudes and N? phases.
With such parametrization and for appropriately chosen parameter space, we can find
one to one correspondence between these two sets of parameters. In fact physical
masses have known values and therefore we actually have 2N? — N independent real
parameters. We discuss then the actual procedure of mass diagonalization and these
additional N constraints.

To actually find the map between these two parameters sets, we use the following

diagonalization
APMpMEAYT =m2, APMEMp AT = m?, (4.11)

to find the unitary matrices AP, AR which in most general case can be parametrized

by
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1 0 0 1 0 0
A?T - 0 Cay SaLeiaL 0 ew)% 0 ’ (412)

0 —sq,e7% ¢, 0 0 e

and use the similar definition for AgT with L — R. The rotation angle o,z and
phase 0/ are defined by

_ My Myg® + Mo M|

D Dx D Dx
tanOéL == )\+ — |M2D2|2 — |M2D3|2 ) 9[/ = arg(M22M32 + M23M33 )7

and

| My Mg + Mg Mys"|
Ap — [ My — [Mg*’

tan ap = Op = arg(ML*Mb + MEME*),  (4.13)

with here Ay being those two eigenvalues of M Dsz or MI)M p relevant for us,

A =

3
1
5 [Z |MT|? + \/(IM%%P + [Mp[? — | Mg|? — [M33]2)? + 4| Mgy Maz* + M Mz*|?| .
i,j=2

(4.14)

/R

For the phases /" as mentioned earlier, we can determine ¢ — oF from Eq. 4.9

while pF + ! are redundant and can be rotated away. Equivalently, we can define

©F to be 0 and determine o from Eq. 4.9 or vice versa. Choosing the former case,

L

then for each i, we set pF + ¢ = 0 and solve pF — pF from

mPelei—e) = (ALDMDA?)%W%?N i=1,---,N. (4.15)

=0’

When the texture of Mp is chosen such that the value on the r.h.s. vanishes automat-

ically then o — oF should be set to 0 so the number of parameters in the weak and
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mass eigenbasis are the same. Since diagonalized quark masses have known numerical
values pF — o can be solved for each ¢ when the corresponding quark mass m? is
non-zero and in addition we have one real constraint on the parameters in the weak

basis such that the diagonalized quark mass is indeed the numerical value. When for

one i, mP is required to be 0, we set F — pf = 0 and have two more real relations
among the weak basis parameters. In our special case of two quark families, we have
three real relations among parameters from the following two (one real, one complex)

relations,

3
tr(MpMp) = Y |[(Mp)y|* = m3 + mi,

i.j=2

det(MDML) =0 x* |(MD)23(MD)32 — (MD)QQ(MD)33|2 =0 x* mgmg (416)

In our following calculations, we take my = 0 consistently and then the above two

relations become

3

> 1(Mp)i* =mi and  (Mp)as(Mp)sz = (Mp)aa(Mp)ss.  (4.17)
ij=2
From the first relation, we can see the magnitude of all the matrix elements in Mp
are set by the scale of b quark mass and the different components in the mass matrix
are competing against each other for magnitude. A larger b — s transition would
make the others to be smaller and on the contrary a larger diagonal element can push
the b — s element to the corner.

Two more conditions follow from the second equation, that is, the equality of the
phases and magnitudes of the products of two diagonal and two off-diagonal elements.
From these, the number of zeros in Mp can take the value of 0, 2 or 3. In the case of
three 3 zeros, the non-vanishing element is (Mp)s3 and its magnitude is m,. In this

case, there is no CP-violating source terms generated and we do not consider it. If
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allowing 2 zeros, then one should be diagonal and the other off-diagonal and we have

the following four textures

00 0 00 0 000 00 0
00 0], [ox x|, o xo]l, [0o0 x], (4.18)
0 x X 0O 0 O 0 x 0 0 0 x

and the first one is what we considered in our previous work [176]. Here each non-zero

component is a linear combination of corresponding two Y,”, matrix elements from

i,ab
Eq. 4.2 and it can be shown 3 of the 4 Y7, can be made real by field rephasing but
the remaining complex number can be any one of them. Physical results however

do not depend on the choice of the phase convention and for convenience we always

choose the off-diagonal Yﬁj

(¢ # 7) to be the only complex parameter. Therefore we
parametrize the off-diagonal mass matrix element in the weak basis after the Higgs

acquires a full vev by

vSs b
(Mp)ij = —ZYai, L+ cot Bsgn(¥rije ] (4.19)
D

with here r;; = E}b"j and ¢;; is the phase of YQ%-. On the other hand, due to the

2,15

constraint in Eq. 4.17, we solve the magnitude of the diagonal YQ% by

\/2(m# = |MPP)

v]sp[1 + cot 57%37/9”(3/1%}/2%)“ ’

Yol = (4.20)

which leads to the requirement mj, > [M[].

4.2 Baryon Asymmetry Calculations
In this section, we write down the set of coupled differential equations for the

various particle densities including the effect of diffusion, particle number changing

72



reactions and CP-violating source terms and solve them analytically under reasonable

assumptions to find the baryon number density.

4.2.1 CP-violating Sources

The calculation of the CP-violating source terms SiC/P entering above quantum
Boltzmann equation follows closely the treatement in Ref. [200, 174] and we refer the
reader to those references for more details. In our case, the CP-violating source terms
are generated by the bilinear terms in the Lagrangian, that is, the mass term for b

and s,
AL =—5[MEJ(Z)Pr+ MZ*(2)PL] b—b[M2(2)Pr + MJ*(2)P] s, (4.21)

This then generate the CP-violating source term for “b;” in Eq. 1.73,

_\ 2000 (z 0o
gor — Nl MEEPTES / dik?
L
0

- 2
™ Wy Wsp

(gngsR B kQ) [nF(aSR) B nF(g?;L)] (gbLgsR + k2) [nF(gsa) + nF(gbLﬂ
fm { (gsR - g?;L)Q " (5812 + EbL)Q } ’

(4.22)

where np = ﬁ is the Fermi distribution, N, = 3, ¢, = w, — i[', and w? = k* + m?

Jr
for particle a. The source term for sg is connected with by, by Sgép = —Sli/P while for
sr,br, the corresponding source terms can be obtained from above formula by the
substitution b <+ s. In the above expression, the phase 95 (%) is defined by

D

1 .
MP(z) = — [m(zmﬁj + vg(z)yﬁj} = |M£|e“"u, (4.23)

and its derivative can be written explicitly by
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fa fa

Figure 4.1: Vev insertion approximations, the subscript “A” and “C” denote chirali-
ties “L” or “R”.

1

05,<2) Q‘MD 2 [(|Ul|,|v2| - |U1||U2| >|Y1Dz]}/éDz]| SiIl( 1,ij 0%/1])
+5 Z|Uavb|| az]}/szgK a,ij +0b1]) COS(QZU 91{1])]7 (424)

Here all the derivatives are taken with respect to zZ and above phase difference and
sum can be written explicitly in a manifestly rephasing invariant way under the

transformations in Eq. 4.6,

VUi .
QZM ebu = Ar g[ 20 §*] —|—AI‘g[UO b YaD'LjY;MJ]
VaUp
(e}z/z] + eb ’L]) = (Arg[vovo])/7 (425>
a“b

where v is the corresponding vev at zero temperature. We note that fields rephasing
only change v; and Yukawa couplings by global phases which are then independent
on z. Also the same amount of global phase change in v; will propogate alll the way
to v) leaving their ratio unchanged. On the other hand, the quantity v2v *Y;&YL g

one of the rephasing invariant quantities at zero temperature and is similar in form to

those found in the literature. We note that for real v; and vy, the derivative reduces

to
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1 :
4 = 2’M—£2|Y12j||y22j (vv2 — vyo1) sin(pyn — pyp ). (4.26)

and is just what we used previously in Ref. [176].

4.2.2 Transport Equations and Baryon Asymmetry

We neglect weak sphaleron interactions so we can forget about leptons in the
equations and this also implies global baryon number conservation. Furthermore local
baryon number is also approximately conserved since their diffusion are dominated
by strong interactions. We also assume weak interactions are in thermal equilibrium
then particles in the same isodoublet have equal chemical potential. Thus we define
Q123,U,D,C,S,B,T,H = HI + H? — H; — HY corresponding to three families of
left chiral quarks, right chiral quarks and Higgs bosons in which @1, U, C, D are only
produced in strong sphaleron interactions. We include also top Yukawa and relaxation

processes while neglect others then with all these taken into account we have

Q1= —2U = —2C = —2D,

3

S(Qi+ Ui+ Di) =0, (4.27)

=1

which impose constraints among the entire set of 10 charge densities (123, U123,

D, 53 and H and leave us 6 which we choose to be Q2,Q3,br, S, tr, H.

8,Q4 = 2T 05 + ST,
0,Q% = Do, (€ — €q,) + Tu6y + 20405 + SE7,
0uT" = —T'n, (&7 — £q,) — Dot — Tsss,

O, H" = T8, — 2T, H,

05" = —Tibss + SF

SR ?

9,B" = ~Ty8,s + S5 (4.28)
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Here 0,5 = Z?Zl(&]i +&p, — 280,), 0 = &7 — En — &0,y Dss = 165 T with k' ~ 1
is the strong sphaleron rate [186]. For CP violating source terms here, we have
Sg{ip = —SbCL/P and Sgip = —SSZP . Also as usual we ignore the bubble wall curvature
and work in the bubble wall rest frame with the coordinate z = x4 v,,t with v,, being
the wall velocity and z < 0 corresponding to unbroken phase while z > 0 associated
with broken phase. Then all the above number densities are functions of Z. Assuming
also Dg, = Dy, = Dp, = D then we are able to solve the above coupled diffusion
equations analytically order by order in ri and rit as follows. We define 05 = Q2 +25
and 03 = Q3+ T + S as well as § = S — B and then we have

o/ C/P
9,00 = S — §F = g gf1

by,

_ QP cP _ oCP c/P
0,05 = Sg +2557 =57 — QSbL ,

9,04 = S + 89 =0, (4.29)
giving ny;, = Z?:l Qi = —%(5551{‘3. The last remaining equation is about H which we

put in the standard form

T 2 ks | 3 |kn| 4

D 2 Dp| & | & 20

U 0.4 L, % K 1

AB =005 | a. | 009 |oaw| &

0, | arcsin(+/0.23) | Ty, | 6602 T | Ty, | 65 SalT
To, «n a,T I, 0 s | el

Table 4.1: Summary of Inputs

DHH”—UwHI—FHH—FSH:O, (430)

where / means derivatives with respect to z, then upon neglecting ¢, and ds, terms,

we have
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Dy — TDpkyg + 6Dkg

Thy +6kp
_ 720, +Th,)
Ty = ——
Tky + 6k
5 _ ki (3SE7 + 4S5 + 6557 +4897) kg (259 — S{) (431)
= Tky + 6kg "~ Tky+6kp ‘

Another thing to notice is that the assmption D = Dg makes coefficients of 4, do, 3
all vanish. Assuming 'y to be constant of space coordinate, we have the analytical

solution for H in the unbroken phase,

1
DAl

HZz<0) = { / ?H(u)eAf“dul evw /Py (4.32)
0

where A = vV HADETE N with H .8, 09, 03 solved at leading order in = and

2DH [ss
Fit, ny, being proportional to d,, can be written down explicitly. Here dss can be
obtained by plugging the leading order solutions back in the diffusion equaiton and

discarding higher order terms,

0,04 — 5C”

§os = 4.33
T (4.33)
and Qs = Q[kH(S(S_%;;&HH’“R], then we have
1 [2kg
Bss = 2R (v, H' — DH") — 389 — 2597 | . 4.34
14T, | kn (v ) =39, br (4:34)

We only need nj, for Z < 0 and since all CP violating source terms vanish, then

1
TLL<§<O) = —5(5331{13
_ R pum
140 sk
k% o2 D
= —— 2 (1—-=—)H(2). 4.35
(1= SH() (4.35)
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The baryon number density pp satisfies the equation [71, 94]

15
8MPBM = _@(_Z)FwS(ZpB + 3nL)> (4-36)

where the weak sphaleron rate is given by Ty, = 6xa3T with x ~ 20. The solution

of pp in the broken phase is

?)Fws — 7)\0
pB(2)|z>0 = —/ nr(y)e "Ydy
3L s KL 02 D } /—°° -
= — _w 1 — — H (& pyd . 437

4.3 Phenomenological Constraints

In this section we discuss phenomenological constraints on the parameter space.
We first consider the constraints on the modified SM Higgs couplings from the Higgs
signal strength measurements and then we discuss how FCNC interactions can alter
the precisely measured B? — BY and B, — X, observables. Finally we consider how
searches of electric dipole moment affect the magnitude of CP violation. In all the
analysis, we have assumed that the CKM matrix can be faithfully reconstructed from
the Yukawa structures we considered by appropriately choosing the up type quark

Yukawa textures.

4.3.1 Higgs Signal Strength

In our model, the only modified SM Higgs couplings are hdd’ interactions. Since
we assume no CP violation from the potential, the particle spectrum is the same as
those generally considered in other CP-conserving 2HDM while the Yukawa couplings
differ

- 1My, 7
hdidj . —Sﬁ_ale(sij — Cﬁ_a;[ngl + Njel* + (Nz?/ — Nj?/*)’yg)] (438)
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Figure 4.2: Neutral(h, H, Ay) and charged (H*) Higgs contributions to By — X,y by
quark level b — sv and b — sg. The quarks in the loop are of up and down type for
charged and neutral Higgs respectively.

In type LIV 2HDM, NP = cot fmp and in type II, III N'? = —tan Smp. In our
case, it has non-diagonal terms. Since the couplings from N?’ does not appear in
other channels. Therefore the conclusion that the 2HDM is close to the alignment
limit 8 — « is only modified minorly and the deviation depends on how precisely the
various Higgs signal strenght are measured. The benefit for BAU is that cos f — « is

small and therefore the effect of a relatively large NP can be allowed.

4.3.2 B, — X,y

For type 111 2HDM, flavor changing neutral interactions(FCNI) exist in the Yukawa
matrices and therefore contribute to the transition b — sy and b — sg at quark level.
The resulting rare decay B; — X,y places rather strong constraint on new physics
model, so in this section, we see how this would affect our model. Experimentally,

the global average of the brahcing ratio from HFAG [23] is
Br(B; = Xo7) 5" 6cev = (355 £ 24 +9) x 1077, (4.39)
while the SM calculations give

Br(B, = X:7)5 21 66ev = (315 £23) x 107°. (4.40)
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In 2HDM, one loop level exchange of the neutral and charged Higgs in Fig. 4.2
contributes to this branching ratio through the following two dipole operators (See

Ref. [63] for details.)

L/R e — w L/R g S a a
7/ = @mbsaau (1F 75)baF#u, 8/ = @mbsaa“ (1F VS)TaﬁbgGuy, (4.41)
and the associated Wilson coefficients are generally denoted by C’f /B and C}f /B In-

cluding SM NNLO result using the master formula [185, 65, 52, 53, 56|, we can

separate new physics contributions from that of SM,

Br(B, — X,7) = Bia*® + 0.00247 [|ACK ()| + [ACE (us)[? — 0.T06Re(ACE (1))

(4.42)

where AC’7L / R(ub) characterizes new contributions to the Wilson coefficient Qg/ ® from
diagrams in Fig. 4.2 at the scale of B; meson mass and the expressions for C’% éR are
summarized in the following. In the running from the 2HDM scale py to hadronic
scale, we have neglected extra operators induced by FCNC interactions and their
mixing with SM operators.

The four Wilson coefficients C¥, CF, C¥ and Cf' receive contributions from di-
agrams shown in Fig. 4.2 by mediations of neutral(h, Hy, Ag) and charged(H*)
Higgs scalars at one-loop. For completeness, we also show the SM contribution from
one-loop exchanges of W*. We have demonstrated explicit cancellation of the gauge

parameter dependence in our calculation and the result here also agrees with Ref. [56].
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+ 0 0
Cp ) = O3> (i) + C™ () + O™ ()
NIVH (VNS NIVH L (NTV).
(NpV )si(V D)sz;l)(xHi>_( pV )si UV)ZbF7(2)<,IfIi)

2 i
3m; m;my

1 (N7)is (N 0 0
—= > (R (8 RVl + o A + B )]
i=d,s,b g

N/* is N{* ;
_% [_Sé—an(z) (@) = & P (al") + F§2>(a:;‘°)}) (4.43)
ity

0 0)SM 0)H* 0)HO,h,A°
Cip(um) = CS (uw) + CEA™ () + CI " ()

= > ViVi {——Ao( )}

i=u,c,t
VTN/ o N V), VINL) G (VNL),
+ Z ( )bF(l( Hi) ( U) ( )bF(Q)( H:t)]
i=u,c,t mpym;
N/ Sl N/ ) 0 o
5 > [ B (@) 4 RO @) + FO(f)
i=d,s,b
Ny st N; 7
_% [—sé,apgﬁ) (quo) B c?g,aFf)(x?o) " F8(2)(x{‘°)b (4.44)

+ 0 (0]
C(uw) = C™(un) + ™ () + CP M ()
S (Ngvf)si(VNb)sz(l)( Yy (NRV )i (NgV )y

A 3m? mmy
1=u,c,t

N/* ZS K1
o 3 (Lol 0 B0 et FO ) + RO)]
i=d,s,b

N/* is N/* ;
_(NB)is(ND)e [—Sg,aﬂg@)(iﬁf{o) _ Cngan(Q) (=) + F8(2) (a;?o)})(,4.45)

Y <xf*>]

m;imy

81



0 0)SM 0)H* 0)HY,h,A°
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Figure 4.3: h, H and Ay mediated tree diagram contributions to B? — BY at quark
level.

82



4.3.3 BY— BY Mixing

The presence of flavor changing neutral interactions in the Lagrangian associ-
ated with neutral Higgs scalars will contribute to B? — BY mixing through the
treel diagrams shown in Fig. 4.3 at quark level. In SM, the mixing happens first
at one loop through W* mediated box diagrams and includes a single operator
(b, Prs)(by*Prs) + h.c. [108, 60]. While for the leading order tree level diagrams
shown in Fig. 4.2, a different set of operators contribute and the effective Hamilto-

nian after integrating out the heavy scalars h, H, Ay is

HEPT2 (ug) = CP™(bPps) (bPLs) + CYRR(bPgs)(bPrs) + CY¥(bPys)(bPgs) + h.c(4.48)

Here we follow the conventions of Ref. [64] on classifying the operators using “SLL”,

“SRR” and “LR” and their corresponding Wilson coefficients at 2HDM scale py is

i) 2 i \2 W% i
CSLL _ _ (Ksp) CSRR _ _ (Kbs) CLR _ 2K g Kps
1 - 2.9 1 - 2.9 2 T 2.9 (449)
— MV — MV — MU
K3

wherein the sum runs over h, H, Ay with their respective coupling matrices s given
by
iNp,

KM = —Cﬁ—*O‘N/’D, T SﬁiNb, KA = — : (4.50)

V2 V2 V2

Running down to the hadronic scale at B, mass, the “SLL” operator mixes with the
tensor operator (bo,,, Prs)(ba* Py s), the “SRR” operator mixes with (bo,,, Prs)(bo*” Pgs)
and these two sets have the same evolution matrix since QCD preserves chirality. Fur-

thermore the “LR” scalar operator mixes with (by,Prs)(by*Pgs). Including also the
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Figure 4.4: Baryon asymmetries with CP violation in By meson system incuded.
The blue regions are allowed regions from fit to the B? — B? parameters, semileptonic
charge asymmetries and CP asymmetries in hadronic By decays. Here we have chosen
ma,/mg = 1.002

values of the hardonic matrix elements, the final contributions to the B? — BY mass

splitting is captured in this equation [64],

— 2
AM, = 2| M| = 2(BIHAP (u)| BY) = SmpFER2A6CH — 1.47(C5 + CFW)

(4.51)
Physically this contribution can be probed in the following observables
AT, = AMcos(¢S™M + ¢2),  Am, = AmSM|A,],
ATSM gip (6SM A
MO TO) g, = ag g2, (452)

BT AmT A

where Amg and AL’y are the mass and width difference between the heavy and light

B, mesons, ag;, is the charge asymmetry in semileptonic B, decays and s character-
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izes the time-dependent CP asymmetries in the hadronic B, decays. We thus do a
combined x? fit to the D), CDF and LHCb measurements.

Even though the generic Yukawa structures give a tree level meson mixing, there
is certain limit when this contribution vanishes. The Higgs signal strength measure-
ments pushes the 2HDM to be close to the alignment limit 5 — o = 7/2 where the
couplings of h reduce to those in SM and does not contribute to the above Wilson
coefficients. Furthermore the contributions of H and Ay to CFMF and CFRR add up
to 0 when their masses are degenerate. On the other hand, CI® can be made 0 if
we keep only one non-diagonal matrix element. In this special situation where all
these conditions are met, new physics contributions to mixing occurs at one loop and
since their masses are much larger than the W mass, their contributions are much
suppressed. Therefore a large CPV effect for BAU can be quite safe for the mixing.

The final combined plots are shown in Fig. 4.4 where the various phenomeno-
logicall allowed regions are plotted as colored regions. There the dashed lines label
the obtained baryon asymmetries relative to the observed value where for the blue
lines only half of the baryon asymmetry can be obtained, the red lines give the right
amount of baryon asymmetry while the green lines give an over-abundance of the
experimentally measured value. From these analysis, we can see a quark sector CPV
can provide the mechanism for generating the observed baryon asymmetry while at

the same be compatible with the other phenomenological measurements.
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CHAPTER 5
LEPTON FLAVORED ELECTROWEAK BARYOGENESIS

In 2015, the CMS collaboration reported the result [163] of their first direct search
for the lepton flavor violating(LFV) decays of the Higgs boson in the channel h —
7i and observed a slight excess with 2.4 standard deviation and with a best fit
branching ratio Br(h — 7p) = 0.847032% as well as an upper limit Br(h — 7p) <
1.51% at 95% CL. Several months later the ATLAS collaboration also presented
their search [8] of this channel and put an looser upper limit on this branching ratio
Br(h — 7u) < 1.85% at 95%CL. Recently ATLAS updated their result [9] and
reported a more stringent upper limit with Br(h — 7u) < 1.43% at 95%CL. This
LFV process if futrher confirmed would certainly imply new physics since the SM can
not accommodate it. On the other hand if this is indeed the portal where new physics
hides, the chances are high that there will also be CPV with this sector which could
be responsible for the generation of baryon asymmetry during the early universe. It
is also intriguing to see how this CPV that could be origin of the BAU manifests itself
phenomenologically at collider searches and in low energy probes of electric dipole
moments. We thus study a model with an extended leptonic Yukawa sector where
LFV interactions and new sources of CPV exist and study within the framework of
EWBG to see if this CPV can generate the right amount of CPV during the EWPT
and see how this CPV can be detected at collider searches and low energy probes. We
will work in a simple benchmark model, the 2HDM with generic Yukawa interactions
in the lepton sector. It can be seen from previous analysis that this kind of interactions

can be generated if the right-handed leptons couple to both Higgs doublets.
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5.1 Type L Two Higgs Doublet Model.

Since our focus is on CPV in the lepton sector, we assume the potential to be
CP-conserving with parameters chosen to generate a strongly first order electroweak
phase transition (EWPT) [110, 109]. The particle spectrum consists of two CP-even
neutral scalars (h, H), the neutral CP-odd A°, and a pair of charged scalars H*. Here
we take the lighter h as the SM-like Higgs boson. The SU(2);, x U(1)y invariant weak
eigenbasis lepton Yukawa interaction is

_gpLepton _ _E_i [(YlE)z‘jq)l + (Y2E)ij<b2} eg% + h.c., (5-1)

Yukawa

where @, are the two Higgs doublets with the same hypercharge, E% is the left-

733}
7

handed lepton doublet in family and e{z is the right-handed lepton singlet in

family “j7. We focus now on the second and third families, neglecting the muon
mass as a first approximation and assuming the Yukawa structures are such that the
relevant up- and down- type quarks have similar couplings as those in SM.

The relevant Jarlskog-like CPV invariant that is the origin of both BAU and

non-vanishing ¢, is the imaginary part of the following basis invariant [151, 57]:

2
Jo= o O vevime 3 () 52)
U2 ab,c=1 =T,
where v, = vV2(®%); g is the coefficient of ®1d, in the potential; and pliP the
corresponding value when the @, are transformed into the “Higgs basis” [57, 59]
in which (®9) = v/v/2 = 174 GeV while () = 0 . The value of Jz is invariant
under a U(2) Higgs doublets basis transformation and lepton family transformations;
it is normalized to v?*ufP to obtain a dimensionless quantity. Note that Jg takes on
different explicit forms in the weak eigenbasis (most convenient for BAU calculations)

and the mass eigenbasis (appropriate for phenomenological analyses).
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In the weak eigenbasis, the (u, 7) mass matrix is

M = (Y + ) V2 (5.3)

At T = 0 it is bidiagonalized to give the physical masses, which constrains the
possible textures for M in the weak eigenbasis. For illustration, we choose a texture
wherein only the second row elements Yﬁu, Y]E;T (j = 1,2) are non-vanishing. After

all possible rephasings of the lepton and Higgs fields, only one of the four non-zero

Yukawa matrix elements can be complex, chosen here to be Y/ The resulting

17"
off-diagonal mass matrix element can be parametrized as
E _ USBvE E 62
M7, = EYQJu[l + cot sgn(}g,w)rwewfﬂ] : (5.4)
with 7, = Y/ |/1Y55,] and tan 3 = vy /v;. We further assume the non-vanishing

diagonal elements of the two Yukawa matrices to be equal and positive for sim-

plicity giving then ME = oY% (sg + c5)/v/2. From the diagonalization condi-

2,771

tion |ME > + [MZ]? = m2 (neglecting m, compared to m.), we obtain Y7 =

T 2,17

\/Z(mZ — |ME,|2)/|v(ss + cg)|, which implies that |[MF,| < m,. Under the foregoing
assumptions, the independent weak eigenbasis parameters are |Y2Em|, gbfﬂ, 7., and .

The other linear combination of the Yukawa matrices, (—v,Y{" +v,YS?)/v/2 gener-
ally cannot be simultaneously diagonalized and that couples to the Higgs basis neutral
scalar hy = — sin fPY + cos PY that has no T = 0 vacuum expectation value (vev),
in contrast to the state h; = cos f®Y + sin 39 whose vev is v/v/2. The content of
the physical neutral scalars h, H, and A° is determined by diagonalizing the scalar
potential, assumed here to be CP-conserving, with corresponding mixing angle o.

The resulting couplings to the 7 lepton are given by

1
—=TL7R[A(Mr 850 + Nizcs—a) + H(mrCgoa — Nizsp-a) +iAoN7] +hee.,  (5.5)
v
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where the angle (5 — «) is invariant under Higgs doublet basis transformations [138]

and the real and imaginary parts of NZ are related to the corresponding parts of Jg,

2, HB HB, 2
vy RedJg — 2p°ms
HB
2u5m,

21VE |2
tanzﬁzl v ‘Yé,fu (1 —7’2 )7

Re(N;;) =

4m., TH
vImJy vV ImYE
Im(N) = = oETE 5.6
m( TT) 2m7- 2m7- ( )

Since physical quantities are independent of the choice of Higgs basis and thus tan 3,
we will eventually work with tan 5 = 1 for convenience (indicated by the second
line above) while keeping the following expressions largely general. The off-diagonal
element Nﬁ controls the strength of the Higgs CLF'V couplings

NE
—%ﬁﬂR(Cﬁ_ah — sg_oH +1iAp) + h.c., (5.7)

and its expression in terms of weak basis parameters is

E __ _id
N‘ru_e TTME
TH

) (5-8)

where 0 is an arbitrary, un-physical phase undetermined from the diagonalization
procedure that can be removed by a field redefinition. Finally the charged Higgs

interactions are governed by —v/2/vH +EN5- el +h.c. .

5.2 Phenomenology and the BAU.

We will express the various phenomenological constraints and implications of the

BAU in terms of the effective h77 coupling [49]

—&(Reyﬁ'T + Imy, Tiys7)h (5.9)
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with Rey, = k,cos¢, and Imy, = k,sin¢,. In the transformation from the weak
basis parameters to mass basis parameters, the condition |Mf/1] < m, imposes a
strong constraint in the (Rey,, Imy,) plane in Fig. 5.1, allowing only the interior of a

circular region plane centered at Rey, = sg_o+cs_a(1+72,)/(1=72,), Imy, = 0 with

2

2l For rp, =1, NE is purely imaginary and corresponds

radius 2|cg_qrr,/(1 — 7
to a vertical line at Rey, = sg_,. Moreover, for a given r,,, the three mass basis
parameters are not all independent. For example, inverting Eq. (5.6), we can solve
for |Y;7,| and sin ¢%, as functions of ReN/. and ImN.. Eq. (5.8) then implies that

rates for CLFV interactions like h — 7p and 7 — py depend on I'(h — 77).

5.3 Higgs signal strength measurement.
Measurements of the Higgs signal strength in the 77 channel, ™", constrain N¥

TT)

which enters the h — 777~ decay rate via Eq. (5.5):

. \/iGth
N &

r M85 + ca_aNE2. (5.10)
Experimentally, ATLAS gives p3 s = 1437035 [7] while CMS favors a smaller
one pfhys = 0.78 £0.27 [80]. We combine these two measurements by centralizing
the errors of ATLAS, assuming both to be Gaussian distributed, neglecting their
correlations and defining a x? to obtain the 95%C.L. limit. The allowed parameter
space from this constraint corresponds to annular regions between the green dashed
lines in Fig. 5.1. A future determination of this coupling that agrees with the SM value
within 10% is plotted as the inner sky blue band. The green regions that correspond
to the intersection of above bands with the two circular regions from |[M” | < m., are

the u™™ constraint for 7, = 0.9(left) and 7, = 1.1(right).
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5.4 Constraints from measurement of Br(h — 7pu).

The flavor off-diagonal NT}—Z generates h — 7y with width

. ﬂc%_aGth
B 8T

- INEP (5.11)

ATLAS sets an upper limit on the corresponding branching ratio of Br(h — 7u) <
1.43% at 95C.L. [9], while CMS gives a best fit Br(h — 7)) = 0.847032% as well as
an upper limit Br(h — 7p) < 1.51% at 95% C.L. [163]. For a given value of 7.,
Br(h — 7u) is correlated with I'(h — 77) via Eqgs. (5.4, 5.6, 5.8). This correlation
is given by the brown arcs in in Fig. 5.1 for r;, = 0.9 and 7., = 1.1. The current
ATLAS upper limit 1.43% as well as two prospective future results with upper bounds
1%, 0.5% are labeled as dashed lines while the circular boundaries give zero branching
ratio. Moreover the branching ratio 1.41% is the value at the center of the left circular

region.

5.5 The rare decay ™ — uy.

The flavor off-diagonal couplings (5.7) and their charge changing counterparts also
contribute to the rare decay 7 — p7y. The current experimental limit is Br(t — py) <
4.4 x 1078 (90% C.L.) [29]. Theoretically, one has

r,aGEm3

Br(r = py) =

where 7, = (290.3 £ 0.5) x 10755 [193] is the 7 lifetime and C7p/r are the Wilson

coefficients of the two dipole operators

L/R € — w
7 = meiio (1 97)7 (5.13)

defined by the effective Hamiltonian —G r[Cr7 Q¥ +CrrQF] /+/2[63]. They receive con-

tributions from one loop neutral and charged Higgs mediated diagrams and two loop
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Barr-Zee type diagrams [40]. Results for the latter contributions have been adapted
from the calculations in Ref. [73, 11, 146, 58]. We find that C%, is proportional to
NE * while C7p oc N, which vanishes for our choice of Yukawa texture. The gray

T

region in Fig. 5.1 is consistent with this bound and the aforementioned constraints.

5.6 Electric and magnetic dipole moments.

In principle, measurements of the muon anomalous magnetic moment and upper
bounds on the electron electric dipole (EDM) moment provide additional constraints
(those for the 7 are less constraining). The one loop contributions to muon dipole
come from exchanges of the neutral scalars and are proportional to the invariant
NE N, which vanishes for our choice of Yukawa texture. The two loop Barr-Zee type
diagrams have similar topology as for the 7 — py amplitude but their contributions
to the muon dipole moments all vanish due to the vanishing h,jip, H* 7,1 couplings
on the lower leg of the diagrams. The two-loop electron EDM is dominated by the
exchange of h, whose coupling to the electron is proportional to g, in the alignment
limit. We find that |d./e| ~ 1.57 x 10~ |Imy, |cm, implying that [Imy,| < 5.53 in

order to be consistent with the present electron EDM upper bound[39).

5.7 Collider probes of a CP-violating h77 coupling

. Im Jg represents a different source of CPV compared to the case where a CPV
h7t coupling results from mixing between CP-even and CP-odd Higgs scalars. The
latter would originate from CPV in the potential which is highly constrained by EDM
limits [147]. Studies of collider sensitivities of a CPV h77 coupling employing the p-
meson decay plane method and the impact parameter method show that the phase
¢, can be determined with an uncertainty of 15°(9°) at the LHC with an integrated

luminosity of 150fb~*(500fb ') while ~ 4° with 3ab™' can be achieved [49]. At Higgs
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factories, this phase may be measured with ~ 4.4° accuracy with a 250 GeV run and

Lab™! luminosity [142].

5.8 Electroweak baryogenesis.

The first order EWPT proceeds via bubble nucleation. CPV scattering from the
bubble walls generates a net left-handed fermion density ny, whose diffusion ahead
of the advancing wall biases the electroweak sphalerons into producing a net baryon
number density, ng. The expanding bubbles capture and preserve this density if the
sphaleron processes are sufficiently quenched inside the bubbles. We compute ny,
from a set of quantum transport equations, derived from the equations of motion for
Wightman functions arising in the closed time path formulation of non-equilibrium
quantum field theory by expanding in gradients of the bubble wall profile and chemical
potentials (see Ref. [174] for pedagogical discussions). As with earlier work, we will
employ the “vev insertion approximation”, which provides a reasonable estimation
of the CPV sources (see Ref. [192] for a discussion of theoretical issues associated
with the computation of these sources). Since the weak sphaleron rate I'ys [55, 182,
168, 187] is much smaller than the rates for diffusion and particle number changing
reactions that govern ny, [87], we first solve for this density and substitute the result
into the equation for ng.

For simplicity, we neglect bubble wall curvature [94], so that the the quantities
entering the quantum transport equations depend only on the coordinate in the bubble
wall rest frame zZ = z + v, t with v, being the wall velocity, Z > 0 corresponding to
broken phase and z < 0 for unbroken phase. Since non-zero densities for the first and
second generation quarks as well as for the bottom quark are generated only by strong
sphaleron processes, the following relations hold: @)1 = Q2 = —2U = —2D = -2C =
—2S5 = —2B, where (), denotes the density of left-handed quarks of generation k

and U, D, etc. denote the corresponding right-handed quark densities. In addition,
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Figure 5.1: Allowed regions in the (Rey,, Imy,) plane from h — 7u(brown, ATLAS
bound Br(h — 7u) < 1.43% at 95%CL), h — 77(green, 95% CL), 7 — uy(gray,
90% CL) and BAU(pink bands, |[A3| < 0.4) for 8 — a — § = 0.05, r;, = 0.9(then
Rey, < 1) and 7, = 1.1(then Rey, 2 1). The r. = 0.9 and r,, = 1.1 regions are
separated by the vertical dashed line at Rey, = sin(0.05 + 7) ~ 1. Several branching
ratios of h — 7p: 1.43%, 1.41%(center of left circle), 1%, 0.5% and 0% are shown
with circular dashed lines inside the brown arcs. The inner parts of circular regions
satisfy the diagonalization constraint ]Mf;] < m, with their outer boundaries giving
vanishing 7 — puy and h — 7u. The region inside the green dashed lines is allowed
at 95%CL by Higgs signal strength u™™ measurements without assuming a specific
Yukawa texture. The inner light-blue band labelled x, = 1 £ 0.1 corresponds to the
allowed region for a more SM-like A77 coupling. The angles ¢, = +15%, 5% are
shown. The other parameters are fixed to be my = 400GeV, m4 = 600GeV and
mpg+ = 500GeV, v, = 0.05, Ly =2/T, D, = 6/T and T' = 100GeV.
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E, = E5 = e = 0 since the corresponding leptonic Yukawa interactions are negligible
compared to those retained in our choice of Yukawa texture. Local baryon number
density is also approximately conserved on the time scales relevant to the reactions
that govern ny, so that Z?:1(Qi + U; + D;) = 0. The resulting transport equations

are

0uQs = u(€r — €os) + Tir — & — &)
205505,
OuH =Ti(&r = &u — Sou) + T+ €y — & — Enr)
—20n8H,
OpuEy = =Ty (8my = &) = T (s — & — En)
+84F,
Outr! = =L (€n + &y = Epy) + D (€ — &r)

+84P

TR

auTu = _Fmt(gT - 5@3) - Ft(ST - gH - 5@3)
_Fssésm

ity = S, (5.14)

where 055 = & + 95 — 2£0,, o = Na/ka, With k, being the statistical weight [174]
associated with the number density n, of species “a” and 9, ~ vw% — Daf—; with D,
being the diffusion constant [156] from the diffusion approximation. The CPV source

terms are

V2(2) vy di(;) ImJg

272 ’

P _ P _
STL = —SMR = (5.15)

where 7 is a momentum-space integral that depends on the leptonic thermal masses

(see Ref. [176]) and df/dz characterizes the local variation of tan (Z) as one moves
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across the bubble wall. Note that Sgép = ( due to the vanishing Yukawa texture in the
first row of Y}, Furthermore 'y, & 16,7 is the strong sphaleron rate [130]; T’y is
the two body top relaxation rate [174]; and I';/; is the ¢/7 Yukawa induced three body
rate [92]. After solving for the densities in Eqs. (5.14), we obtain ny, = ) _.(Q;+E;) [71]
and npg, which is a constant in the broken phase:

3 WS =\, —A_Z j=
I _z 1
np = q/\ /0' n[(z)e dz s (5 6)

where Ty ~ 12002 T [55] and Ax = (v, & \/v2 + 150w D,)/(2D,).

Assuming a fast 75 diffusion [88], we solve the transport equations perturbatively
at the leading order of I';’!, It 7t and Il We further neglected Tpr in the
final result as it is generally small compared with I',,; and then ng is proportional
to Imy, with no dependence on Rey,. Doing this would allow us to show the generic
constraint from BAU for the whole parameter space without being restricted in the
circular regions corresponding to a specific r;,. Furthermore in the calculation of np,
the most important uncertainty is the difference of 5(Z) in the broken and symmetric
phases(= Ap) since the CPV source term and thus np are both directly proportional
to it. Due to the so far absence of its calculations, we take its maximum magnitude
to be 0.4 and vary it to obtain the bands in Fig. 5.1 where the upper and lower bands
give opposite signs of BAU resulting from the unknown sign of Af.

Taking into account the previously discussed phenomenological constraints, a BAU
consistent with all observations can be obtained for |¢,| 2 7° which can be probed
at colliders as discussed before. One immediate and important implication is that
Br(h — 7u) < 0.5% and a larger CP-violating h77 would imply a smaller Br(h — 7p).
Also since the BAU constrains Imy, or ¢, through the invariant,

2m, ImNE m_z Imy.

ImJp = 7T — 9 : (5.17)

v? V2 Cp_q
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thus, should future measurements imply that the Higgs leptonic interactions be even
more SM-like with § — « closer to m/2, the minimally required Imy, or ¢, would
become smaller. This in turn needs 7, to be more closer to 1 to avoid shrinking of
the region [MP| < m..

It needs to mention that there is still relatively large uncertainties with the BAU
calculations [192, 174]. This necessitate in part the need of a dedicated analysis of
the EWPT, precise determinations of the expanding bubble wall profiles [188, 184], a
resummed vev insertion approximation [70, 169, 90, 91, 118], a more comprehensive
definition of the transport equations from a more precise Yukawa texture including a
clear identification of CPV origins incorporating extra CPV invariants [57] and these

will be deferred to future works.
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CHAPTER 6
TAU FLAVORED DARK MATTER

In chapter 6, we discussed the dark matter nucleon interactions with spin struc-
tures other than the SI and SD types and studied how the direct detection signals can
be calculated. In this chapter, we are going to study a lepton flavored dark matter
scenario where such interactions can arise and study its phenomenological implica-
tions. Flavored dark matter has been studied in various contexts [74, 66, 36, 75, 202,
17,99, 32, 122, 31, 103, 82, 19, 67, 167, 173, 18, 16, 41, 165, 170, 166, 217, 81] and
they can be used to explain the galactic center gamma ray excess [16] observed by
the Fermi-LAT [12]. Moreover a common feature for the lepton flavored dark matter
scenarios is that the dark matter nucleon interactions generally arise from loop level
diagrams and thus have suppressed effect on direct detection cross sections. Thus
these types of interactions can generally easily evade the direct detection null search
limits while still be compatible with relic density requirements. We focus here on
the tau flavored dark matter since this model would change the Yukawa interactions
of Higgs to tau leptons and might explain the the discrepancy of the Higgs signal

strengh in the 77 channel.

6.1 Model

We extend the SM with an inert scalar doublet, a singly charged scalar singlet
and a Dirac dark matter, which is stabilized by a Zs discrete flavor symmetry, in

which dark matter and the third generation leptons are odd while all other particles
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are even. In the following we first describe scalar interactions, then go to the dark

matter interactions. The scalar potential can be written as

V = —pPH'H+XNH'H)? + mi®'® + A (@T0)* + \o(PT0)(HTH) + \3(@TH)(H'P)
+m2STST + A(STST)2+ As(STS™)(HTH) + A\s(STS™)(0TD)

+V2AHT®S™ + h.c. (6.1)

where HT = (G*, (h + iGo + v)/+/2) is the SM Higgs, v = 246 GeV is the vacuum
expectation value (VEV), ®7 = (&F, (p + in)/+/2) is the inert scalar doublet, S* is
the singly charged scalar singlet, A is certain energy scale. Assuming that the mass
term of @ is positive, it develops no VEV. As a result, there is no mixing between h

and p. The masses of neutral scalars can be written as
2 2 2 2 2 1 2
mj = 2 \v° | my = m, =mj+ 5()\2 + A3)v” . (6.2)

Due to the last term in Eq. (6.1), there is mixing between ®* and S*. The relevant

mass matrix is The corresponding mass eigenvalues are

1 1 1 ?
9 = 5 m% -+ mg + E()\Q + )\5)’02 + \/{m% — m% + 5()\2 — )\5)'112 -+ 4(AU>2 (63)

and the relations between physical eigenstates and interaction eigenstates are @ =
co®T +55T, ST = —s5p®F +¢,ST, where ¢y = cosd and sy = sin 0, with 6 the rotation
angle that diagonalizes the mass matrix in Eq.4.2.

We have the following set of free parameters: my,, m,, mi2, 0, \;(i =1,2,4,5,6),
and A. Not all of them are physical and their relations with the physical parameters

are
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Figure 6.1: Feynman diagrams contributing to the dark matter electromagnetic form
factors.

pu?=1/2m3 A =miv?/2
(A) ¢ m? =mic +m3ss — 1/220? (B)S A = (m2 — m2)cosgv (6.4)
m3 = mis; +mici — 1/2\50° A3 = 2073 [m? — (imicj + m3sp)]

Notice that in the parameter set we have chosen, \;, A4, A¢ describe quartic interac-
tions among these extra scalars and are not so relevant for the study in this paper. Ag
and A5 are relevant for the Ay~ and h77 couplings as will be seen in the next section.

We assume that dark matter only interacts with the new scalars and third gener-

ation leptons which can be written as

—Ly = 1, B0 + kST + hec. (6.5)

where £3 is the third generation left-handed lepton doublet and % is the Dirac dark
matter. As a result, the dark matter can only annihilate into 77 and 7,v,. For
the benefits of the direct detection, one needs to calculate the electromagnetic form
factors of the dark matter, which arise at one loop level from the relevant penguin
diagrams shown in Fig. 6.1. The induced effective dark matter-photon interactions
are where by is the charge radius, ¢y is the axial charge radius or anapole moment and
{y is the magnetic moment. Since there is no CP violation in the dark matter sector,

the electric dipole moment term is absent. We assume the following mass hierarchy
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m; <K my < M2, My, DBesides the typical momentum transfer of DM-Nucleon
interactions is about 50MeV, thus the momentum transfer, /—¢?, is far smaller than
the 7 mass and constitutes the smallest scale. Collecting all the contributing diagrams

and expanding in terms of ¢2, we obtain

2

B _em%} ! z(1—x)
Ho = Z 647r2/0dx JAVERR

- 2 e@/ {x _21'_@ +(x—1) (xmw—i—gzz)—l—ﬂl—x)x‘lmw},

(6.6)

p
“ = Z 10272
=1

A?

where m,, is the dark matter mass, ¢, = c2r?+ 5243, Co = sak2+ 2R3, (1 = GR2—s2K3,
G = 262 — 22, and A; = z? + x(z — 1)m3, + (1 — z)m?. We have ignored terms
proportional to O(m?2) in Eg. (6.6). Note that the limit my, m, < ;2 allows us to

recover the familiar result [74, 141]

e¢? 2. m?
by = Z 6dr2m? (1 T3 m2) ! (67)

where m, serves as an infrared regulator.

Similarly there are also form factors for the effective dark matter-Z boson inter-
actions. The contribution of these interactions to the dark matter-nuclei scattering
cross section is subdominant compared with those arising from electromagnetic form

factors. So we neglect these interactions in our calculation.

6.2 Phenomenology

We will study in this section phenomenologies arising from this model, including
the dark matter relic density, signatures in direct detections, the loop induced 7
lepton mass, the effective coupling of A77 as well as the Higgs to diphoton decay rate.

Finally we will discuss signatures of our model at colliders.
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Figure 6.2: Dark matter annihilation channels.

6.2.1 Relic density

We have assumed that the dark matter is a Dirac fermion and only interacts
with the third generation leptons in our model. It annihilates into 77/, v, with the
relevant Feynman diagrams shown in Fig. 6.2. The cold dark matter was in local
thermodynamic equilibrium in the early Universe. When its interaction rate drops
below the expansion rate of the Universe, the dark matter is said to be decoupled.
The evolution of the dark matter number density n, is governed by the Boltzmann

equation [132]:

i+ 3Hn = —(ovngier) (n° — n%Q) , (6.8)

where H is the Hubble constant, ovygper is the total annihilation cross section mul-
tiplied by the Mgller velocity with vygner = (o1 — V|2 — |v1 X v9)?)Y/2, brackets
denote thermal average and ngq is the number density in thermal equilibrium. It
has been shown that (comgier) = (0van) = 1/2[1 + K3 (2)/ K3 (2)](0Vem) [132], where
x = mpy/T and K;(x) is the modified Bessel functions of the i-th order. To derive
the relic density of the tau flavored dark matter, one needs to calculate the thermal
average of the total annihilation cross section. Analytically one can approximate the
thermal average (ov) with the non-relativistic expansion (ov) = a + b(v?) in the lab

frame,
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1 . R
(o) = Z % m;, N <U2>mfp(—7mfp — 18mZm; + my) N
, 32m(m3, + m;)? 384w (m7, + m3)*

I 242 m?z; (VA
—859(K7 — K3) ) 2\ 2 o T ) 213,52 233
4 167 (7t +my) (3 +my) - 192m (i +m7)3 (M3 + ms)

= a+b{v?), (6.9)
where
A = —m} (Tm, + 16md (] + h3) + my, (5] + 32mim3 + 5m3)
+8mi i (] + m3) —mim;) . (6.10)

Here (1, were defined below Eq. (6.6) and (34 = v/2x%. The notation r,;, where
i =1,2,3,4, denotes the mass of &+, ST, p and 7 respectively.

The present relic density of the DM is simply given by ppy = mpunpm =
mpmSoYoo [51], where sg is the present entropy density. The relic abundance can

be written in terms of the critical density

1.07 x 10° zp 1
X

Qh2%2 )
Mpl \/g_*a—l—?)b/xp

(6.11)

where a and b were defined in Eq. (6.9), My, is the Planck mass, xp = mpy/Tr with
T being the freezing out temperature of the dark matter, g, is the degrees of freedom
at the freeze out temperature and the factor 2 on the right-hand side accounts for the
fact that dark matter in our model is a Dirac fermion.

The dark matter relic density measured by the Planck experiment is Qh? =
0.1199+0.0022 [14]. To see its constraints on the parameter space, we plot in Fig. 6.3
(a) contours of the dark matter relic density requiring the relic density to be within
two standard deviations of the measured central value in the s, — K, plane by setting

my = 400 GeV, iy = 600 GeV and m, = m, = 700 GeV. The red, yellow, blue,
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Figure 6.3: The contours of the relic density within two standard deviations of the
measured value: In Fig. (a), we show contours in k; — ko plane with different inputs
of mixing angle 0, by setting m, = 100 GeV, m; = 400 GeV, iy = 600 GeV and
m, = my, = 700 GeV; In Fig. (b), we show contours in the K1 — Man mediators Plane
for different dark matter masses, by assuming all mediators have the same mass and
K1 = Ka; Fig.(c) show contours in the 7y - my plane for different values of s, by
setting k1 = kg = 1 and m, = m,, = 700 GeV; In Fig. (d), we set k1 = ko = 1 and
plot charged mediator versus neutral mediator masses for several dark matter masses.
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Figure 6.4: LUX limit as a dashed line for each solid relic density contour in the xq,
ko plane for different 6. Relic density contours are within two standard deviations of
the Planck measured central value and regions outside the dashed lines are excluded
at 95% C.L. by the LUX. The other parameters are fixed to be my = 100 GeV,
my = 400 GeV, my = 600 GeV, m, = m, = 700 GeV and Xy = A5 = 0.

green and pink contours correspond to § = 0, 7/8, 7/4, 37/8 and 7/2 respectively.
One has k15 € [-1.5, 1.5] and ki, kg can not both take small values to give rise to
a correct dark matter relic density. By assuming x; = ks and degenerate mediator
masses, we show in Fig. 6.3 (b) contours of the dark matter relic density, with the
red, yellow, brown, blue, magenta, cyan and orange colored contours corresponding
tomy =5 GeV, 10 GeV, 20 GeV, 50 GeV, 100 GeV, 200 GeV and 500 GeV respec-
tively. It shows that the heavier the dark matter is, the larger the annihilation cross
section will be, such that larger mediator masses or smaller couplings will be required
to get a correct relic density. This can also be seen from Fig. 6.3 (c) and (d), where
we show the correlation between the dark matter mass and the charged mediator
masses (Fig. 6.3 (c¢)) as well as the correlation between the neutral mediator masses
and charged mediator masses (Fig. 6.3 (d)). For the input of other parameters of

Fig. 6.3 (c) and (d) see the caption for details.
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6.2.2 Direct detection

Notice that flavored dark matter models may help to release the tension between
the observed dark matter relic density and constraints from direct detections, which
detect dark matter scattering from nuclei in underground laboratories. In our model,
dark matter couples to nucleons at loop level through induced electromagnetic form
factors of the dark matter as well as loop induced dark matter-Higgs interactions. The

effective interactions of the dark matter with nucleon take the following form [74, 141,

145]
FAOONYN + fabb NN + f,lnwz'a“”zb%NKuN + f;waaw%maﬂw (6.12)

with ¢* being the momentum transfer from nucleon to dark matter and K* defined as
the summation of momenta of incoming and outgoing nucleon. The Wilson coefficients

are given by

2my 2my

N N n MmN N, 2N 1 _ eQnpy 2 CAN
= e b s = _— —|— — s m = — s m = ——7
I QN P i fwmiv (q:uZdeTq 9fTG) f f
where @y is the charge of the nucleon, p,, and b, are the magnetic moment and
charge radius of the dark matter respectively, jiy is the nucleon magnetic moment,
that is, g, ~ 2.80 and fi,, =~ —1.91. Finally f[/f is the effective dark matter-Higgs

coupling with the result given by

2 1 1—x
h CijTMy 1-z
_ d d , 6.13
gt ; 3272 /0 x/o Y=z = yyi? +yi? + (2 —a)m? o1

where c11 & (u(dacs + Assa+2Asgcy/v), 0 = (u[lasi + Asca—2Asgcy/v)], c12 =
o1 = saco(KT — K3)[vsgco(As — Aa) + Acgg] and z, y are Feynman parameters. We have
neglected the Z mediated interactions in Eq.(6.12) since it is subdominant compared

with photon mediated processes.
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Figure 6.5: LUX excluded and relic density allowed regions for dark matter with
different masses in the couplings versus mediator mass plane. LUX excluded regions
at 95%C.L. are shown in light blue while light red regions are allowed. The “u,
only” dashed line is the LUX limit retaining only the contribution of magnetic dipole
moment while “by, only” corresponds to including only charge radius contribution.
The green contours are relic density allowed regions within two standard deviations
of the Planck central value. In all plots we assume ki = k9, equal mediator masses

and /\2 = )\5 =0.
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The momentum dependence induced by the magnetic moment term makes it im-
possible to factorize the differential event rate into the product of the elastic cross
section and momentum integration. We therefore need to calculate the differential
rate numerically then translate the cross section into event rate in experiment. One
more complexity arises since the operators shown above go beyond the traditional
spin-independent and spin-dependent characterization of dark matter nucleus scat-
tering and therefore more nuclear responses are involved [136]. The corresponding
classification of the underlying non-relativistic operators responsible for dark matter
nucleon scattering as well as the identification and calculation of nuclear responses
for finite-sized nucleus have been performed systematically in an effective field theory
framework in Ref. [120, 24] following earlier work in Ref. [115]. This framework has
been implemented in the public code [89] together with statistical analysis for each
experiment. We therefore use this code in our analysis and refer the reader to the
above literatures for more details.

We add constraints of the dark matter direct detection to the relic density plot
in Fig. 3 (a), and the new plot is shown in Fig. 6.4. For each relic density contour,
we plot its corresponding limit from the LUX at the 95% C. L., which is shown as a
dashed line with the same color as the relic density contour. We can see that the LUX
allowed maximum magnitude of x5 is 1 ~ 2 while the corresponding relic density
allowed magnitudes are smaller and thus are allowed by the LUX. Notice that all
direct detection limit lines intersect at four points when |k;1| = |k2| just like the case
of the relic density contours. This is because p,, and b, are both independent on the
mixing angle # in this scenario and the contribution arising from the anapole moment
is velocity suppressed and thus negligible.

We also show representative plots in Fig. 6.5 on the correlations between the cou-
pling strength k1 = ko and the totally degenerate mediator masses, where subfigures

(a), (b), (c) and (d) correspond to taking the dark matter mass as 40 GeV, 200 GeV,
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1 TeV and 5 TeV, respectively. The other parameters are fixed to be Ay = A5 = 0,
and A = 0 as a result of the assumed degenerate charged scalars. So the effective
dark matter-Higgs coupling is exactly zero in this scenario. Generally the Higgs me-
diated contribution is suppressed by the Higgs mass squared and thus subdominant
compared with contributions of electromagnetic form factors [145]. In each plot, light
blue(red) regions are excluded (allowed) by the LUX at the 95% C. L.; the green
contours represent regions where the dark matter relic density is consistent with the
measured value within 20 level; the red dot-dashed (blue dashed) line is the LUX
limit when considering only the contribution of charge radius (magnetic moment).
One can see from these figures the roles played by the magnetic moment and the
charge radius in the dark matter direct detections. For a relatively light dark matter,
the charge radius dominates the contribution to the direct detection; while for the
superheavy dark matter, the magnetic moment plays more important role. This is
because the charge radius operator is dimension six while the magnetic moment op-
erator is dimension five. It also shows that the dark matter should be around 50GeV
or heavier to release the tension between the measured dark matter relic density and

constraints from the LUX.

6.2.3 Higgs Couplings

Precision measurement of the Higgs couplings is one of the most important tasks in
the future Higgs factory. The Yukawa coupling between the SM Higgs and tau lepton
pairs was measured by the ATLAS and CMS collaborations, whose results are not so
consistent with the SM prediction: p,, = 1.4 £ 0.4 by the ATLAS collaboration [7]
and 0.78 £ 0.27 by the CMS collaboration [80]. In our model, the tau lepton mass
arises from the Yukawa interaction induced term, i.e., m} = y,v/ V2, as well as loop
corrections, m°°?, mediated by the dark matter and two charged scalars. The mass

can be written as
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Figure 6.6: Left panel: Contours of m!°°°/m_ in the m, — m, plane; Right panel:
Contours of 1., in the m; — 7y plane, the cyan color marked region satisfy the
combined constraint given by the ATLAS and CMS.

m. &~y /V2 + ke VAL’ i In m—% — m—%ln fn_% (6.14)
T 1672 mi —ms, m;, m3 —m?, m;, T

where we have neglected terms proportional to mJ in the calculation of ml°°P. We
show in the left panel of Fig. 6.6 contours of m!°P/m, in the 7, — 7, plane by
setting k1 = kg = 1, ¢g = 0.6 and m, = 100 GeV which are consistent with dark
matter constraints. It is clear that m!°°P can be O(10%) of the total tau mass.

The branching ratio for the Higgs decaying into tau tau can be approximately

written as

BR(h — 77) ~ ye + V2|

mp
6.15
167'('Ftot ( )

where my, is the SM Higgs mass, Iy = 4.1 x 1073 GeV is the SM Higgs decay width

and the loop induced coupling can be written as

Yij My 1
: d _ _ 6.16
& = = 1672 / :1:/ xmi—l—zm?jt(l—x—z)mg—z(l—x—z)m%( )
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with y11 = Kikacase[(Aach + A5s5)v + Asag], Yoo = —K1kacese[(Xasg + Ascg)v — Asag]
and Y12 = yo1 = 1/2K1KaC20[SeCov( A5 — A2) + Acgg]. We plot in Fig. 6.7 the signal rate
1. associated with Higgs measurements, relative to the SM Higgs expectation, as a
function of the dark matter mass by setting cy = 0.5, Ay = A5 = 0.1, m; = 400 GeV
and 1y = 600 GeV as well as k; = —ky = 1 for the red solid curve and K, = Kk, =1
for the blue dashed curve. The dashed and dotted horizontal lines represent central
values given by the ATLAS and the CMS respectively with light blue and light yellow
bands corresponding to uncertainties at the 1o level. It should be mentioned that p._.
can be significantly changed for some extreme scenarios and the modification can also
be tiny for other cases (small k1 o, light dark matter and heavy degenerate charged
scalars).

Due to the existence of charged scalars, the Higgs to diphoton decay width is
slightly modified. The decay rate can be written in terms of couplings of the SM

Higgs with new charged scalars:

A2

2
Gro VCi; .
I'(h — 6.48 + - !
(h=77) = 128f - 22@ 2 ( i)

, (6.17)

where —6.48 is the contribution of the W and top loops and the second term is
the contribution of two new charged scalars with the definition of the loop integral

function Ag(x) following conventions of Ref [69]

.2
1 arcsin®(y/x), for x>1,
Ag(x) = —2* | = — f(z™H| with f(z)= (V) 9 (6.18)
T 1 (1 1+Vi—z T f
—i(In= \/7 m) ) or x<l1.

We plot in the right panel of Fig. 6.6 contours of p,, in the 7; — 7y plane by
setting Ao = A5 = 0.5 and ¢y = 0.8. The green dashed lines from the left to the right
correspond to ji, = 0.8, 0.9, 1.0, 1.1, 1.2 respectively. The cyan color marked region

satisfies the current combined bound given by the ATLAS and CMS collaborations,
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Figure 6.7: Signal rate of Higgs to tau tau relative to the SM expectation as a function
of the dark matter mass.

ft,, = 1.15 £ 0.18, where fi,, = 1.17 4 0.27 by the ATLAS [5] and p., = 1.14¥035 by
the CMS [161]. It should be mentioned that the future improved measurements of
[y, May put more severe constraint on couplings of the Higgs to new charged scalars.

Finally, lets comment on the collider searches of this model. The collider signals
of lepton portal dark matter models are events with charged lepton pairs and missing
energy. It was showed in Ref. [17] that these models have clear signals above the SM
background in certain parameter space at the LHC. Searches for signatures of our
model at the LHC and lepton colliders such as CEPC or ILC, which are interesting

but beyond the reach of this paper, will be shown in a future study.

6.3 Concluding remarks

Lepton-flavored dark matter is interesting and appealing for many aspects. In
this paper we focused on the phenomenology of the tau-flavored Dirac dark matter
model. The electromagnetic form factors of the dark matter which are crucial for

the dark matter direct detections, were calculated in the case where there are two
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types of dark matter - third generation lepton Yukawa interactions. Our study shows
that the tension between the observed dark matter relic density and constraints of
dark matter direct detections are highly loosed. Besides, the charge radius dominates
the contributions to the dark matter direct detection for the light dark matter case,
while the magnetic moment plays more important role for heavy dark matter case.
In addition the Yukawa coupling of h77 can be significantly changed in this model,
since the one-loop induced tau mass can be O(10%) of the total mass. As a result,
the signal rate of h77 , relative to the SM expectation, measured by the LHC, can be
explained in this model. The Higgs to diphoton ratio is also slightly changed but is

still consistent with the current LHC constraint.
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CHAPTER 7
HIGGS PORTAL FERMIONIC DARK MATTER IN 2ZHDM

Including a dark matter can be done in a minimal way by considering an extended
Higgs sector with dark matter - Higgs portal interactions. In this case the dark matter
will annihilate into SM particles through these Higgs portal interactions. The simplest
extention of the SM Higgs sector is to add a singlet dark matter scalar through
operator ag®'®5? [117, 38] or a fermionic dark matter through 2£&Tdyy [116] where
® is the SM Higgs doublet, S, y are the scalar and fermionic dark matter respectively
and A is a mass scale for the effective interaction. The constraints in the (ag/p, mg r)
plane from relic dentiy and direct detection requirements are shown in Fig. 7.1 where
the allowed regions from relic density are shown between the narrow red lines while
the regions above the dashed lines are excluded by the according direct detection
limits. Among the various direct detection limits, the LUX result [20] is the most
stringent one and excluded most of the parameter space of the fermionic dark matter
case except on the SM Higgs resonance when dark matter has mass ~ 62.5GeV. For
the scalar dark matter, aside from the resonance region, a heavier dark matter with
mass 2 100GeV is still viable. In both cases, the resonant enhancement of the S
channel dark matter annihilation cross section need a much smaller agr and thus
lead to a direct detection cross section compatible with the null search limits. For the
fermionic extention, the exlucsion limit on the parameter space can be ameliorated
by adding parity-violating interactions [177] since the these terms contribute much
less to the direct detection cross section. To avoid including these parity-violating

interactions, one can also consider models with an extended Higgs sector such as the
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hih aa = —3m;

hAyAy : o = 200%—mi—2m?
HAAp: | ez = 2(m¥ —0v?)/tap
hHH : g = 200%—2m3 —m}
HHH : s = 6(m% — v?)/tag
RHTYH™ : | ¢g = 200° —mi —2mij.
HHYH™ : | c; = 2(m¥ —vv?)/tag

Table 7.1: Triple-Higgs Couplings in the alignment limit 5 — o = 7/2. Feynman
rules are obtained by adding the factor i/v.

2HDM with two Higgs doublets and consider adding Higgs portal interactions of the

«

+ )ZX(IDIQ)J- where 7, j denote the two Higgs doublet indices. In this case, there

type
will be additional annihilation channels with purely scalar final states and this kind of
interactions do not contribute to direct detection cross section and might reduce the
stringent limit as compared with the simple SM extension. Another way of looking at
this clearly is to go to the Higgs basis with one Higgs doublet H, taking no vev. If only
the interaction )Zng H, is added, then it will contribute to dark matter annihilations
but not to direct detection cross section at tree level while a loop level dark matter
quark interactions are generally suppressed and can potentially lead to a viable dark
matter model.

In the following, we will study this model in detail. In Sec. 7?7, we will discuss the
model to fix the conventions. In the following section 7.1, the Higgs potal interactions
are introduced with the relic density and direct detection cross sections calculated
where we discuss in detail the mechanism why this model is more viable compared
with the SM case. In Sec. 7.2, we discuss the scenario with no tree level direct
detection signals and study the one-loop induced direct detection signals. In the end,

we make a summary.

115



100 -

SM+Scalar DM

100.0 T

\
50.0 \

Xenon100
—— DarkSide-50

,,,,, S = 100\
CDMS+EDW s CDMS+EDW

ZEPLIN-IIT

501

0.1

I I I I I I I I
20 50 100 200 500 20 50 100 200 500

my(GeV) my(GeV)

Figure 7.1: Parameter space of Higgs portal scalar(left) and fermionic(right, A =
1TeV) dark matter model in simple SM extention. Solid red lines(region) give ob-
served dark matter relic density within three standard deviations. Dashed lines coore-
spond to direct detection upper limits and regioins above these lines are exluded. All
points in above lines are obtained numerically from MicrOMEGAs. From now on we
keep only limits from Xenon100 and LUX in our analysis.

7.1 DM Phenomenology (1): general analysis

Our goal is to study a model with two Higgs doublets and a fermionic DM y,
which is a gauge singlet and mainly couples to the Higgs bilinears. We work with the
2HDM with a Z5 symmetry under which @, is odd and ®, is even. We also include a
soft-breaking term in the Higgs potential with m?, non-zero to avoid the cosmological
domain wall problem [219]. Thus the relevant interactions can be obtained directly
from chpater 3 by setting \¢ = Ay = 0. We will study its phenomenology in this
section, assuming general scalar-type effective interactions of dark matter operator
xx with the Higgs bilinears @I@ ;» while implications of PV effective interactions are

beyond the reach of this paper.

7.1.1 DM Interactions
Assuming the DM is a Dirac fermion y and only couple to the Higgs doublets, the

effective Lagrangian can be written as

116



Higgs Doublet Bilinear Decomposition in Physical Fields

h il | H* ] AL | hH | HYH
(& + 1)2] @, v tgu Ll ]| ¢ t
(2 + 1)(D1Dy + ©JDy) | 2tgv | (B3 — v | t5 | —ts | —t5 |3 —1] —2t4
(3 + 1)1y v | —tev [L2] 3 [ 3 | —t 1

Table 7.2: Decomposition of the Higgs doublet bilinear @T@] in terms of physical
fields in the SM limit @« = g — Z. The only mixing angle left is £, such that above
expansion coefficients are functlons of tg only. In the expansion of these bilinear,

there is a common factor ﬁ and that is the reason for multiplying the pre-factor
5

(t3 + 1) with the bilinear ®!®; in the first column.

Q12 _

— X(id) ~ My) x+2 Shax(@le) + { Snx(eles) + yv@len) ), (7.

where A is the cut-off scale and «;; are the couplings with aip = 9. If the Z,
symmetry, imposed on ®; is a good symmetry, terms like CIDJ{CDQ bilinear should not
show up. Since the Z; symmetry is explicitly broken and adding them will not
affect the physical scalar spectrum, these terms are included in the Lagrangian. We
show in Table. 7.2 the decomposition of the Higgs doublet bilinear <I>Z<I>j in terms of
physical fields in the alignment limit. To summarize, we have the following set of free

parameters, m,, A, o, My, M40, Mys, U, tg, @

7.1.2 Relic density

The DM in the early Universe was in the local thermodynamic equilibrium. When
its interaction rate drops below the expansion rate of the Universe, the DM is said
to be decoupled. The evolution of the DM number density n, is governed by the

Boltzmann equation:

i+ 3Hn = —(ovpgner) (0° — 1) (7.2)
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where H is the Hubble constant, ouvygner is the total annihilation cross section mul-
tiplied by the Mgller velocity, vamgier = (Jv1 — v2|? — |v1 X v2]?)/2, brackets denote
thermal average and ngq is the DM number density at thermal equilibrium. It has
been shown that (ovmgier) = (Vb)) = 1/2[1+ K3 (2)/K3(2)]{0Vem), where © = m/T
and K, are the modified Bessel functions of the order ith.

The freeze-out of the cold DM occurred when it was non-relativistic. We can
approximate (ov) with the non-relativistic expansion (ov) = a + b{v?) + O((v?)) ~
a+ 6b/x, where v = vy,,. Thus one can calculate the thermal average analytically by
expanding s = 4M? + M?v? + 3/4M?*v*, in the laboratory frame. More accurately,

(ov) can be calculated numerically using the integral

<UUM¢11er> = 8m4TK122(m/T) /4:2 0(8 — 4m2)\/§K1(\/§/T)d$ N (73)

where m is the DM mass, K;(x) are the Bessel functions and T is the temperature.
The relic density of y is
omyny  mysY

Q, = = , 7.4
=, o (7.4)

evaluated at present time or temperature Ty = 2.726 K, where p. = % is the critical
density with the Hubble constant being H = 100h kms™'Mpc ™', s = heff(T)%T3 is
the entropy density wherein hes¢(T) is the effective number of degrees of freedom [210]
and Y is the abundance to be calculated at Ty. A good approximation can be made

to the solution of Yj following Ref[132, 42]

11 N
==t/ (T {ov)dT :
YE) Yf + 45G /To ‘s ( )<0-U> ) (7 5)

where T} is the freeze-out temperature defined such that Yy = Y7, = (1 4 9)Yeo(Ty)

with § being some small constant.
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Figure 7.2: Representative feynman diagrams contributing to DM two body annihi-
lations.

%

To derive the analytical expression of the DM relic density, one needs to calculate
the thermal average of annihilation cross sections of yx into the matter fields in the
2HDM. It is straightforward to calculate the tree level cross section for the 2-body
final states. The relevant Feynman diagrams for the annihilation of the DM are given

in Fig. 7.2. The annihilation cross section of Yx — ab can be written as
o(Xx = ab) = (' F (s, m2, mp)[M[ (7.6)

where s is the Mandelstam variable, m; are masses of particles in the final states, (,, =
2 if final state particle are identical and (., = 1 for any other cases, F'(s,m2,m?) =
1/(16ms) A2 (s,m2, mg) x X~V%(s,m2, m2) where X(z,y,2) = 2* + y* + 2> — 2zy —
2wz — 2yz, M2 is the squared amplitude summed over the spin of the final states

and averaged over the spin of the initial states. We list in the following the squared

amplitude for various annihilation processes:

m s—4m ~ - ~ - L~
> bk o [ (Rt + Ky fae) (Rt + Ky Ro) (s — 4m3) + R g
b
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where k, = Zij viuii Raj /A

xXx > WW/ZZ:
3 2 2
S s s—4m
I{al-ibtatb (3 + - ) X (78)
a%::l AME  ME ) 2(s —m2)(s —m})

where t, = >, g*v; Ry /2 for WW final states and ¢, = >, g*v;Rai/2¢2, for ZZ

final states, wherein cy = cos Oy with 6y the weak mixing angle.

)ZX — hahb:

1 ~ 1
5(5 — 4m>2<) Kab + Z /ﬁ?crcabm

(7.9)

[

where Kk, = Zf i1 2 Rqi Ry for neutral Higgs final states, kq, = Zf =1 HUUj,
for charged Higgs, U (as well as the following V') is a matrix defined analogously
as in Ref. [137] and [.ap is the coupling for trilinear Higgs interaction, which can

be found in Table. 7.1. We have neglected ¢-channel contribution for simplicity.
XX = heZ:

g (s — 4m})[(s — M3)* — 2mZ(s + M7) + mg]

Z KakpIM(V V) 0eIm(V TV )y

8cty 4 MZ(s —m2)(s —m?)
(7.10)

XY — HTW~:

2 4 2 2 \2 2 2 4

g + + (S - 4mx)[(8 - MW) - 2mc(8 + MW) + mc]

o a VU ac VU C

5 2 el VDV IV (s —m2)(s —mp) M,

(7.11)

and UTV should be used for H=W ™ final states.
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Figure 7.3: Relic density dependence on m,, tg, c;; for fermionic DM. First row is for
type I and second row for type II. In each model, only one of «;; is turned on and in
each figure three different values of {5 are used for comparison. All other parameters
are kept fixed, my = 400, m4 = 300, mg+ = 500.
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Figure 7.4: The fractions of various channels contributing to DM annihilations for
type I and II 2HDM in the alignment limit. The parameters are fixed to be tg = 2,
my = 400GeV, ma, = 300GeV, my+ = 500GeV and m?, = 0.
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Although the DM relic density can be calculated analytically, we carry out numeri-
cal simulation with the help of MicrOMEGASs [43, 44, 45|, which solves the Boltzmann
equation numerically and utilizes CalcHEP [48] to calculate the relevant cross sec-
tions. We implement the type-I and -II 2HDM models in LanHEP [206, 205] and
use the generated model files in MicrOMEGAs to do numerical analysis. In both
scenarios, we fix A = 1000 GeV to reduce one parameter .

Working in the alignment limit, we show in Fig. 7.3 the relic abundance as a
function of DM mass for the type-I (first row) and -II (second row) 2HDM. For each
model, we show three different plots where only one of the couplings «;; is turned on
and fixed to be 1, and for each plot three different choices of ¢5 are used corresponding
to ts = 0.2 (dotted line),2 (solid line), 20 (dashed line) respectively. The remaining
parameters are fixed to be my = 400 GeV, my, = 300 GeV and mpy+ = 500 GeV.
We can see in each scenario, there are two obvious dips at m, ~ 62.5,200 GeV
which are caused by the two resonantly enhanced annihilations mediated by the s-
channel h, H. There is no resonance enhancement arising from Ag, which is due to
the absence of CP violation in our scalar potential. In all cases, the relic density
declines as m,, increases since new channels will be opened up and more phase space
is now available. In the aligment limit we are considering, there is no HWW , HZZ
couplings and the differences between the type-I and -II 2HDMs largely come from
how the heavy CP-even H couples to fermions. The trilinear interactions, which arise
from the Higgs potential, are the same for type-I and -I1T 2HDM as given in Table. 7.1
and are generally much larger than Yukawa couplings. So that as m, becomes heavier
than scalar masses, the DM will dominantly annihilate into diHiggs. The dependence
of QRh? on tg will become inconspicuous and is model type independent. This type-
independence behavior is obvious when comparing the contour plots in each column

of Fig. 7.3.
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We show in Fig. 7.4 the fraction of various annihilation channels as a function of
the DM mass using the same inputs as these in Fig. 7.3 by fixing ¢z = 2. For light
X, the main channels are bb, éc, and dibosons will dominate once these channels are
kinematically allowed. For heavy x, the diHiggs annihilation will generally take over
and dominate. In this case there is little difference between two types of 2HDM since

these interactions have the same couplings as shown in Table. 7.1.

7.1.3 Direct Detection

Should the cold DM exists, it can be detected through their scattering on atomic
nuclei on Earth, by production at particle colliders or through detecting their anni-
hilation products in our galaxy and its satellites. The direct detection registers the
interactions of through-going DM particles. The basic methodology for direct detec-
tion experiments is to search for rare events that might be the signature of WIMP,
namely the recoil energy of the atomic nuclei from the elastic scattering of a DM
off a target nuclei. The calculation of the DM direct detection rate in terrestrial
detectors depends on several factors including the local halo density, velocity distri-
bution in Milky Way, the DM mass and the cross section on the target nuclei. The
effective DM-quark interactions, mediated by the neutral Higgs, naturally induce the

DM-nucleus interaction. The effective Hamiltonian in our model can be written as

Yaaria (vx)gmgq , Type-1 2HDM

H=) \Xxamg = T i (7.12)
Viaka (= _
“ >, W (x)ameq . Type-11 2HDM

where v{ equals to vo(v1) for up(down)-type quarks, with v, the VEV of the &y, m,
is the mass of the quark ¢, and m, is the mass of the CP-odd scalars. It should
be mentioned that this effective Hamiltonian is closely correlated with the type of

2HDM.
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Parameterizing the nucleonic matrix element as (N|>_ myqq|N) = fxymy, where

my is the proton or neutron mass, and
o= A (7.13)
q

where the nucleon form factors are f? = 0.020 £ 0.004, f¥ = 0.0026 + 0.005, fP =
0.118 £ 0.062, f¥ = 0.014 £ 0.003, f} = 0.036 £ 0.008 and fI = 0.118 £ 0.062 [45],
the cross section for the DM scattering elastically from a nucleus into the momentum

transfer limit is given by

o - [Zmy f* 4+ (A — Z)m, 7], (7.14)

T
where p = m, My/(m, + My) being the reduced mass of the DM-nucleon system,
with My the target nucleus mass, Z and (A — Z) are the numbers of protons and
neutrons in the nucleus. If dark matter is Majorana particle, the SI cross section in
Eq. (7.14) should be multiplied by the factor 4.

To find out which scenario can loose the tension between the observed DM relic
abundance and constraints of direct detections, we show in Fig. 7.5, 7.6 and 7.7
the exclusion limit given by the LUX 2015 [20] as well as the contours of DM relic
abundance in the a;; —m, plane with 5 taking the value of 0.2, 2 and 20 respectively.
Other inputs are the same as these in making Fig. 7.3. For each case, the first row is
for the type-I1 2HDM), the second row is for type-I1 2HDM and the three plots in each
row from the left to the right correspond to ay; # 0, a2 # 0 and awms # 0 respectively.
In each plot, the region above the red dashed line is excluded by the LUX 2015 result
and the blue contours give the correct relic density within three standard deviations
of the Planck central value. From these figures, we can see in all cases, the behavior of
the relic density contours for heavier dark matter with m, 2 400GeV are similar and

the couplings «;; all converge to a value around 1, which follows from the previous
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Figure 7.5: Constraints on the o;; — m, plane for type-I and type-II 2HDM in the
SM limit with tg = 0.2. The other parameters are fixed to be my = 400GeV,
ma = 300GeV, my+ = 500GeV and m?, = 0. The green solid contours give correct
relic density within three standard deviations and the regions above red dashed lines
are excluded by the LUX 2015 limit.
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Figure 7.6: Constraints on the «;; — m, plane for type-I and type-IT 2HDM in the
SM limit with t3 = 2. The other parameters are fixed to be my = 400GeV, my =
300GeV, m%, = 0 and my= = 500GeV. The green solid contours give correct relic
density within three standard deviations and the regions above red dashed lines are
excluded by the LUX 2015 limit.
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Figure 7.7: Constraints on the o;; — m, plane for type-I and type-II 2HDM in the
SM limit with g = 20. The other parameters are fixed to be my = 400GeV, my =
300GeV, m?, = 0 and my+ = 500GeV. The green solid contours give correct relic
density within three standard deviations and the regions above red dashed lines are
excluded by the LUX 2015 limit.
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arguments on the 2HDM type and ¢ independent behavior for the heavy DM. On
the other hand, the LUX limit depends on the type of 2HDM, t5 as well as a;;.
Therefore a looser constraint from LUX for heavy DM can be found by adjusting ¢3
and the interaction form of DM with Higgs bilinears. On the contrary for light DM
which mainly annihilates into fermionic final states, both DM annihilations and SI
cross section are controlled by the same factors, such that the conflict between relic
density and direct detection limits as observed in the simple SM extension remains
to prevent a viable dark matter candidate except when m, ~ mj, ;. This can be seen
most clearly for type-I 2HDM with a;; turned on, which correspond to the top-left
plot in Fig. 7.5, 7.6 and 7.7. The t3 dependent factor can be isolated from the d, for
the type-I 2DHM. By collecting the factors from Eq. (??7), Eq. (?7), Table. ?? and

Table.7.2, we find

11ty 1
— — cot fi 0 7.15
qoct%—l—lm,%—{_t%—l—lm%[( cot §), (for a1y # 0) (7.15)

d

where the first and second term are from h and H mediated diagrams respectively.
This is a monotonically decreasing function as tg increases. So as tg increases, the
direct detection cross section decrease monotonically. Keeping in mind that the an-
nihilation cross section will only decreases as tg increase in light DM regime, which
leads to a lift of ay; so as to get the correct relic abundance, both the blue contours
and red dashed exclusion limit are lifted higher at approximately the same steps for
light DM as t3 increase. So for light mass regions, the conflict between relic density
and LUX limit still exists. But for heavy mass regions, only LUX limit are lifted
higher while relic density contours remains approximately the same position which
then makes a dark matter viable. In the case when 3 = 20 as shown in the top-left
plot of Fig. 7.7, a DM with mass 200 — 1000 GeV is allowed.

Following the same logic as the above case, the behavior of the remaining plot

can be understood. For the top-middle plot corresponding to type I 2HDM with a9
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turned on, going from t3 = 0.2 in Fig. 7.5 to {3 = 2 in Fig. 7.6 leads to no obvious
change of the contours. This can be interpreted from inspecting the dependence of

d, on tg, which is

25 1 tz—1 1
G>x e Tm T e im
B h B H

(— cot B), (for a9 #0) . (7.16)

This function has about the same value at tg = 0.2 and g = 2 since there is a local
maximum at t3 = 0.88 after which d, decreases monotonically. Then as ¢5 is changed
from 2 in Fig. 7.6 into 20 in Fig. 7.7, both relic density at small mass regions and
the LUX exclusion limit at the whole mass range are lifted higher by about an order
of magnitude and a heavy dark matter with mass 200 — 1000GeV becomes viable.
Finally for type I 2HDM and when s, is nonzero as shown in the top-right plot, the
one with t3 = 0.2 is viable for heavy DM with mass 500 — 1000GeV, while ¢z = 2
and tg = 20 cases have similar behavior and exclude all mass regions except near
Higgs resonance. This behavior can be understood from collecting the relevant tg

dependence of d,,

t 1 t 1
B B 3 /
1 t%"’lm% t?ﬁ‘f‘lmQH( ¢ )’ ( i ) ( )

which is a monotonically increasing function, and is negative when g < 0.31 and
positive when tg > 0.31 with the point {5 = 0.31 leading to a complete cancellation
between contributions from h and H diagrams. Due to the closeness to this zero
point, the o at t53 = 0.2 takes a much smaller value as comparing with cases at
tg = 2,20, thus the DM with mass 200 — 1000GeV is available in this case.

For the type-I1 2HDM corresponding to the second row of the Figs 7.5, 7.6 and
7.7 , the effective coupling d, is not universal for up- and down-type quarks, the
dependence of 05! on t5 is of a consequence of all the associated competing factors.

05! is the monotonically decreasing (increasing) function of ¢z for ay;(ay,) # 0 case.
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The conclusion as can be seen from these plots is that when ¢g = 0.2 with aqy turned
on, there is a viable dark matter starting with mass as low as ~ 200GeV and when
tg = 2 with ay; nonzero, a dark matter with mass starting at ~ 300GeV is available.
For oy, # 0, 05 gets minimum at t5 = 0.18 and 6.15. It is difficult to get viable
parameter space for this case.

Another ingredient that might potentially mitigate the constraints from direct
detection for lighter DM is the 2 — 4 annihilations induced from the effective inter-
actions xxh;h; and YxH*H~ via off-shell intermediate scalars. These processes are
not included in MicrOMEGAs but their effects are suppressed by the phase space and
thus negligible with respect to the 2 — 2 annihilations. For a systematic exploration
of the 2HDM parameter space with more phenomenological constraints taken into

account, we defer to a future work.

7.2 DM Phenomenology (2): a special scenario

The invariance of the Higgs kinetic term under the U(2) rotation in the space
(®1, ) leaves one the freedom to rotate the two Higgs doublets into any basis suitable
for the study of the problem with model parameters connected by this transformation.
There are two kinds of basis in the Higgs sector: generic basis and Higgs basis.
Interactions of DM with Higgs sector given in Eq. (7.1) are written in the generic
basis. Sometimes it is more convenient and useful to write down the effective DM-
Higgs interactions in the Higgs basis. Assuming i 1 and ﬁg are Higgs doublets in the
Higgs basis, where (Hy) = v/y/2 and (H,) = 0, the relation between the Higgs basis

and generic basis can be written as

H c S d
o = . (7.18)
H2 —Sg Cp (I)Q
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We are interested in the case of Higgs portal DM where the direct detection cross
section lies below the current LUX exclusion limit. As was showed that, both the
freeze-in [140] and the “stealth” [76] DM scenarios have negligible direct detection
cross section. In this section, we point out another possibility that may evade con-
straints of direct detection.

We assume the DM only couple to the Higgs bilinear ﬁ;r ﬁZ, where I/-fQ is the Higgs

doublet that gets no VEV in the Higgs basis. The interaction takes the following form

B PR
L3> %XXHQTHQ , (7.19)

while the interaction )Zxﬁ IT H 1 reduces to the simple SM extension in Eq. (?77?) except

that there are more diboson channels where DM may annihilate into. This interaction

collects all the xx.S;S; type terms where S; represent scalars H, A and H* in Eq. (7.1)
HB

in the alignment limit. Its coupling asy” is a linear combination of couplings «;; in

the generic basis
gy = Q1185 — Q12825 + A9 (7.20)

This scenario evades direct detection constraints at the tree level completely and can
serve as a completely viable model easily. We thus study the implication of this
interaction on the relic density. Furthermore, we include one-loop corrections to the
Yukawa couplings of DM operator yx with CP-even Higgs h, H to study their direct
detection signals.

Written in physical fields, the interactions associated with af? are

HB
L3 O‘%XX {H+H + %Ag + %l[l + cos(20)]h” + i[l — cos(20)|H? + %hH Sin(25)(}7-21)

where 6 = a — 3. The absence of terms like yxh(H) in this equation leads to
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Figure 7.8: One loop Feynman diagrams contributing to DM-nucleon interactions.

a negligible o5 at tree level, and effective interactions of DM with quarks in the
nucleon arise at the one-loop level. The relevant Feynman diagrams are given in
Fig. 7.8, where the second one is doublely suppressed by the quark Yukwa couplings
and is thus negligible. The first Feynman diagram generates effective operators Y, Y xh

and Yy yxH with

2 2 2
G M+ A & my
Y, = =N {cﬁln( A2 ) +coln (AQ) +5 (14 cos20)In (A2>
2
¢ My
HB 2 2 2
g Mmie ma5 Cs my,
Yy, = ——— {07111 ( A2 ) +c3ln <F) + 5(1 — c0s20) In <F>
2

2 2
cy myy m; m3,
+§Sm25{ln(/\2)+m%—miln(m%)_1}}’ (7.23)

So at one-loop level, we have only one scalar operator yxgm,q whose effective coupling

d, takes the following form,

S$8—a + kogCs—a Co—a — kuSs_q
d, = e jriay, g P Toiay, (7.24)
miv mv
1 k,Sg_a
— 3 Yh — qSZB YH
mjv mev

where we list in the second row the expression of d, in the alignment limit. This d,

can be compared with the d5™. To that end, we show in Fig. 7.9 the ratio d,/d3™

oF
2
Amh

in the t3 — o plane with d;™ = and of}P = af’. Here the parameter 7 controls

the size of trilinear Higgs couplings in Table. 7.1. The plot in the left panel applies
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to all quarks in type-I 2HDM as well as up-type quarks in type-II 2HDM, while the
plot in the right panel is for down-type quarks in type-II 2HDM. We can see for
each plot, there is a contour where this ratio vanishes, that is, the one-loop SI cross
section is exactly zero. This contour follows from the fact that both Yy and Y}, are
linear functions of . For both cases this contour corresponds to v ~ 2.5. Away from
this region, for the left plot, this ratio is not sensitive to tg for t3 > 1, but sensitive
to tg for t3 < 1. This is because k, is approaching to 0 for large t3. The opposite
situation happens for the second plot since now k; = —tz and becomes dominant as
tg increases. The left plot shows relatively large one loop coupling around —0.34 for
tg = 0.2 while for {3 = 2,20, they are both approximately —0.10. For the right plot,
the ratio is around —0.10 for ¢g = 0.2, —0.14 for t3 = 2 and —3.86 for {5 = 20. Due
to the large values of loop corrections in certain parameter space of the model, these
one loop diagrams might be important in DM direct detections even in the generic
basis as given in the previous section. For the impact of these new ingredients and a
full exploration of the 2HDM parameter space, we defer to a future analysis.

We show in Fig. 7.10 constraints from relic density and direct detection. The
leftmost plot shows the allowed regions within three standard deviations of the Planck
central value of Q.h%. It is done in the alignment limit then this contour applies to
both type-I and -II 2HDM since only the invariant combination S — o appears in
Eq. 7.21. Other inputs are set to be tg3 = 2, myg = 400GeV, m4 = 300GeV,
mpy+ = 500GeV. In the middle and rightmost plots, we show the ¢ with 7 = 0 and
v = 3 respectively. The LUX exclusion regions are colored by light red and the relic
density contours are colored by blue (green) for Type-I(II) 2HDM. We can see the
v = 0 case has a fraction of parameter space excluded by LUX limits for relatively
light dark matter while for 7 = 3, almost all of the parameter space evades the LUX
exclusion limit. As discussed previously, as 7 &~ 2.5 one-loop cross section vanishes,

resulting in null direct detection signals. It would be a completely viable scenario.
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Figure 7.9: The ratio of the effective dark matter quark coupling in 2HDM to that
in the SM dq/dSM for type I, II 2HDM in the © — ¢ plane in the alignment limit.
The left plot applies to all quarks for type I 2HDM and to up type quarks in type
IT 2HDM since these Yukawa couplings have the same ¢35 dependence. The right plot

applies to down type quarks for type II 2HDM. The other parameters are fixed to be
mpy = 400GeV, my, = 300GeV, my+ = 500GeV.

We finally comment on the DM phenomenology induced by deviations from the
alignment limit and 2 — 4 annihilations. These effects are suppressed by cz_, and
limited phase space respectively, and would require quite large couplings to obtain
the correct relic density. This however will lead to much larger direct detection cross

section.

7.3 Summary

Accumulated evidences point to the existence of DM, which is claimed as one of
the dark clouds in the sky of the particle physics in the twenty-first century. Since the
discovery of the Higgs boson at the CERN LHC, the simplest Higgs portal fermionic
DM model was almost excluded by the DM direct detection experiments. One needs
extensions to the minimal model (with new interactions or new mediators ) to accom-

modate the tension between the observed DM relic density and constraints of direct

135



720 .| LUX Excluded ...~ s

LUX Excluded

N

Typel Typel — ——========
1
400 600 800 1000 300 400 600 800 1000 300 400 600 800 1000

my(GeV) my(GeV) my(GeV)

Figure 7.10: Relic density and LUX 2015 constraints in the SM limit. Left plot

shows allowed regions in the oy’ —m, plane within three standard deviations of the

relic density central value and applies to both type I and type II 2HDM. The middle
and right plots shows dark matter nucleon spin-independent cross sections for type
I and type II 2HDM with 7 = 0 and v = 3 respectively where the coupling afP is
fixed to satisfy the relic density requirements corresponding to the regions in the left
plot. Also included in the middle and right plots are the LUX 2015 exclusion regions.
The other parameters are fixed to be t3 = 2, myg = 400GeV, my = 300GeV and
mp+ = 500GeV.

detections. In this paper we studied the phenomenology of the Higgs portal DM in
the 2HDM model. In addition to the numerical simulations using the MciroMEGAs,
the DM relic density and direct detection cross section were also calculated analyt-
ically for the benefit of generality. Our studies show that it is possible to get the
observed A2, while satisfying constraints of ¢! without introducing PV interactions
in the both the Type-I and Type-II 2HDM. We studied the dependence of ¢! on
the t5 in detail, and pointed out the regime that satisfy the latest LUX bound for
each scenario. We further pointed out an interesting scenario where there is no tree
level contribution to the scattering of DM with nucleon. In this case it will be more
promising to detect the DM resorting to the indirect detection or collider experiments,
which, although interesting and important but beyond the reach of this paper, will

be studied in another paper.
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CHAPTER 8
CONCLUSION

The SM falls short in explaining the slight excess of ordinary baryonic matter over
anti-matter as well as not providing a dark matter candidate. These are the two main
reasons from the pragmatic point of view that motivate the studies in beyond SM
explorations in this thesis.

To generate the baryon asymmetry, scenarios where there are new sources of CPV
and where a strongly first order EWPT can be obtained are introduced within the
framework of EWBG and are found to be able to generate the right baryon asymme-
try while at the same time be compatible with other phenomenological constraints.
In the years to come when many beyond SM theories would be subjected to stringent
test from direct searches at the energy frontier and from precision measurements in
the intensity frontier, the requirement as to properly account for the baryon asymme-
try in the universe can be of significant guide on these searches and measurements.
Current uncertainties in the BAU calculations is still relatively large and a systematic
reduction of these uncertainties should be of even more priority as to complement the
activities at the energy and precision frontier.

Dark matter as weakly interacting massive particles are also studied with the hope
that future searches can shed light on this elusive particle people have been after for
decades. Since current direct searches have push the dark matter scattering cross
sections with nucleons to a much lower level without a positive signal, there might
be some mechanism that these rates are indeed that small and we have studied here

several examples with loop suppressed direct detection cross sections. Or it might be
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that our understanding of the micro-dynamics of dark matter interactions is not good
enough. Especially, the the experimental limits on dark matter nucleon scattering
were always limited to spin-independent or spin-dependent cases in the past. However
it might be that the actual reactions have quite different nuclear responses and need us
to reformulate the limits obtained. Effort torwards this direction is being made on the
experimental side while on the theoretical side, this gives interesting new directions
to study. Should new physics exists regarding these two long standing cosmological

puzzles, we would some day have the chance to discover it.
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APPENDIX
NUMERICAL ROUTINES

A.1 Introduction

In calculations of the EWBG framework, we need frequently to solve Sphaleron
profiles, bounce solutions , transport equations, etc,. Fortunately these differential
equations belong to the same class of problems, that is, the non-linear ordinary dif-
ferential equations and their precise solutions can be obtained only using numerical
solutions in most cases. Here we discuss the method used in solving these prob-
lems taking the transport equations as an example. Several specific cases are studied
here and their numerical results are compared with those that can be obtained in
Mathematica to check the correctness code developed.

We want to solve a set of coupled transport equations of the form

N-1

Ot == Tun,+ S, 0<r<N-1,

s=0

with the following simplifying assumptions

on, - - On, dn, d*n,
RS ~ _p, L

Oty = ot
This type of second order ordinary differential equations(SODEs) can be solved ana-
lytically when the coefficients of n, and its derivatives are z-independent. For trans-
port equations, v,, and D, are constants while I';. is z dependent. Then these equations

need to be solved numerically.
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These SODEs can be reduced trivially to a set of first order ODEs(FODESs),

n, =m,, (A1)
;U L SPtY

_ _ s = A2

m! i D, st p 0, (A2)

with 0 <7 < N —1and n, = %. Thus numerical solutions to higher order ODEs
are generally reduced to that of FODEs. There are other cases where these kinds
of numerical routines are needed, such as solving Schrodinger equations, Sphaleron
profiles etc,.

The numerical routines here is based on the “relaxation method” and two func-
tions are developed in Mathematica. One function RelaxEWB is dedicated to above
transport equations with specialized input format and the other one RelaxFODE
solves generic coupled FODEs. To check the correctness of these two functions, we
look at the cases where analytical solutions are available and those which can be
solved by the Mathematica built-in function NDSolve for comparison. The examples
are introduced by the simplest single equation with constant profiles and step by step
more features are included with increasing complexities to approach solving a set of
realistic transport equations. We also introduce the generally utilized “analytical ap-
proximation” in solving coupled transport equations and see how this approximation

is approached by full numerical solutions.

A.2 Single Transport Equation with z-independent Profiles
A.2.1 Ty(2<0)=Tk(z>0)=const
Most analytical approximation use the fact that coupled transport equations can

be reduced to a single equation about H under various assumptions

DHH//—UwH/—FHH—i-SH:O, (AS)
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Figure A.1: Comparing numerical solutions of Eq. A.3 using functions RelaxEWB
with exact analytical in Eq. A.4. Left and middle plots are input source and relaxation
profiles. Right plot shows analytical and numerical solutions.

with boundary conditions H(+o00) = 0. Now consider the case when this equation
can be solved analytically corresponding to constant 'y for both z > 0 and z < 0.

Analytically, this equation has an exact solution,

1 1 ‘5 —Ayu z
H(Z) = |:C+(O) — HD—H/O SH(U)G At du} 6/\+ s
1 1 .
_0)+ —————= S Aty | erF A4
+ [C<)+)\+_)\DH/0 (u)e u]e : (A4)
where A, = 2V 1;12%;45}[ L ith Ay > 0and A\_ < 0. The two integration constants

¢t are determined by the boundary conditions H(+o0) = 0,

R
_ - u A.
c.(0) V. DH/O Su(u)e du, (A.5)
_1 1 —00 _ Y
_ = - -u . A
c_(0) N Dy /0 Sp(u)e du (A.6)

This analytical solution can be compared with numerical solutions using function
RelaxEWB or RelaxFODE with the comparison shown in Fig. A.1 where the left
and middle plots are input profiles for source and relaxation terms and the right plot
shows solved H profiles both analytically(green) and numerically(red). We can see

the numerical solution matches the anaytical solution very well.
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A22 0=Tg(z<0)#Ty(z>0)>0

In this case, we consider a more reliastic relaxation profile which is a step-function
centered at z = 0 with 'y = 0 in the symmetric phase(z < 0) and a non-zero yet
constant T'y in the broken phase(z > 0). It follows that one need to solve Eq. A.3
separately in these two regions and match the solutions at z = 0 using continuity
conditions.

Firstly for z < 0, we have A\, = Il’;“; >0 and A_ = 0, then

1 1

H) o = {c+(0) . /0 ) SH(u)e_’\+“du] M7 4 {c_(o) + %DLH /0 ) SH(uxmb

with here c4(0) the two integration constants to be determined. Since Sg(z < 0) =0

in the symmetric phase, the above expression is simplified to
H(2)|:<0 = c4(0)e*" + c_(0). (A.8)

Furthermore the boundary condition H(—o00) = 0 requires that ¢_(0) = 0, then we

have the solution in the symmetric phase,
H(z)|:c0 = C+(O)€5\+Z> (A.9)

with ¢4 (0) now still undetermined.

In the broken phase corresponding to z > 0, the generic solution is

1 1

H(2)|:>0 = [B+(O) - ﬁD—H/O SH(u)e““du} M,

11 [
B_ — = T tdul 7 (A
+[ <o>+A+_A_DH/OsH<u>e du]e L (A1)
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Figure A.2: Comparing numerical solution of Eq. A.3 with analytical solution relax-
ation profiles with 0 = T (2 < 0) # Tg(z > 0) > 0. Left and middle plots show
source and relaxation profiles and the right plot shows numerical solution as well as
exact analytical solution.

with here A1 defined similarly as previous case and where B, (0) is determined through

the boundary condition at +oc0,

1 1 o

leaving two remaining integration constants ¢ (0) and B_(0) which are now readily

solved from the continuity conditions for the two set of solutions for H(z) at z = 0,

HOeco=HO)so, _ 4(0) = *52B,(0),

: . (A.12)
H(0)|.<0 = H(0)]50 B_(0) = —3=B4(0).

The comparison of numerical solutions from RelaxEWB with above analytical solu-

tions is shown in Fig. A.2 and again very good agreement is observed.

A.3 Single Transport Equation with Generic Profiles
Using generic z-dependent profiles for source and relaxation terms in Eq. A.3,
we show numerical solutions from the dedicated RelaxEWB and the generic FODE

function RelaxFODE with that from the Mathematica built-in NDSolve in Fig. A.3.
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Figure A.3: Comparing numerical solutions of Eq. A.3 using RelaxEWB and Re-
laxFODE for generic z-depenent profiles respectively with the numerical solution
from Mathematica built-in NDSolve. Left plot shows source(red dashed), diffusion
constant(blue solid) and relaxation(blue dotted) profiles. The middle plot shows nu-
merically solved H (z) profiles from RelaxEWB(red dashed) and NDSolve(cyan). The
middle plot shows numerically solved H(z) profiles from RelaxFODE(blue dashed)
and NDSolve(cyan).

The input profiles are shown in the left plot, the numerical solution from RelaxEWB
as compared with that from NDSolve are shown in the middle plot and the numerical
solutions from RelaxFODE as well as that from NDSolve are shown in the right
plot. We can see the results from RelaxEWB and RelaxFODE agree with that from

NDSolve.

A.4 Two Un-Coupled Transport Equations with Different

Relaxation Profiles
To further test the correctness of the numerical routine RelaxEWB and Relax-
FODE, we go beyond solving the single equation as in Eq. A.3 and study the following

two uncoupled equations with different profiles,

DyH! —v,H, —TyH, + Sy =0,

Dy HY —v,H) — 3Ty Hy + Sy = 0, (A.13)
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Figure A.4: Numerical solutions of two un-coupled transport equations A.13 with dif-
ferent relaxation profiles using RelaxEWB and RelaxFODE as compared with that of
NDSolve in the middle(for RelaxEWB) and right(for RelaxFODE) plots respectively.
The left plot shows the input profiles.

where the two equations differ by their relaxation profiles with T'y, = 3T'y,. The
numerical results for Hy(z), Ha(z) from RelaxEWB and RelaxFODE are compared
with that from NDSolve in Fig. A.4. From the middle plot we can see the results of
RelaxEWB(red dotted) matches that from NDSolve(cyan) and from the right plot, it

is clear the result from RelaxFODE(red dotted) also mathes that from NDSolve(cyan).

A.5 Two Coupled Transport Equations with Reduced Mix-
ing
Now we move one step forward and consider the two coupled transport equations

with reduced mixing relaxation profiles,

DyH!" —v,H, —TyH, — 0.7y Hy + Sy = 0,

Dy HY —v,Hy — 3Ty Hy — 0.70 Hy + Sy = 0. (A.14)

The only difference with previous Eq. A.13 is that we added a mixing relaxation

profile for each of two equations but with reduced strength. This different types of
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Figure A.5: Two coupled equations with reduced off-diagonal relaxation rates. As
with previous figures, the left one shows the input profiles of the transport equations
while the middle and the right one give the obtained results using different methods.

equations can further test the correctness of the numerical routine RelaxEWB and
RelaxFODE.

Before showing the numerical results, we study the asymptotic behavior around
2z — +oo and see if both H; and Hy admit a solution with vanishing strength. More

precisely we seek the following solutions for Hy, Hy at z — 400,

Hi(:too)zzyii’?; with i=1,2,
n=0

which when plugged into Eq. A.14 gives at leading order of |z|™1,

_ 1 07 || H Su 0 Hy(£00) =0

So we are guaranteed that there are solutions of the type we want. Now we show
the numerical results from RelaxEWB and RelaxFODE and compare with result
using NDSolve in Fig. A.5. There the left plot shows input profiles, the middle plot
compares result from RelaxEWB with that of NDSolve and the right plot compares
result from RelaxFODE with NDSolve. We can see both RelaxEWB and RelaxFODE

agree with NDSolve.
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From these above examples we should be pretty confident that the numerical

solutions from RelaxEWB and RelaxFFODE are correct.
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