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Introduction: Dark matter

DM relic density
<latexit sha1_base64="//IVQw6AvKSX4O/K41AVuFH5Zy4="></latexit>

⌦DMh2 = 0.1200± 0.0012

One candidate for dark matter: 
Weekly interacting massive particle (WIMP)

WIMP can explain the observed DM relic density through 
a thermal production process.

DM suggests physics beyond the Standard Model (SM)

68.3%
4.9%

26.8%

Dark matter
Ordinary matter
Dark energy

Dark matter (DM) has been suggested to exist by cosmological  
observations, but is impossible to observe optically

Planck 2018 results

WIMP mass range : 
<latexit sha1_base64="Vm+rjO9JpkDMxOXc9mmuaMr8M3M="></latexit>

O(1)GeV �O(10)TeV
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Direct detection experiment :  
DM from space collides with liquid xenon stored in an underground 
laboratory, and the signal emitted when the nucleon recoils is detected.

LZ Collaboration (Jul 8, 2022)

The DM-nucleon scattering cross section is very suppressed.
Constructing a model that includes WIMP DM without violating  
this bound is a major challenge.

Introduction: Dark matter
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The Model
Complex scalar extension of the SM (CxSM)

+
<latexit sha1_base64="gOZBj6IpYQvAGj6xu8L2r43P3es="></latexit>

S

One complex scalar
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The Model : CxSM
The scalar potential of the SM Higgs  and the complex scalar H S

<latexit sha1_base64="lJ87yRIhpSws29GHv3eViDgrw7s="></latexit>
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all coefficients including  are reala1, b1

 symmetry   guarantees the stability of the DMZ2 χ → − χ

Abstract

The Standard Model (SM) of particle physics involves quarks, leptons, gauge bosons and

the Higgs boson. Although predictions of the SM are consistent with almost all results

of various experiments, there are some insoluble problems such as the existence of dark

matter (DM). DM, which plays an important role in the galaxy formation and evolution,

have not been found directly yet. The helpful observations for understanding DM are the

DM relic abundance and the cross section of the DM-nucleon scattering. The former, the

relic abundance is the amount of the DM in the present universe. At the early universe,

which was extremely hot and dense, all particles were in the thermal equilibrium state.

With the expansion of the universe, DM is not created from the pair annihilation of light

particles. As a result the DM was decoupled from the thermal equilibrium state and its

number density was frozen. This ditermines the current relic abundance. In other words,

the relic density is given by cross sections of DM pair annihilation, σvrel. With regard to the

latter, the DM direct-detection experiments are carried out using a huge tank containing,

for example, liquid xenon in the underground. The recoil energy of target nuclei scattered

by the DM is the signal in this experiment. According to the XENON1T experiment in

Italy, which is one of the DM direct-detection experiments, the upper limit of the scattering

cross section of DM and nucleon is approximately σSI ∼ 10−46 cm2 when mχ ∼ 100 GeV,

which is restriction on the models including DM.

In this thesis, I study an extension of the SM with a complex scalar field S. In this model,

it is supposed that the scalar field S is a singlet under the SM gauge symmetry. The scalar

potential of S and H is given by

V =
m2

2
|H|2 + λ

4
|H|4 + δ2

2
|H|2|S|2 + b2

2
|S|2 + d2

4
|S|4 +

(
a1S +

b1
4
S2 + c.c.

)
,

where the system is assumed to be invariant under a global U(1): S → eiφS (φ = const),

and also allowed the soft breaking terms of S and the quadratic term of S. Assuming that

vacuum expectation values of the scalar fields H and S are v and vS respectively, the scalar

fields H and S are decomposed as

H =
1√
2

⎛

⎝ 0

v + h

⎞

⎠ , S = (vS + s+ iχ)/
√
2,

DM particle

Condition for the bounded from below
<latexit sha1_base64="chwNjy5TSeHrLpkGozDoqz+O3Sc="></latexit>

� > 0, d2 > 0,
�
[�2 � 0] , or

⇥
�2 < 0 and �d2 � �22

⇤�

At T = 0,
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▷  (DM)χ
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▷ h, s

Tree level

✓
h
s

◆
=

✓
cos↵ sin↵
� sin↵ cos↵

◆✓
h1

h2

◆
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hHi =
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1p
2
'

◆
, hSi = 1p

2
('S + i'�) ,

 is the currently observed 125 GeV Higgs bosonh1

Mass eigenstates

We denote the classical background fields of the Higgs doublet and 
singlet as
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One-loop level
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Ve↵ (','S ,'�) = V0 (','S ,'�) + VCW (','S ,'�)

Zero-temperature effective potential

Quantities labeled with the superscript (1): coefficients of the finite counterterms
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Vacuum stability in the -directionφχ
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Tree
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The curvature of  at the origin corresponds toV0
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For , the condition  ensures convexity of  along . 

Most stringent bound comes from the origin.

δ2 > 0, d2 > 0 b2 − b1 > 0 V0 φχ = 0

From the viewpoint of the DM stability, no spontaneous VEV should develop  
along the -direction.φχ

One-loop
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(','S ,'�) = (0, v0S , 0) ! (','S ,'�) = (v, vS , 0)
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The scattering amplitudes mediated by  or h1 h2
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＠ mh1
≃ mh2

Abe, Cho, Mawatari (2021)

DM-quark scattering

＠ α → small
or

The scattering of DM  and quarks  in the CxSM occurs with and 
as mediator particles.

χ q h1 h2
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DM abundance

<latexit sha1_base64="Gu3fJgF6oSQQn4C6IqWPFtt/qfw="></latexit>

⌦�h
2 = 2.7506⇥ 108 ·m� GeV · Y�(1)The final DM abundance

can be compared with the observed value
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⌦DMh2 = 0.1200± 0.0012

Tree-level DM annihilation process of the CxSM

The Boltzmann equation
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Y (z) =
n�

s
of dimensionless quantities            
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Numerical results
Explore the parameter space that satisfies three key conditions:

1) Scalar potential is convex downward in the -direction along  

2) Consistency with the latest bounds of LZ experiment 

3) Reproduction of the observed DM relic abundance

φχ φχ = 0

Tree v.s. One-loop

Tree One-loop

Scalar potential V0 Vef

DM Annihilation / 
DD amplitudes

tree 
diagrams 
only

tree  
+ one-loop effective  
χ-vertices

Counterterms ̶ included

Parameter scan
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10  vs GeV  1000

� 5003  a1/GeV3  0

125  m� GeV  5000.
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Numerical results
1) Vacuum stability at -directionφχ

Tree

One-loop
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Numerical results
Tree

One-loop

2) DM direct detection bounds

As increases, effective couplings become stronger.  
These strong couplings enhance the scattering processes, making it more likely  
for the points to be excluded by the LZ bound.

mh2
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Numerical results
3) DM relic abundance
Tree

One-loop
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Numerical results
3) DM relic abundance
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vS = 5000 GeV

When  is heavy, effective couplings, especially at the one-loop level, 
becomes stronger, and DM annihilation often occurs, causing a 
decrease in abundance.

h2
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Numerical results
3) DM relic abundance
Tree

One-loop
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Numerical results
Combining
Tree

One-loop
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Summary and future work
We studied the parameter space of the CxSM which includes a WIMP DM candidate. 
Three key constraints were examined: 

1) Effective potential is convex downward in the -direction along  

2) Consistency with the latest bounds of LZ experiment 

3) Reproduction of the observed DM relic abundance

φχ φχ = 0

Considering up to one-loop level, it is difficult to find parameters that satisfy all of  

these conditions (but there is a small allowed region when  GeV).mh2
= 126

To solve this, one possible solution is to introduce a scalar cubic term.
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Summary and future work

Conventional calculation
Particle masses at  are used to solve the Boltzman eq.T = 0

Due to phase transitions in the early universe, particle masses 
change with temperature through the varying vacuum expectation value.
->  Taking into account temperature effects, we estimate DM abundance.

Boltzman equation: 
the fundamental equation describing the time evolution of the particle 
number density 
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Dimensionless quantities             are often used

Kolb and Turner “The Early Universe”

<latexit sha1_base64="Oo3XW6uCiOmceS3dxUjN7NNGbfg="></latexit>

dY (z)

dz
= ��(z)

�
Y (z)2 � Yeq(z)

2
�

<latexit sha1_base64="J2S47PsN9ld2dMV7OMOVcZRIFI4=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwVWZEqsuiG5cV7AM6Q8mkmTY0yYQkUyhDt278FTcuFHHrH7jzb0yns9DWA4HDOfdyc04kGdXG876d0tr6xuZWebuys7u3f+AeHrV1kipMWjhhiepGSBNGBWkZahjpSkUQjxjpROPbud+ZEKVpIh7MVJKQo6GgMcXIWKnvwkCqRJoEBgyJISMw0HTIEZzAQOVC3616NS8HXCV+QaqgQLPvfgWDBKecCIMZ0rrne9KEGVKGYkZmlSDVRCI8RkPSs1QgTnSY5Ulm8MwqAxgnyj5hYK7+3sgQ13rKIzvJkRnpZW8u/uf1UhNfhxkVMjVE4MWhOGXQJp/XAgdUEWzY1BKEFbV/hXiEFMLGllexJfjLkVdJ+6Lm12v1+8tq46aoowxOwCk4Bz64Ag1wB5qgBTB4BM/gFbw5T86L8+58LEZLTrFzDP7A+fwBIieZ/Q==</latexit>

/ h�vi <latexit sha1_base64="mlc9Hr3QxREjyyY038WIVnoA/tA="></latexit>

z =
mDM

T

19



Back up



Parameters
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DM-quark scattering
The scattering of DM  and quarks  in the CxSM occurs with and 
as mediator particles.
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 O(α) mass eigenstates
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Degenerate scalar scenario@ one-loop
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Boltzman eq. approximation
The Boltzmann equation
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Numerical results
1) Vacuum stability at -directionφχ

Tree

One-loop
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Finite counterterms
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One-loop corrections to the vertices 
including -particleχ
-vertexχχhi
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One-loop corrections to the vertices 
including -particleχ
For both the DM direct detection and the relic abundance, the relevant 
amplitudes are dominated by contributions with vanishing incoming momenta.  
In addition, we omit the contribution from the diagrams containing the 
-propagator here.  
Accordingly, the one-loop level vertex functions are given as follows. 
h1

The three-point functions
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One-loop corrections to the vertices 
including -particleχ
The four-point functions
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