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Introduction: Dark matter

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

DM relic density [ Qpamh? = 0.1200 £ 0.0012 J

Planck 2018 results

One candidate for dark matter: ® Dark matter
Ordinary matter

Weekly interacting massive particle (WIMP) Dark energy

26.8%

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

WIMP mass range : O(1)GeV — O(10)TeV

DM suggests physics beyond the Standard Model (SM)



Introduction: Dark matter

Direct detection experiment :
DM from space collides with liguid xenon stored in an underground

laboratory, and the signal emitted when the nucleon recoils Is detected.

R Direct detection exp.

DM q DM

WIMP-nucleon og; [cm2]
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The DM-nucleon scattering cross section Is very suppressed.
Constructing a model that includes WIMP DM without violating

this bound is a major challenge.


https://inspirehep.net/literature?q=collaboration:LZ

The Model

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

The scalar potential of the SM Higgs H and the complex scalar $
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DM particle
Z, symmetry y — — y guarantees the stability of the DM

Condition for the bounded from below
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Tree level

We denote the classical background fields of the Higgs doublet and
singlet as

0 1 .
m=( 1, ) 6= T5es+isy).

Mass eigenstates
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One-loop level

Zero-temperature effective potential
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Vacuum stability in the ¢ -direction

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

(907905790)() — (Ovvg’ao) — (@7@57@){) — (7)70370)

Tree
The curvature of V,, at the origin corresponds to

For 6,> 0, d, > 0, the condition b, — b, > 0 ensures convexity of V; along ¢, = 0.

Most stringent bound comes from the origin.
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DM-quark scattering

The scattering of DM y and quarks g in the CxSM occurs with #;and £,
as mediator particles.
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DM abundance

The Boltzmann equation of dimensionless quantities Y(z) = =
dY.
2 02 (()? — Yoo

The final DM abundance €, h? = 2.7506 x 10° - m,, GeV - Y, (c0)

can be compared with the observed value Qpumh? = 0.1200 £ 0.0012

Tree-level DM annihilation process of the CxSM
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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 ¢, =0
2) Consistency with the latest bounds of LZ experiment

3) Reproduction of the observed DM relic abundance

Tree v.s. One-loop Parameter scan
Tree One-loop 10 < v, GeV <1000
3 3
— < <
Scalar potential Vo Vet o0U” < al/GeV <0
125 < m, GeV < 5000.
DM Annihilation / | ¢ tree | .
. diagrams |+ one-loop effective o= ——
DD amplitudes . 14
only X -vertices

Counterterms — included

11



Numerical results

1) Vacuum stability at ¢ -direction
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Numer
2) DM dire
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As my, Increases, effective couplings become stronger.

These strong couplings enhance the scattering processes,
for the points to be excluded by the L4 bound.
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Numerical results

3) DM relic abundance
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Numerical results

3) DM relic abundance

vg = 5000 GeV a; = —2463 GeV?
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When 4, i1s heavy, effective couplings, especially at the one-loop level,
becomes stronger, and DM annihilation often occurs, causing a
decrease in abundance.
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Numerical results

3) DM relic abundance
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Numerical results

Combining
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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 ¢, =0

2) Consistency with the latest bounds of LZ experiment

3) Reproduction of the observed DM relic abundance

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 my, = 126 GeV).

To solve this, one possible solution is to introduce a scalar cubic term.

ctH'H(S + h.c.), | S2(S+ he.),c3(S+ he)?

b= by — by , Effective vertices of y—y—h, D, (i = 1,2)
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Summary and future work

Boltzman equation:

the fundamental equation describing the time evolution of the particle

number density

Dimensionless quantities v(») = x are often used

dY (2)
dz _

(o)

= —A(2) (Y(2)? = Yeq(2)?)

log[Y/Y(x=0)]
{
o

IIITI'II

increasing (zJvl) -

F i

-

T

]

]

L lJ_lllJ_l-|

=]

300

1000

fConventional calculation

Particle masses at T =0 are used to solve the Boltzman ea.

Due to phase transitions In the early universe, particle masses
change with temperature through the varying vacuum expectation value.

Q Taking into account temperature effects, we estimate DM abundance.

~

S
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Parameters
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DM-quark scattering

The scattering of DM y and quarks g in the CxSM occurs with #,and £,
as mediator particles.

. Yukawa interaction

X X
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Higgs search with degenerate scalars

2x2 mixing matrix

gauge eigenstates mass eigenstates
O(a)
(h, s) . (h1, h2)
/ SM / SM
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Degenerate scalar scenario

Degenerate scalar scenario(@ one-loop Azevedo etal., 1801.06105
: NJNMN (m )
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Sum = (5,6, 2(f(1,1) = f(1,2)) + (5,¢)%(f(2,2) = f2,1)) => O form, ~m,
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Degenerate scalar scenario

S.Abe, G.C.Cho, K.Mawatari,
Phys.Rev.D 104 (2021) 3, 035023
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Boltzman eq. approximation

The Boltzmann equation of dimensionless quantities v(z) = %X
dY, (z) 2 2
J = —A(2) (Yx(z) — Yeq(2) )
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Numerical results

1) Vacuum stability at ¢ -direction
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Feynman rules
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Feynman rules
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Finite counterterms
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One-loop corrections to the vertices
including y-particle

Jyxh-vertex

//\ 5 hi
v \ //pl + Do
X/ P2 \\\X//
-~
q
P1 q+p
X\\\\‘ //—;L\\\
S
\
qai1x ——-h
\ ; ——+> ‘
/)\ L P1 T P2
X/yp; N~
~
q—Dp2
D1 q+p
X~ 2
\\‘\/ h N
/ o
\
\ —>
_A /' p1+ Do
X///p; \\\IZ‘}//
-
q— D2

//\ 5 hi
s \ //p1+p2
X7 Dy NS .
-~
q
P1 q+pi
X\\\\k //71\\\
;o
\
\ —>
A /' p1+ P2
= AN h2 %
X~ 2 N 2 -
~—
q— D2
P1 q+p
X ~ I
\\‘\// X N
// A
\
q{1th _ ],
(\ : =5 I
B /' D1+ P2
// N X 7
X// N~
D2 ~——
q— D2

“\ 5 hz
7 \ / p1+ P2
P2 \\\]}_2//

~———
q
D1 q+p
AN LTINS
7
\
\ —>

//;\ h /' p1+ p2

—~ AN 2
X~ SN2 -

P2
q— D2
P1 q+p
X ~ -
\\‘\// X N
// A
\
q '\hg - hz‘
BY /' D1+ D2

q+p
—_—
D1 “T
\x/ \\
//\ — 5
v \ /' p1+ P2
X7 py N he
q__



One-loop corrections to the vertices
including y-particle
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One-loop corrections to the vertices
including y-particle

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
h,-propagator here.

Accordingly, the one-loop level vertex functions are given as follows.

The three-point functions
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One-loop corrections to the vertices

including y-particle

The four-point functions
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