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e The Universe content:
-Luminous matter ~ 5%
-Dark matter ~ 27%

-Dark energy ~ 68%

e Evidence is —
overwhelming :

-Rotation curve;
-Gravitational Lensings g e
-N-body simulations | X
of structure formatiofSEEERE K |
-CMB T
-BBN R R (x 1000T)

Composite image of X-ray (pink) and
weak gravitational Lensing (blue) of the
famous Bullet Cluster of galaxies.

The rotation curve of typical spiral
galaxy M33



Dark matter candidates

Some dark matter candidate particles
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1.

2.

3.

The WIMP miracle
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In the early Universe, WIMPs <
are in thermal and chemical
equilibrium with SM particles.
With the expanding and cooling
of the Universe, WIMPs become =~
nonrelativistic and their
production drops exponentially.
The WIMPs decouple from the
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WIMP detection

Correct relic density - Efficient annihilation then

X x

(Particle colliders)

Efficient production now

q q

>

(uonoslep 108lipul)
MOU uOlje|iyluue jualdijg

Efficient scattering now
(Direct detection)



Direct detection

Evolution of the WIMP-Nucleon g
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Particles used for
indirect detection of
dark matter

WIMP pair annihilation .
hadronic final states ,.,b
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DM searches at the LHC

Transverse
Directions
o kUndetected S Undetected
Side View .
Beam ““ l:.
Direction \_ o
A—ly “ ..0
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Beam . - S Beam
Anti-Muon

Electron

M. Strassler 2015
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Phase transition (PT) in the singlet extension of SM

S
» Trigger a strong first-order PT for baryogenesis.
» Provide CP violation source,
Os = 5.Qs Htg + Hec.
6 = 2z@sLHiR T4 (0, w)

» Dark matter candidate. A Te(Ty, < Te < T},)
» Generate gravitational-waves.

> h
Th (va O)

Type-II PT
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Real singlet extension with a Z2 symmetry

The model:

V(H,S) = —pi|H + Mu|H|* + usS2+ /\S4+ AmIHFS2

S becomes a dark matter candidate in the type-II PT since its VEV vanished
in the present Universe.

Write the potential in terms of the background fields h and s:

1 1 1 1
Vo(h, s) = — pah? + Ahh4 2;@ 2—|—Z)\ss4+ Z)\mh232.

The tree-level potential exists a potential barrier for the type-1I EWPT.



Real singlet extension with a Z2 symmetry

The finite temperature potential is given by

1 1 1 1 1
V(h,s, T) = —§,u,2zh2 + Z)‘hh4+ 5/1382 + Z)\384+ Z)\mh282
1
— E(Chhz +¢,8%) (T2 -T2).

Temperature-dependent parameters

ur(T) = pp, — cn(T* = T7),
ps(T) = pg +cs(T* = T7).

12



Real singlet extension with a Z2 symmetry

Local minimum in the type-II PT:

2 2
w2 = —& ’(_)2 = ﬂ
s An’
The critical temperature is given by
Ch
vh = v? + T2,
Ah

The degeneracy of the two vacua at critical temperature requires

1 /A
2 1 . 2 s 2
mg = 5 ()\m 2 )\h/\s) vy + <ch _Ah cs> T7.

To ensure a correct EWPT, the broken minimum should decrease faster
than the symmetry one as the temperature decreases, this requires:

13



Am

Real singlet extension with a Z2 symmetry

To search for the parameter space for the type-II PT, we make
a random scan of the parameters in the following ranges:

1073 <A <5, 100°< )\, <5, and 1<%<10.
C

120

wo 1. 30 GeV < T, <120 GeV
2. 40 GeV < my < 400 GeV
| 3 Apm 21072

100 |

10—2 R | 1 1 R | 1 1 I |
10! 10? 103
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Complex singlet extension with a CP symmetry

Consider the model with a CP symmetry S — S*:
1 1
V(H,S) = = pp H|* + M|H|* = p7(578) = Sp5(S + §™) + Ai(8"8)* + 7 0% + %)

1 1 1
+ 5As(878)(S” + §°%) + k| HI*(S7S) + S ol HI*(S* + %) + Eai(s +5%)

1 V2 V2
—— b |H|2(S + 8*) + ~=c1(8*9) (S 4+ 8*) + ——c2(83 + 8*3).
+ 5 tmlHE(S + 57+ L a(S™S)(S + 57 + ‘Faals+ 59
With S = (s + ix)/V/2, we have
_ Loy 1o 1o o Loy 1o g 1y 4 1 59
Vih,s,x) = — §,uhh — HsST T SHX +Z)\hh +Z>\SS +Z>\XX —I—§)\as X
1

1 1 1 1
+ “keh?s® + —mxh2x2 + a:{’s + 4bmh2s + gcss?’ + §CXSX27

4 4
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Complex singlet extension with a CP symmetry

with
2 1 2 2 2 1 2 2
M1 = 5(:“’3 +:ux)a Mo = 5(“3 - :u’x)7
1 1
R1 = 5(/‘33 + K‘X)7 R2 = 5(/‘33 le)a
1 1
L = Z(Bcs +c¢y), c2= Z(Cs Cy)s
and
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Complex singlet extension with a CP symmetry

The potential at finite temperature is given by

1
Vveff(h'a Sy X T) = V(ha Sy X) - 5 (ghh2 + 9832 + ng2 + 2m38) (Tc2 o T2)7

T-dependent parameters:

p(T) = p2 — gn(T? = T2), pi(T) = u? — gs(T? - T2),
po(T) = 12 — gy (T? = T2), a}(T) = a} + mg(T* - T7).

The following relations are required for generating the type-I1 PT

M3, 2 2 2Mp, 4 b v
)‘h:ﬂ7 /.Lh:)\h’l), bm: 0 y a1 = — 4
N 36Apvt + w[96a3 + (24M2 + 4kT? + ANT2? — N\ T2 — 12k503)w]
s =

12w* — 5T 2w? ’
o 15AT20% 4+ 40a3T%w + (24AMZ + 4k T2 + AN T2 — N\ T2 — 126,08 w?
10T2w? — 24w

cs = —@(a‘;’ — p2w + Aw?).

Y
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Complex singlet extension with a CP symmetry

A

0 1000 2000 1000 2000 —-0.25 0.00 0.25
w [GeV] ms [GeV] [}
0.0 0.5 1.0 1.0 0.0 2.5 5.0
Ks /\s
0 2 5000 —-10000 -5000 0
Ah b, [GeV] cs [GeV]
-1000 0 1000 100000 50 100 150
¢y [GeV] u? [GeV?] Tc [GeV]
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Invisible Higgs decay
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s [GeV]

Branching ratios

Complex singlet extension with a CP symmetry
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Branching fraction
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0.0
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Complex singlet extension with a CP symmetry

Benchmark models

Model | 6 | Ay | ¢y [GeV]
A 0.1 0.9 -100
B 0.1 0.1 -100
C 0.3 0.5 -100
D 0.1 | 0.5 -300

23
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Complex singlet extension with a CP symmetry

Dark matter relic density
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Complex singlet extension with a CP symmetry

Direct detection

10_42 IIIIIIIIIIIIIIIIIIIIIIIIIIII]IIII]IIII—
—— model A 3

0-k model B ;
—=-= model C 3

—-:= model D -

10-44 i — LUX2017 o

‘ —— XENONI1T A

10-%5 LI ~=- XENONNT J
& E
c ]
Igl 10—46 -
- DR L RPPLPTTPITIVIROSe:
e o r::.;.a‘!-"f-'r'_f_r'—_'f—s——',—; — s
1047 Il lo—==—m—7 E

,'L
el gl
N

10749

1 llllllll 1 llIlIllI

10—50, b by v by s b s by v b v by o by oy
250 500 750 1000 1250 1500 1750 2000

m, [GeV]

2020/10/3



26

T I‘nlu.l l°|'e° L :J.l" AR A P ALAL W BT =

Lot L S | —— LUX2017 &

o S0 hyer iy e 4070 —— XENONILT 3

10743 e S4v . oot === XENONNT 3

LLLLLAL

=

o
&
IS
l

=
u

& 10745 N\
E =
S f
zg) 10_46 §_: e
§ °
B
RS
10747 &

10748

10_49 1 1’.1°i‘}"-§ : v
10! 107 103

m, [GeV]

2020/10/3



27

Summary

In this talk, we focus on the type-Il EWPT in the singlet extension of SM
and the related DM phenomenology. The main conclusions are as follows:

1. We show that the in the real singlet extension of SM with a Z2 symmetry,

parameter regions for the type-II PT is constrained by the DM direct detection.
We then study the type-IIl EWPT in a complex singlet extension with a CP symmetry
and find that plenty of parameter space is available for both generating the observed
DM relic density while survive from various experimental constraints including Higgs
signal strength measurements, DM relic density observations, and DM direct and
indirect detections.
3. The future precious measurements of di-Higgs production at the colliders and DM

direct detection experiments, such as XENONNT could further test the CP symmetry
model.

2.
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The End.
Thank you!

28

2020/10/3



