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Two big events in the past decade

- The discover of Higgs boson in 2012 completed the SM

- Gravitational waves predicted by GR was observed in 2015
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Unsolved questions
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Electroweak baryogenesis

Sphaleron [arXiv:1206.2942]
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° [hep-lat/9510020]
[hep-ph/9809291]

@ Not enough CP violation  [hep-ph/9302210]

<0>=0




SU(2)dark sector and Higgs portal

HY = (G*, (vy, + ho +iGo)/V/2)

Dark sector =dark SU2)gauge sector +dark scalar sector

Dark scalar sector consists of two real scalar triplets : ®;, @5

(M, to,vi+ 1), 1,= ("1, Vot "o, "3)T

S
S




Lagrangian

Total Lagrangian can be written as  , _ o, ZLroral + Lo

A
—%sm D Vom = my|H|> + 7H|H|4,
_gportal ) Vportal — /\H11|}I|2|(I)1|2 + /\H22|H|2|(I)2|2-,
1~ -
Zbs = — Wi, W™ + |D,®1]* + | D, ®2|* — Vps,

Z2 symmetries are imposed : ®; — —®;, 5y — —Py

A A
Vbs = m2,|®1|% + m2,|®s|? + ?1|<1>1|4 + 72|<1>2|4 + N3]y |2 D] + Mg |®T D,
Weset v1 = 0 to partially break dark SU(2)into dark U(1)

(Mg, Vo, vi+ 1), 1 ,=

S
S

(II 1’ V2+ n 2, n 3)T

|
[

! 1 and | 3 are eaten by dark gauge bosons to form two massive vector DM

1,15, and ! 3 are three massive scalar DM

I 2 mixes with the SM Higgs ﬂ



Higgs signal rate

hicosf — hosinf

L7 2myy Wi WH +m% 2, 2" = " myff)

Uh 7

® Compared with the SM case, the Higgs couplings are universally suppressed by cos!

Oh, BR(hl — SM)
opM BRM (hy — SM)

Hhy =

I‘SM cos? 6

op, = cos? Gop™M  BR(h — SM) = T oo G TS BR™(h; — SM) =1
1

cos? |

L/ i = Meos? 1 + yZS' cos”

SM
| Fh

|sin!| < 0.3 [arxiv:1509.00672]
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Higgs phenomenology

¥ High mass region

W mass corrections
[arXiv:1406.1043]

¥ Medium mass region

Di-boson searches (ggF and VBFR
[arXiv:1808.02380]

¥ Low mass region

LEPand LHC (/s = 7 TeV )
[arXiv:1502.01361]
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Benchmark points

Criteria :

(1)Vacuum stability , partial wave unitarity |,

and electroweak precision measurements .

(2)Higgs , DM and DR phenomenology
bounds .

(3)Strong brst-order phase transition and
produce strong GWsignal .

DM Masses ordering

Mg+ ! M« ! mp,

Parameters BM1 BM2
sin —0.25 —0.12
g 0.094 0.133
My + 94 GeV 133 GeV
M, 200 GeV 290 GeV
My, + 1.2 TeV 1.3 TeV
My 2.0 TeV 1.9 TeV
A1 3.5 3.5
AH11 2.0 2.0
A3 3.0 3.5
AH 0.28 0.27
A2 3.8 x 1072 8.3 x 1072
AH22 2.4 x 1072 3.2 x 1072
A 5.0 4.0
V9 1 TeV 1 TeV




Phenomenology constraints

relic density
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Procedure of gravitational wave calculations

@e T elective potential ‘/veH'(T)

‘ Solve bounce solutions
11
@al Parameters Th, ! /H ny oy Vi

‘ Theoretical calculations + numerical simulations







Portal parameters
Xeff(gbv T) T>T,

False vacuum

/T Tn<Tc

¥ True vacuum

For electroweak phase transition

Ss3(Ty,) /T, =~ 140 Igr-qc/0107033]

The inverse of phase transition duration

1 Td(Sg/T)
H, dT

|T=Tn

=

= = [T——"! ! V]=

True vacuum False vacuum

Vb Vo= Vp+ !

The ratio of the latent heat to the total radiation
density

e.(T.) ! ey(T.) 1 _ 9V .

Prad,s Prad,s oT Prad,s

The elciency factor indicates how much of the
latent heat can go to the RBuid kinetic energy

s (0, V)
€
[arXiv:1004.4187]
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Phase transition pattern

two-step: (vp,v1,v2) : (0,0,0) = (0,v1,0) = (vp,0,v2),

_ FOPTIis at both dark and electroweak sector
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Phase transition pattern

- three-step: (va,v1,v2) : (0,0,0) — (0,v1,0) = (0,0,v2) — (vp,0,v2)

FOPTIis at dark sector
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Benchmark points

We use CosmoTransitions
to solve the bounce solutions

The smaller | /H
and larger !

result in stronger GWssignal

| Parameters | BM1 | BM?2 |
| sin 6 | —0.25 | —0.12 |
| g | 0.094 | 0.133 |
| M+ | 94GeV | 133 GeV |
| My | 200 GeV | 290 GeV |
| Mt | 12Tev | 1.3TeV |
| My | 20Tev |  19Tev |
| A1 | 3.5 | 3.5 |
‘ AH11 ’ 2.0 ’ 2.0 ’
| A3 | 3.0 | 3.5 |
| Ai | 0.28 | 0.27 |
| A2 | 38x1072 | 83x1072 |
| Am22 | 24x1072 | 32x1072 |
| A4 | 5.0 | 4.0 |
| Vs | 1 TeV | 1 TeV |
| Qi+ h? | 0.096 | 0.12 |
| os1 (cm?) | 7.8x107 | 8.0x 10717 |
| T. (GeV) | 177 | 252 |
| T, (GeV) | 147 | 234 |
| B/H, | 297 | 760 |
| a | 0.32 | 51x1072 |
| phase transition pattern | 2-step | 3-step |




GW spectrum

Signal-to-background ratio
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SNR=\/5><T arr QGW(f)P. % '
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BMI1: SNR = 1.08 x 10 (LISA), SNR = 8.56 x 10* (BBO)

BM2: SNR =9.95 x 10~ (LISA), SNR = 8.25 (BBO) a




Conclusions

The two stable massive gauge bosons associated with the broken dark gauge group

and the pseudo -Goldstone boson can serve as cold DM candidates .

We have found both the two -step and three -step phase transitions with the cooling of
the universe . Due to the rich vacuum pattern ,the scalar sectors can introduce a strong
FOPT, for the benchmark points BM1 with a successful EWFOPT, and BM2 with a FOPT

in the dark sector.

We found that the two -step EWPTin our BM1 can produce strong GWsignals and can
be detectable using the future space-based interferometers LISAand BBO, while the
GWsignal for BM2 may be dilcult to observe at LISAdue to the rather low signal -to -

noise ratio . "

Thanks !
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Phenomenological constraints

Vacuum stability: Ag >0, A1 >0, X >0,

A3+ A+ VA1 A2 > 0,
AH11 + VAgAL >0, Agoo + VAgAs > 0.

Partial wave unitarity:

Am| < 8m,  [Amn| <8m, [Am2e| < 8m,

1 1
|)\3—§/\4‘ < 8m, |)\3+§)\4| < 8, |)\3+2/\4| < 8m,

|/\1 + Aoy — \/()\1 — )\2)2 + )\?1‘ < 16m, |>\1 + Ao + \/()\1 — )\2)2 + /\Z21| < 16,
|Eigenvalues[P]| < 8,

1 5/\1 3)\3 + /\4 2\/3)\H11
P=—13+N\ 5Xa 2v3Apas | -

2V3Am11 2V3Ama2  6Apm

where




Mass spectrum
Scalar sector

1 1 -
— Licalar 2 §hTMhh + imfmwg +m’iwtw

Fields definition: h = {hO, @2} w = T, w = T

AHVZ A2V
Dark scalar masses: M, = ( HVUp,  AH22UV2Uh

2
AH22V20p A2V

7 f sinf
RMLRT = (mhl 02 ) with R(0) = ( cost s )

0 my, —sinf cos@

mz;i = %(AS’U% + 2m%1 + )\Hllv%)

m2, = L((A3 + A)vd + 2m2, + Agiio?)
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Mass spectrum

Dark gauge sector

1
mass 2 E : ”72 ”r—i—”r—
vector ) sz - m 1 W=

1=1.,3

Fields definition: 17+ = 21— W8 - _

Dark gauge boson masses: M3+ = gua

Dark radiation: Wg

DM-self interacting mediated by massless DR can resolve the small-scale structure problems
of the cold and collision-less DM.

A



Dark matter annihilation

W‘ WQ W_ W2 v l

i+ i+ ><

i+ W W Wa Wt W2 W+ W, Z
2

W hi 2 _ B W hi.2

el W— M~y - ---- hia W- hi 2 ’ .

:/ W+§ W > >---1-1-2---<

e W+ ~AAns - - - - - hi2 W+ hi2 . y

W+ hi 2 Wi »

W+ t

WHW— — WYW =, ZZ, tt, hihy, hiho, hoho, WoWs,
wtw™ — WHW~=. ZZ. it. hihy, hiho, hohy, WTW =, WolVs,

wows — WTW =, ZZ, tt, hihi, hiha, hoho, WTW ™, wtw™.




Dark matter relic density

DM relic density can be estimated by

xf GeV !
(g*S/\/gj)]\/[pl <0Ure1>

Qpuvh? = 1.07 x 107 Tr=my/Tf  [arXiv:0810.5126]

g 1 g
rr=1In |0.038——=M,m, (cV])| — =In In [0.038 ——=M ;1m0\ (Ve
f [ \/fﬁ p x< >] 9 [ \/g_* p x< >]

The s-wave annihilation cross section at leading order

11— 4M, /s

2
X

(OUrel) = | Manminilation ( 3)|2 [Nucl. Phys. B 310 (1988) 693]

327 m

A



Dark matter direct detection

The effective interactions of DM with light quarks and gluons

eff ' = ‘ As /
Lyg= D [fymaxxaa+ fExx— GGy,

qg=u,d,s

fq is the effective couplings between DM and light quarks

I o U2 1 1
V" = 2 =sinfcos(—— — —),
q v m2 m2 7/’
h ho h1
fwi 1 (CQ cosf  ¢ysin 9)
q = 2 2 )
Uh mhg mhl
we _ 1 (dgcose_dlsme)
q 2 2 '
Uh’ mhg mhl

e
A\

The coupling between DM and gluon comes from the effective coupling after

integrating-out of heavy quarks




Dark matter direct detection

To obtain the DM-nucleon scattering cross section, we have to

~ g 8
(N|meqq|N) = frgmn, (N|—GG|N) = —§me:/ij N N

evaluate the DM-quark operator in the nucleon matrix elements. /\

The effective interactions of DM and nucleon

. , . 8 N .
LN = FNXXNN -y =mn (Y NS = 56

q=u,d,s

The mass-fraction parameters
[arXiv: 1305.0237]

frq=0.0191, f7., = 0.0153, fr, = 0.0447, fro=1-3" _, 4 fp, = 0.925

The spin-independent cross section of DM with nucleon can be calculated with

1 my 2 O h? 0\ .
X 1 X \2 _ X X
SLT (mx +mN) Un)™ 78! (Qobsh2 7St

A



Effective potential at finite temperature

The dynamics of the phase transition is determined by the effective potential at the

finite temperature. At high temperature approximation: y = m/7T < 1

VIO(T) = Vipee + AVI(T)

b

4 m2(ob: m2 i
AV(l)(T)ZQT?{anJB[ bT(fZ)]—anJF[ j}(f)]}
7

Vs(T) = —5 8 2 37 g 2 4 037 g g 372

T2
m3(T) = mi; + E(Q% + 395 + 220 g + A1 + Aoz + 2v7)),
9

T
m3(T) = m3, + 5(12512 + 5A1 4 33 + Ay + 4\ H11),

2

T
may(T) = m3y + ﬂ(1292 + BA1 + 3A3 + A+ 4Xg29).




GW spectrum

GWsources: Qawh® ~ Quwh? + Qb h?

Sound wave

) Lo (H [ moa ) 100)§U <f)3[ 7 ]Z ]
Qewh?® = 2.65 x 10 <6)<1+a) (gs v\ 1) 153077 X Y (Tow)

_ 1 (B T gs )% 1
_ 2 T—1-
fow =1.9% 107 mHz_- (H) (100 GeV) (100 ——T

[arXiv: 2007.08537]

[arXiv: 1512.06239]
Turbulence

3

2 3 3
Qe h? = 3.35 x 1074 (&> (M> (100) Vw (f/f;c;lrb)
b Lt+a 9s 1+ (f/ fourn)] 3 (1 + 87 f/Hy)

_ L/ pB T gs \ &
2

=2. mH

Jeurb = 2.7 10 “e (H) (100 GeV) (100)

[arXiv: 1512.06239]




