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Dark matter, EW phase transition and GW
Precision test at colliders

Summary



Motivation
* Evidences beyond the SM

dark matter, baryon number asymmetry, neutrino oscillation...

* Dark matter stabilized by discrete symmetry (e.g.Z2)

 EW Baryogenesis explaining BAU

v’ Sakharov’s conditions (the 3rd) suggest strongly first order EW
phase transition (SFOEWPT)  pisma zh. Eksp. Teor. Fiz. 5, 32 (1967)

v The SM does not satisfy the SFOEWPT criterion ¢./T. = 1

Phys. Rev. D 60, 013001 (1999)
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picture credit:
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e The SM has to be extended

* DM and SFOEWPT can be realized in extended
Higgs models (e.g. additional scalars)

* Vague Higgs potential: many possibilities
v’ Real singlet extension
?
v 2HDM/MSSM/NMSSM *
v Type-ll seesaw, Georgi-Macheck / \

pr————

v etc.



* For example: real singlet extension
v' DM requires Z2 symmetry (| | SFOEWPT)
v’ The mixing between doublet and singlet is forbidden

v The deviations in the hZZ and hhh couplings induced at loop
level

v’ Very challenging at colliders
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The complex scalar (S) extension

V. Barger, P. Langacker, M. McCaskey,
M. Ramsey-Musolf, G. Shaughnessy,

* The most general cxSM 0ol baos
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The complex scalar (S) extension

V. Barger, P. Langacker, M. McCaskey,
M. Ramsey-Musolf, G. Shaughnessy,

* The most general cxSM 0ol baos
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Imposing the global symmetries:

v’ 72: eliminate odd powers of S

IS



The complex scalar (S) extension

V. Barger, P. Langacker, M. McCaskey,
M. Ramsey-Musolf, G. Shaughnessy,

* The most general cxSM 0ol baos

, 0 b: ._ 1
V(@.8) = 2P + Ao + T|2PISP + TSP +

%’}%ﬁ e

Imposing the global symmetries:

v’ 72: eliminate odd powers of S

IS

v U(1): eliminate all complex terms



o § =(S+iA)/sqrt(2), <S>=vs
When vs=0, U(1) broken by b1, Z2 preserved

bo i [
V(P,S)z, = ;;2\&)‘2 + )\\(I)H (I)\ \S\ + - \S\“l ‘ 1 1 (S‘z + (:.(:.)

v" Two not identical DM candldates, Sand A
v' S doesn’t mix with H
v’ 72 symmetric scenario

When vs!=0, Z2 and U(1) spontaneously broken

b,
V(®,S)z; = ,u2|l1)| +,¢|tI>| +—|tI>| |S| +—|S| +—|§| +(u19+%§3+c c )

v’ bl term breaks U(1) and gives mass to the N-G A as DM

v' al term explicitly breaks 72 See also
v . . M. Jiang, L. Bian, W. Huang, J. Shu,
S mixes with H arXiv: 1502.07574;

C.-W. Chiang, M. Ramsey-Musolf, E.

v . .
L2 breaklng SCeNario Senaha, arXiv: 1707.09960



Z2 symmetric cxSM

mass spectrum

0*Vjy 1 1

M2 = — 25002 — (b — b
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, 07V ,

MZ2 = —— — 2\v? .
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o 05?2 |h=v,5=0,4=0 4(2z + 2(|)l‘ +02)

Input parameters

65 GeV < Mg < 150GeV, 65GeV < M4 < 2000 GeV
0<dy <20, —-20<4dy <20.

deviation of Higgs couplings induced at loop level
e.g. non-zero Angs = Ay 4 lead to Higgs self-energy

Annn the same as SM



/2 breaking cxSM

°* mass spectrum

92Vp
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* Input parameters

cosfl sinf

—sin ! cost/

)

h

S

|

0 < v, <150 GeV, 65 GeV < My < 150 GeV, 65 GeV < My < 2000 GeV ,
1074 <9 <107, —(100GeV)? < a; < (100GeV)?.

coupling A{11......

h1ff/h1VV reduced by cos@ at tree level, cubic self-



Dark Matter annihilation
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DM Direct Detection

* The Sl scattering cross sections

ma 1 A\ )
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SFOEWPT

High-T expanded effective potential

1 d i 1 &
V(h.S:T)=Vy(h.S.A=0)+ E;ﬁnh_(T)zz.M5119(-:?)53.
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I, (T :( W Z t A )Tz

(1) me NP
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GW signals from EWPT

* Below Tc, the 2nd transition happens by
tunneling process and true vacuum bubbles

nucleate

 GW signal evaluated by critical bubble
nucleation rate per unit time and per unit

volume _
[' ~ A(T) exp(—Ss/T)

* GWSs occur by collision of bubbles \
v’ sound wave after bubble collision "
v’ plasma turbulence Gravitational waves

v’ collision of bubble walls sicture credit: K. Hashino



* For example: GW spectrum due to sound wave

3

B N—1/ kyar \2,710041/3
Oue (F)B2 = 2.65 10—5( | ) ( v ) ( )
(f)h 2 X . T+ a .

3 7 7/2
Hw ( fbm) [‘1 T g(i_-"!}tb'ﬁ-)zj| |
LISA, arXiv: 1512.06239
* Three parameters:

v’ Bubble nucleation temperature Tn
v Normalized latent heat released by EWPT « =
v 1/(During time of the EWPT) 5 dS;

Tn- T
H,, d1' |1,

Pvac
sk
P rad

* Depend on the model and
determine the peak of
frequency and spectrum

picture credit:
K. Hashino




* The peak frequencies of the GW spectrum due
to EWPT ~ 107-4 — 10721 Hz

 The discovery prospect

fmax Qc*ﬁ, (f)h?
SNR = /0
\/ <7 / e}:p(.f{)f" ]

e SNR>50 for LISA




* |larger alpha and
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* Lower Tn with stronger EWPT leads to larger
alpha and smaller beta/Hn

e 72 breaking case gives lower Tn



 Two benchmark points

’/\‘
Mgy [GeV] M4 [GeV] /HL-LHC ete” \SNR(LISA) o B/H, T. v/Tn v
Za 129 950 X X 49x10* 0.1 73747 67.12 3.08 0.78
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Precision test at e+e- colliders

Normalized Higgs couplings:

je CX SM __ Jtree loo p
loop — SM SM
Ytree T Jlnop

* Signal strengths for each channel
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collider CEPC FCC-ee
NE 240 GeV hZ | 250GeV hZ | 365GeV hZ | 365GeV hvi
[ Ldt 5ab~! S5ab~! ab™! ab~!
h — bb 0.27% 0.3% 0.5% 0.9%
h— @ 3.3% 2.2% 6.5% 10%
h— gg 1.3% 1.9% 3.5% 4.5%
h— WW* 1.0% 1.2% 2.6% 3%
h— 77~ 0.8% 0.9% 1.8% 8%
h— Z7° 5.1% 4.4% 12% 10%
h— vy 6.8% 9.0% 18% 22%
h— 17% 19% 40%
* chi2 fit for the Higgs signals:
2 _ N (PN — )7
X = Z (}_Q
i -
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Combine e+e- and GW
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Summary

We study the cxSM with or without Z2 symmetry.

DM constraints are imposed. The SFOEWPT and
GW signals are evaluated.

We implement the one-loop effects to the
production and decay of 125 GeV Higgs at e+e-
colliders.

/2 symmetric case: none can be probed at e+e-
/2 breaking case: a lot can be probed

DM DD and GW signals are complementary to
probe and distinguish the two cases.
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Thank You!
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