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Physics behind the EW symmetry breaking
• The SM has been established as a low-energy eff. theory by the discovery of the Higgs boson. 
• However, we have not understood the structure of the Higgs sector.

– The SM has minimal Higgs potential.

– Higgs self-couplings have not been measured!

– Higgs boson couplings might be deviated from the prediction in the SM.

• On the other hand, new physics is required to solve BSM phenomena.
• BSM (such as BAU, DM) might be related to the extended Higgs sector.

• Exploring the dynamics of EW symmetry breaking is important.
– EW phase transition at finite temperature (1st order? 2nd order?)
– In order to satisfy the 3rd condition of Sakharov’s conditions, strongly 1stOPT

(sphaleron decoupling criterion) is required in Electroweak baryogenesis scenario.
– In the SM with mh=125 GeV, 1st order EW phase transition is not realized.

• We investigate detectability of GWs from 1stOPT in dark sector with extended Higgs models. 
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hVV, hff, hhh, …

L�
SM = |Dµ�|2 � VSM(�) � �iyij�j� + h.c.

Predictions
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Higgs portal DM (renormalizable model) with 1stOPT
Singlet scalar DM (5 parameters) 

Singlet Fermion DM (10 parameters) 

Vector DM (6 parameters) 

Scalar potential is a case for the spontaneously broken Z2 symmetry in HSM.

1212.2131, 1412.3823, …

1112.1847, 1209.4163, 
1305.3452, 1402.3087, ...

1210.4196, 1409.0005, 1611.02073, 
1702.06124, 1704.03381, …
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Scalar potential is imposed unbroken Z2 symmetry.
PT can be caused by thermal loop effect, but excluded by DM direct searches. 

Scalar potential is general shape with a real Higgs singlet scalar field (Higgs singlet model; HSM).
PT can be caused by tree level (mixing) effect of the scalar potential. DM contributes as the loop effect. 
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U(1)X model
�U(1)X gauge field (dark photon) Xμ

0 & complex scalar (dark Higgs) S with U(1)X-charge QS =1

�Lagrangian:                                                                                  [B. Holdom, PLB166, 196 (1986)]

- U(1)X gauge symmetry is spontaneously broken by nonzero VEV of S :

- Fields mixing: (φΦ, φS) → (h, H) with the mixing angle θ
�Parameters (mh=125 GeV, vΦ=246 GeV; mH, θ; mX, gX ; ε)

�A case for nonzero ε
- The parameter space (mX, ε) is constrained by various experiments of dark photon search.
- We investigate the complementarity of dark photon searches and GW observations.

[Addazi and Marciano, 1703.03248 (CPC)]

�An optional case for ε → 0
- Xμ

0 boson can be a DM candidate if we assume it to be odd under the Z2 sym. (Vector DM)
[cf. Baek, Ko, Park, Senaha, 1212.2131 (JHEP)]

- The Z2 symmetry removes the kinetic mixing term, making Xμ
0 stable; ε → 0 limit. 

- We consider current DM constraints as a scenario.
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Dark Higgs mechanism
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Detectability of 1stOPT in U(1)X model

Parameter regions of 1stOPT
CosmoTransitions 2.0a2 is used

Theoretical constraints
�Perturbative unitarity
�Vacuum stability

(DM direct searches)
micrOMEGAs 4.3.2 is usedWe discuss detectability of the model with 

1stOPT by various future experiments

Constraints

Predictions
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Collider constraints
�Direct searches for H0

�Precision measurements of κ

�Direct searches for H (HL-LHC)
�Precision measurements of κ

(HL-LHC/ILC250)
�Measurement of hhh coupling

�Gravitational waves
(LISA/DECIGO)

�Dark photon or DM searches

21
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Collider constraints
�Direct searches for H @LEP&LHC Run-II (2σ)

[Robens, Stefaniak, 1501.02234 (EPJ); 1601.07880 (EPJ)]
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�Interactions @LHC Run-I results (1σ)
[ATLAS and CMS, ATLAS-CONF-2015-044]

�Direct searches for H @LEP&LHC Run-II (2σ)
[Robens, Stefaniak, 1501.02234 (EPJ); 1601.07880 (EPJ)]

Collider constraints

Interactions (hVV, hff) [Prediction]
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↓mH<mh ↓ mh<mH

Numerical result on (mH, θ) plane
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Collider constraints

�Interactions @LHC Run-I results (1σ)
[ATLAS and CMS, ATLAS-CONF-2015-044]

�Direct searches for H @LEP&LHC Run-II (2σ)
[Robens, Stefaniak, 1501.02234 (EPJ); 1601.07880 (EPJ)]
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Theoretical constraints

�Vacuum stability

�Perturbative unitarity

mX=200GeV, gX=2 (vS=100GeV) as an example Hashino, Kakizaki, Kanemura, Ko, TM, 1802.02947 (JHEP)

Interactions (hVV, hff) [Prediction]



���

↓mH<mh ↓ mh<mH

Numerical result on (mH, θ) plane
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Parameter regions of 1stOPT
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with multi-step

Hashino, Kakizaki, Kanemura, Ko, TM, 1802.02947 (JHEP)mX=200GeV, gX=2 (vS=100GeV) as an example
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↓mH<mh ↓ mh<mH

Numerical result on (mH, θ) plane
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Gravitational waves (LISA and DECIGO)
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Parameter regions of 1stOPT
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Direct searches for H

Dark photon searches

mH
<latexit sha1_base64="jaiReu3rGKxet9fnQ8AkO/NqqJo="></latexit><latexit sha1_base64="jaiReu3rGKxet9fnQ8AkO/NqqJo="></latexit><latexit sha1_base64="jaiReu3rGKxet9fnQ8AkO/NqqJo="></latexit><latexit sha1_base64="jaiReu3rGKxet9fnQ8AkO/NqqJo="></latexit> mH
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↓mH<mh ↓ mh<mH

Numerical result on (mH, θ) plane
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“Expected accuracy of κ”
�ΔκV:2%@HL-LHC 14TeV 3ab-1

[CMS, 1307.7135]
�ΔκZ(W):0.38 (1.8)%@ILC250GeV 2ab-1

[Fujii et al., 1710.07621]

Indirect searches

Hashino, Kakizaki, Kanemura, Ko, TM, 1802.02947 (JHEP)mX=200GeV, gX=2 (vS=100GeV) as an example

Interactions (hVV, hff) [Prediction]
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↓mH<mh ↓ mh<mH

Numerical result on (mH, θ) plane
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Precision measurements of κ

“Expected accuracy of κ”
�ΔκV:2%@HL-LHC 14TeV 3ab-1

[CMS, 1307.7135]
�ΔκZ(W):0.38 (1.8)%@ILC250GeV 2ab-1

[Fujii et al., 1710.07621]

Indirect searches

Hashino, Kakizaki, Kanemura, Ko, TM, 1802.02947 (JHEP)mX=200GeV, gX=2 (vS=100GeV) as an example

Interactions (hVV, hff) [Prediction]
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�DM direct detection bound
[XENON Collaboration, 1705.06655 (PRL)]
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�Relic abundance of DM 
Ωobsh2=0.1199�0.0027 → contours of log10 (ΩX/ Ωobs)
[Planck Collaboration, 1502.01589 (Astron. Astrophys.)]
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DM searches

A case for X0-boson as vector DM w/ Z2 (constraint for ε→0)

��

Hashino, Kakizaki, Kanemura, Ko, TM, 1802.02947 (JHEP)mX=200GeV, gX=2 (vS=100GeV) as an example

Excluded by XENON1T
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mX=200GeV, gX=2 (vS=100GeV)
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←#3Excluded by XENON1T
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Summary of numerical results
*1 *2

Hashino, Kakizaki, Kanemura, Ko, TM, 1802.02947 (JHEP)
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Detectable GW signal is preferred for mX ≳ 25GeV with gX ≳ 0.5

�(GW): signal is too weak

�(DM):

Six benchmark points
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We expect the complementarity of dark photon 
searches (or DM) searches with GW observations!

(*1) Patterns of 
phase transition (*2) Detectability of

“Gravitational wave”
“DM for imposing Z2”

*1 *2
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Conclusions
• We have investigated models with U(1)X gauge symmetry.

– Mass of a dark photon (Xμ), which can be vector DM by imposing Z2, is 
generated by spontaneous breaking of a dark Higgs field (S).

• We have explored comprehensively the patterns of PT and the 
detectability of GWs from 1stOPT as well as various collider 
and theoretical bounds.

• We expect the model with 1stOPT will be tested by the 
complementarity of GW observations and (in)direct searches 
for 2nd Higgs boson and dark photon (or DM).
– We have found that GW signals are detectable only for larger dark 

photon mass region (mX≳ 25 GeV with gX≳ 0.5).

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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Back Up

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��



���

Vector DM model

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

�X =
cos2 � sin2 �µ2

�

�
mXmpfp

vvs
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XX→hh, HH, hH begin 
to open for mX > mh, mH

A resonance 
at mX = mH/2
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[Theoretical constraint] Perturbative unitarity

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona
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The absolute values of 
eigenvalues of S-wave scattering amplitudes 
for the longitudinal components of 
weak gauge bosons and the scalar bosons 
should be smaller than 1/2

|��| < 4�, |�S | < 4�, |��S | < 8�, 3�� + 2�S +
�

(3�� � 2�S)2 + 2�2
�S < 8�
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[S.Kawamura, et al., Class. Quant. Grav. 28, 094011 (2011)]
�eLISA

[C.Caprini et al., arXiv:1512.06239 (JCAP)]

A numerical result on (mH, θ) by fixing (mX, gX)
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A numerical result on (mH, θ) by fixing (mX, gX)

Sensitivities 
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[S.Kawamura, et al., Class. Quant. Grav. 28, 094011 (2011)]
�eLISA

[C.Caprini et al., arXiv:1512.06239 (JCAP)]
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A numerical result on (mH, θ) by fixing (mX, gX)
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On other benchmark points
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On other benchmark points
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On other benchmark points
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On other benchmark points

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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Higgs portal DM

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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Higgs portal DM (effective field theory)

Singlet scalar DM 

Singlet Fermion DM 

Vector DM 

Kanemura, Matsumoto, Nabeshima, Okada (1005.5651), 
Djouadi, Lebedev, Mambrini, Quevillon (1112.3299), …

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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Higgs portal DM (renormalizable model) with 1stOPT
Singlet scalar DM (5 parameters) 

Singlet Fermion DM (10 parameters) 

Vector DM (6 parameters) 
1212.2131, 1412.3823, …

1112.1847, 1209.4163, 
1305.3452, 1402.3087, ...

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

1210.4196, 1409.0005, 1611.02073, 
1702.06124, 1704.03381, …

Scalar potential is imposed unbroken Z2 symmetry.
PT can be caused by thermal loop effect, but excluded by DM direct searches. 
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1stOPT in scalar DM model is excluded by XENON1T

See also Beniwal, Lewicki, Wells, White, Williams, 1702.06124 (JHEP)

Curtin, Meade, Yu, 1409.0005 (JHEP)

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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1stOPT in scalar DM model is excluded by XENON1T

See also Beniwal, Lewicki, Wells, White, Williams, 1702.06124 (JHEP)

Curtin, Meade, Yu, 1409.0005 (JHEP)

One-step EW phase transition

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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1stOPT in scalar DM model is excluded by XENON1T

See also Beniwal, Lewicki, Wells, White, Williams, 1702.06124 (JHEP)

Curtin, Meade, Yu, 1409.0005 (JHEP)

One-step EW phase transition

Two-step EW phase transition

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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1stOPT in scalar DM model is excluded by XENON1T

See also Beniwal, Lewicki, Wells, White, Williams, 1702.06124 (JHEP)

One-step EW phase transition
Ex

clu
de

d 
by

 X
EN

ON
1T

Two-step EW phase transition

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

Curtin, Meade, Yu, 1409.0005 (JHEP)

��



���

Higgs portal DM (renormalizable model) with 1stOPT
Singlet scalar DM (5 parameters) 

Singlet Fermion DM (10 parameters) 

Vector DM (6 parameters) 
1212.2131, 1412.3823, …

1112.1847, 1209.4163, 
1305.3452, 1402.3087, ...

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

1210.4196, 1409.0005, 1611.02073, 
1702.06124, 1704.03381, …

Scalar potential is imposed unbroken Z2 symmetry.
PT can be caused by thermal loop effect, but excluded by DM direct searches. 

Scalar potential is general shape with a real Higgs singlet scalar field (Higgs singlet model; HSM).
PT can be caused by tree level (mixing) effect of the scalar potential. DM contributes as the loop effect. 
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1stOPT in Fermion DM model
Li, Zhou, 1402.3087 (JHEP)

Hashino, Kakizaki, Kanemura, 
TM, Ko, 1609.00297 (PLB)

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

(without fermion)

Allowed region!!

��



���

Gravitational wave observations

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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Gravitational waves from 1stOPT

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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Sketch of first order phase transition
Effective potential at one-loop level: 1st OPT

Potential 
barrier

''c

True vacuum

Quantum 
tunneling

Contribution at finite-temperatures: 

High-temperature expansion: 

Bosonic loop contribute 
to the cubic term

Strongly 1st OPT                    can be achieved by adding bosons('c/Tc & 1)

'c/Tc / E

Necessary for successful electroweak baryogenesis
Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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GWs from 1stOPT
C. Caprini et al., 1512.06239 (JCAP)

r0: size of critical bubble

Bubble is spherical
No GW occurs

Expanding
bubbles of the broken phase

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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GWs from 1stOPT

r0: size of critical bubble

Spherical symmetry is violated by bubble collisions

(Typical radius of colliding bubbles)                                              (Horizon size), 
Transition time:

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

C. Caprini et al., 1512.06239 (JCAP)
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GWs from 1stOPT
“Magnetohydrodynamic
turbulence in the plasma”

“Bubble collision”
(Envelope approximation)

“Sound waves”
(Compressional plasma)

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

C. Caprini et al., 1512.06239 (JCAP)
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Bubble configuration

Potential:

Eq. of motion:

: initial condition
Bounce solution
…“Search the escape point”       .

Vacuum bubble

→Symmetric phaseBroken phase←

r0: size of critical bubble

R. Apreda et al., 
gr-qc/0107033 (NPB)

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

Bubble nucleation rate: 
3-dim. Euclidean action: 

each
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Transition temperature

⇆
(H: Hubble parameter)

102.6 102.8 103.0 103.2 103.4 T!GeV"1

2

3

4

5
!#H4 K. Kohri et al., 1405.4166

Tt

Phase transition completes

Definition of phase transition temperature Tt

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��
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GWs from 1stOPT
� Probing the Higgs potential by GW observations� a

Characteristic parameters of 1stOPT


 α is defined as                      .(ρrad is energy density of rad.)

- Latent heat:

α ~ “Normalized difference of the potential minima”


 β is defined as                   .→

- Bubble nucleation rate : 
- 3-dim. Euclidean action: 

β-1 ~ “Transition time”∝“Bubble size”

Relic abundance of GWs

Stochastic backgrounds of GWs:

↓ Wave eq. from Einstein eq. in weak field approximation

Veff(φ, T)

T
= T

*T
= T

c

T
=
0

φ*

Potential barrier

Phase Transition

φc

�

@T=Tt

(Observable)

(Model)

�

	

�/T@T=Tt

�

Kehayias and Profumo, 0911.0687 (JCAP)

φ/T dependence on (α, β)
High-T

�

M. Kamionkowski, astro-ph/9310044 (PRD)

φ/T↑⇨ (α↑,β↓)

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

: Efficiency factor
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GWs from 1stOPT
� Probing the Higgs potential by GW observations� a

Characteristic parameters of 1stOPT


 α is defined as                      .(ρrad is energy density of rad.)

- Latent heat:

α ~ “Normalized difference of the potential minima”


 β is defined as                   .→

- Bubble nucleation rate : 
- 3-dim. Euclidean action: 

β-1 ~ “Transition time”∝“Bubble size”

Relic abundance of GWs

“Sound waves” (Compressional plasma) [n=1, m=2]

“Bubble collision” (Envelope approximation) [n=2, m=2]

“Magnetohydrodynamic turbulence in the plasma”[n=2, m=3/2]
→Exact formulae based on the numerical simulation are shown in C. Caprini et al., 1512.06239 (JCAP)

Red shifted frequency

Target frequency for LISA/DECIGO
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Grojean, Servant, hep-ph/0607107 (PRD)

C. Caprini et al., 1512.06239 (JCAP)
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Sensitivity of GW detectors

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

1st Gen.

2nd Gen.
3rd Gen.

Space-based interferometersPulsar Timing Array (PTA) Ground-based interferometers 

ΔNeff < 0.39 [Planck, 1502.01589]

http://rhcole.com/apps/GWplotter/

→ EWPT can be explored in near future!

L=O(106)km (LISA), 1000km (DECIGO),  4km (LIGO), 3km (Virgo, KAGRA)
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Foreground noise

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

http://rhcole.com/apps/GWplotter/

�Massive black hole (104-107M
) binaries: f=3*10-4-3*10-1 Hz, O(10-100) event/year
� Extreme mass-ratio inspirals (EMRIs): 25 event/year

…EMRIs occur when a compact stellar-mass object (~10M
) inspirals into a supermassive BH (~106M
). 
� Galactic white-dwarf binaries (resolvable): f=3*10-4-10-2 Hz, O(1000) event/year
	 Galactic white-dwarf binaries (unresolvable): f <10-3 Hz

C.J. Moore et al. Class. Quant. Grav. 32, 015014 (2015)
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LISA design decided 

[eLISA cosmology WG report, arXiv:1512.06239 (JCAP)]C1 : old LISA configuration

(*) The signal-to-noise ratio (SNR) = 1 is taken to assess the detectability of the GW signal.

�Number of laser links: 6 [corresponding to 3 interferometer arms]→ Determined at eLISA symposium [Sept. 2016, U. of Zurich] 

�Arm length: 2 - 5 million km
�Duration: 3 - 10 years data taking
�Noise level: N2 (expected) [10 times larger than N1 (required)]    → Determined by receiving LISA pathfinder result [PRL116, 231101 (2016)]

Extra budget was estimated 

Properties of the representative eLISA configurations

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona

ESA approval: June, 2017; Launch: 2034
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Slide by Seiji Kawamura

1000 km

DECi-hertz Interferometer Gravitational Wave Observatory (DECIGO) 
“DECIGO correlation with four clusters”:
DECIGO will be delivered into heliocentric orbits with two clusters nearly at the same position and the other two at separate positions

Toshinori MATSUI [KIAS] SUSY2018, July 23-27, 2018, Barcelona ��


