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Physics behind EWSB

* Although SM has been established as a low-energy eff. theory,
we have not yet understood the structure of Higgs sector.

L = |Du®)? — Var(®) — ¥,9i50;® +hec. Vsu(@) = 20f + §|<D|4|

* Higgs boson couplings might be deviated from the prediction in SM.
s Zero temp.

- N ; hVV, hff, hhh, ...

Future colliders can measure precisely.

* BSM phenomena might be described by extended Higgs sector.
— Dark matter (DM) - Higgs portal DM : Higgs sector is extended from SM. Finite temp.

— BAU - EW baryogenesis : Strongly 1stOPT for EWSB is required. Veri(®, T)
[SM (m,=125GeV) - 1stOPT is not realized. > Extension is needed.]
— Gravitational waves (GWs) is produced from 1stOPT

‘ M Criteria of 1stOPT
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Classification of models w/1stOPT

(hVV, hff)

: Qg+ @’
-(A)
[Light stops excluded at LHC ]

rHSM (real singlet scalar)  : Qg +S

-(B)

ISM (singlet scalar w/Z,) : Ogpt+S
-(A) &(B)

IDM (doublet scalar w/Z,) : Qg +@’

We propose GWs as a new technique to explore BSM, in addition to collider experiments!
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Sensitivity of GW detectors

http://rhcole. com/apps/GWpIotter/
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WPT can be explored in near future!
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L=0(108)km (LISA), 1000km (DECIGO), 4km (LIGO), 3km (Virgo, KAGRA)
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GWs from 1stOPT

Model 109 Prediction
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C. Caprini et al., 1512.06239 (JCAP)

o ~ Normalized difference of the potential minima

B! ~ Transition time o Bubble size
We can discuss the detectability at GW observations with model predictions.
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U(1), model

* Particle contents

— U(1)y gauge field (dark photon) X,

— Complex scalar (dark Higgs) S with U(1),-charge Qs =1
* Lagrangian

[B. Holdom, PLB166, 196 (1986)]

— U(1)y gauge symmetry is spontaneously broken by nonzero VEV of S

. —> (Dark Higgs mechanism)
— Scalar mixing: (bg, &s) = (h, H) with the mixing angle 6
— Parameters (m, =125 GeV, vy, = 246 GeV; my, 0; my, gy; €)
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Multi-step phase transition

Hashino, Kakizaki, Kanemura, Ko, TM, 1802.02947 (JHEP)
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(D Detectability at GW observations

Hashino, Kakizaki, Kanemura, Ko, TM, 1802.02947 (JHEP)
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@ Collider measurements

~ Current bounds ~
Hashino, Kaklzakl Kanemura Ko TM 1802.02947 (JHEP)
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@ Collider measurements

~ Precision measurements of K @ILC 250GeV 2ab?t~
ashino, Kakizaki, Kanemura, Ko, TM, 1802.02947 (JHEP)
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Ak, : 2%@HL-LHC 14TeV 3abt [CMS, 1307.7135]
DKz : 0.38 (1.8)%@ILC250GeV 2ab™ [Fujii et al., 1710.07621]
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3 Dark photon searches

* Prediction: Detectable GW signal 2>|my, = 25GeV, g, = 0.5

Toshinori MATSUI [KIAS]
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Constraint on Kinetic mixing €

ﬁrrent bound \

— LHCb [1710.02867 (PRL)]
€<2X107-6 X103 for my=[20, 70]GeV

— EW precision tests [Hook, 1zaguirre, Wacker, 1006.0973]
€ < 0(102) for m, = [70, 150]GeV

— LHC 13TeV, 36.1fb1 [1707.02424 (JHEP)]
€ < 8.3 X 103 for my = [150, 300]GeV

Future exclusion
— e* e colliders (CEPC/ILC/FCC-ee)

[M. He, X. He, C. Huang, G. Li, 1712.09095]
€<1072-103 for my=[20, 330]GeV

— HL-LHC 14TeV, 0.3(3)ab ! [1412.0018 (JHEP)]
€<4.8(2.7) X 103 for my = [150, 300]GeV
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We can explore the model by complementarity of
collider measurements and GW observations!

=< Gravitational waves
(LISA/DECIGO)

)

Prediction " Direct searches for H

(HL-LHC)
U(1)x model w/1stOPT =1 | =Higgs coupling measurements
(HL-LHC/e"e" coliders)

3
*Dark photon searches
(HL-LHC/e"e" coliders)

“—
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Conclusions

 We have investigated models with U(1), gauge symmetry.

— Mass of a dark photon (X,), which can be vector DM by imposing Z,,
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 2" Higgs boson and dark photon (or DM).

— We have found that GW signals are detectable only for larger dark
photon mass region (my, = 25 GeV with g, = 0.5).
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Back Up
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O[degrees]

A numerical result on (m,, ) by fixing (m,, g,)

Hashino, Kakizaki, Kanemura, Ko, TM, 1802.02947
m,=200GeV, g,=2 (v;=100GeV) as an example
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Two cases in U(1), model

 Model A (A general case for nonzero €)

— The parameter space (m,, €) 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)]

»  Model B (An optional case for € - 0)

— XMO boson can be a DM candidate if we assume it to be odd
under the Z, sym. (Vector DM) (cf Back, ko, Park, Senaha, 1212.2131 (JHEP)]

— The Z, symmetry removes the kinetic mixing term, making
X 0 stable; € - 0 limit.

— We consider current DM constraints as a scenario.
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A case for dark photon as Vector DM

~ Z, symmetry is imposed in the model (890) ~
Hashino, Kakizaki, Kanemura, Ko, TM, 1802.02947 (JHEP)

457

Vacuum

oY

30

RN
@)

Perturbative
unitarity

O[degrees]
o
B[degreés] o

154

DM direct detection bound Relic abundance of DM
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[Planck Collaboration, 1502.01589 (Astron. Astrophys.)]
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Higgs portal DM w/1stOPT

Singlet scalar DM (5 parameters) 1210.4196, 1409.0005, 1611.02073, 1702.06124, 1704.03381, ...

— Scalar potential is imposed unbroken Z, symmetry.
— PT can be caused by thermal loop effect, but excluded by DM direct searches. [Curtin, Meade, Yu, 1409.0005 (JHEP)]
- Z; extension [Z. Kang, P. Ko, TM, 1706.09721 (JHEP)]

Singlet Fermion DM (10 parameters) 1112.1847, 1209.4163, 1305.3452, 1402.3087, ...

Vo(®, ) = —p5|®|* + Ae|@[*

— Scalar potential is general shape with a real Higgs singlet scalar field (HSM).
— PTis dominantly caused by tree level (scalar mixing) effect. [Hashino, Kakizaki, Kanemura, Ko, TM, 1609.00297 (PLB)]
— DM contributes as the loop effect. [Li, Zhou, 1402.3087 (JHEP)]

a

\_

Vector DM (6 parameters) 1212.2131,1412.3823, ... )

mx = gx|Q@s|vs
y,

— Scalar potential is a case for the spontaneously broken Z, symmetry in HSM.
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