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Realization of strongly 1stOPT & triple Higgs boson
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{5 : Two Higgs doublet model
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< BEMEBRN—RBEROGE, HEBBHEEODEANRNELS
% Gravitational interferometers:
* i EFiHEt (advanced LIGO, KAGRA, advanced VIRGO, ...)
— EE. BHFELGCEORAERDENRMNRBTES
advanced LIGO WE HEZFEERH LT

[PRL. 116, no. 6, 061102 (2016), PRL. 116, no. 24, 241103(2016), PRL. 118, no. 221101 (2017)]
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AREEETIX

& ER—RIBEBRERCTEEOSE E(A) : loop effects of bosons

(bosons and fermions)
e : mixing effects at the
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(one field approximation and high temperature expansion)
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[K. H, M.Kakizaki, S.Kanemura and T.Matsui, RRD. 94, no 1, 015005(2016)]
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EvJA—EIRER (EEC)

[K.H, M. Kakizaki, S. Kanemura, P. Ko and T. Matsui, PLB 766 (2017) 49 ]
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EvJA—EIRER (EEC)

N £ A [K.H, M. Kakizaki, S. Kanemura, P. Ko and T. Matsui, PLB 766 (2017) 49 ]
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Collision of bubble walls
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Sources of GWs
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3.Compression wave of
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eLISA: [arXiv:1512.06239 [astro-ph.CO]]
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% hff, hVV#S O)Th(K K=K )&ﬁ}JDE’J?& 00 Fvs'=90GeV, s =0 GeV, uos =-80GeV, us --g.'o&;g’r\;
ij7 iﬁd)ﬁgmH ODEFEI\\ _,,“l:‘J ................................................ :
FAEERAEDTNON, ) CERTTEEL o5,

BARERY
. [The ATLAS and CMS Collaborations, 0.0 [ E——
LHC Run-I results ATLAS-CONF-2015-044.] < I
ky = 1035511, Ky = 0.917578 |
0.85 :
» HL-LHC 14 TeV 3000fb™" k| : 2% accuracy. ::Dsgfgm"e'a""“
[CMS Collaboration, arXiv:1307.7135.] @ LISAC2
+ ILC 500GeV 500fb" K, (k,,) : 0.37% (0.51%) 080 '8 LSACS.........100% g
- ILC 1TeV 5000fb1 )\hhh: 10% [K.Fujietal., arXiv:1506.05992] 1“150 — 1180 i .260. £ 5 220. ; 2;;3

my[GeV]
< hff, hWW,hhhiEEEENFEDBIEDHENRICKVEVIT RA—FIEERD
Flﬁnftb\f%é_I“"'ISEé‘ﬁfd' [K.H, M.Kakizaki, S.Kanemura, P.Ko and T.Matsui, Phys. Lett. B766 (2017) 49 ]
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A ] The loop effect of bosons
High temperature expansion and fermions

Ver(9,T)= D(T°-T;)o —(E T—é')cp3‘+mr:p4

) 4
The loop effect of bosons T

The effect of mixing Higgs fields

v(e)
T>Te
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» Tree-level Potential

O(N) singlet model without CSI

Vo(@®, §) = Vi (®) + ‘Si‘alz

.Y 1 329 @ : SM-like Higgs doublet
|-'5|“1 + —}|‘]l| S| 3 (g8 BN

» Effective Potentisl (T=0)

(If the deviation is about 67%...)
V. {n]___ : +— ! +Z M) ( ”,'1;]_5)
aPI="9¥ o 64n? T Pk 2 600+ Excluded by
» Additional scalar masses m,
;’t.;.q 2
m?, = pq + Tl
» The hhh coupling

},G[N} oy :iﬂ't_i = 1 m* N m% fu E
Wb =g e tﬂm 1272 v Am m%

» 4 independent parameters
Mg, N, M, A

> When the the hhh coupling is enhanced 1 4
about 67% from the SM value, EWPT is

12 24 60
N
strongly 1" OPT. [M.Kakizaki,S Kanemuraand T Matsui, Phys.Rev.D92,n0.11,115007 (2015)]
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O(N) singlet model with CSI

(We annalize the model by Gildener and Weinberg method.)
[E. Gildener and S. Weinberg, Phys. Rev. D13, 3333(1976)]

» Tree-level Potential

A\ e A @ : SM-like Higgs doublet
Vo(®,S) = 5"1:"4 + fm’* * —?lmsﬁ § = (81,5 Sy)T
- . M:- Ml ME-
> Effective Potential (T50) A=—L[3Te(M I L) -4 Tr (M L)+ Tr (M )]
Vylo)= A¢4+B¢"‘In% oAy ‘ v v

Bzﬁ[an (M )-4Tr (M )+Tr{ M)

» Additional scalar masses m, =

N l'Il = 8w*vim} — 3Imy — bmyy + 12m;

» The hhh coupling ST s

- 400
o'V 5m; ;
T = TL =23 Chih ﬁm 300
09 pay ¥ 3 £
» 3 independent parameters 200
N, M, ’13 1000 Ag=0

(A doesn't relate to EWPT.)
4 12 24 60
[K.H, M. Kakizaki, S.Kanemura and T. Matsui, N

Phys. Rev. D 94, no. 1, 015005 (2016)] 2
e

» In this model, EWPT is strongly 1% OPT. oL



Strongly 1st order phase transition

1 4 12 24 60 1 4 12 24 60

Unitarity bound

1
- - 2 2
- 3)\+(N+2)AS+\/{3A (N +2)As}2 +4NX2g| <

b =

26
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Landau pole A (CSI O(N) scalar models)

» We calculate the Landau pole A of the CSI O(N) models.
g X As 24 . MBS, <10 2 3
Vo(®,8) = 510 + IS + HOPIS? 5= (51,8 ST

N 1 4 12 60

Q 381 GeV 257 GeV|188 GeV|119 GeV
A(Ag=0) |[5.4TeV |17TeV | 28 TeV | 33 TeV
A(Ag=0.1)||5.3TeV | 16 TeV | 23 TeV | 13 TeV
A(Ag=0.2)||5.2TeV | 156TeV | 19TeV | 5.4 TeV
A(Ag=03)(|5.0TeV | 14TeV | 15 TeV |2.7TeV

TABLE : The energy scale of the Landau pole A in the CSI O(N) models for N = 1,4,12
and 60. [K. Hashino, M. Kakizaki, S. Kanemura and T. Matsui, ]

* The renormalization scale Q is decided by the stationary condition.
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The measurements of the deviations

< The measurement of K

. . = +0.11 = +0.10
LHC Run-lresults : &k, = 1.03%y1;, &y = 0.9175710
[The ATLAS and CMS Collaborations, ATLAS-CONF-2015-044.]

- HL-LHC 14 TeV 3000fb™! can reach the precision of 2% accuracy.
[CMS Collaboration, arXiv:1307.7135.]

- ILC 500GeV 500fb™' can measure the K,(K,,) at 0.37%(0.51%) accuracy.
[K.Fujii et al., arXiv:1506.05992]

< The measurement of AAhhh

- HL-LHC 14 TeV 3000fb™" can measure the A, at 50% accuracy.
[S.Dawson et al.,arXiv:1310.8361]

+ ILC 500GeV(1TeV) 4000fb"(2000fb™',5000fb") can measure the A
at 27%(16%,10%) accuracy. K. Fuijietal., arXiv:1506.05992]
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O
ZA b ,b [C. Caprini et al., JCAP 1604, no. 04, 001 (2016)]

~ o 0118\ 5, [ Kea \? /100" : 2 .
n \hzﬁlﬁ? 1[]—: b -2 L iy I#JL':F EEWE g
. 0t () 1 (155) ()
. 0.62 " 0 S
~ 1 RE =B ¢ kLN —_
Jom 2108 210 B (1.3-0.1u,,+-u;f) 8 (1{]6 GeV) (w[}) RROE—2
72 AVDER
2 1/3
= e T 100
Oewh® =~ 2,65 x 10,8 (_1+a) (E‘?Ji )
_ » i-. Tl g_i 1/6
Ry TR Hee (10[} GeV) (100
735 XV DELik
32 13
- 5 4 =g [ enpa 100
ﬂlmbhz ~3.35 % 10 41!.13;3 . (].'i'—ﬂ) (Q_i)
) . 0 T, gt 1/6
~27x105Ho—f | ——t ) (3=
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Ky, K, €1 efficiency factors v, . wall velocity 25



Efficiency factors

[J. R. Espinosa, T. Konstandin, J. M. No and G.
Servant, JCAP 1006, 028 (2010)]

Py
v

Logqolky]

deflagration hybrid detonation
Vp<c, Vb>c, Vp>c,

BOMRITBDEZRLTEY. HKOWE
T RAREN 0TV EIRERT

v s e < SHBE 2 M2
Kyt %= 1 o G e 24?1'2 ‘TE ZC"’ [Mi () - MEQ)]
[C. Caprini et al., arXiv:1512.06239 [astro-ph.COJ, J. R. Espinosa et al., JCAP 1006, 028 (2010)]

€: 5-10%. ( In our numerical analysis, we set € = 0.05.)

[M.Hindmarsh et al.,Phys. Rev. D82, no. 12, 123009 (2015) ] 26



B —REGEBHEROENE

Non-observation of extra radiation(upper bound)

[P. A. R. Ade et al. [Planck Collaboration], LISAS B {1 [arXiv.1512.06239 [astro-ph.COJ]
10_3 x arXiv:1502.01589 [astro-ph.CO] ] 104 DECIGOM E {Hi(Class. Quant. Grav. 28, 094011 (2011)]
vzl v, =0.95 ﬁ / - N o
108} " A e S 8 §
iy &7 . @ & )
=% O o =
10°° n =
o '& (N, ms[GeV])
- T = (1, 540) 2)
% 10 e 1 103_ l‘isﬁuz zglﬂ i
G L
10_15 [ﬁnr“gd) il
eLISA
107™®
C1C2 g3 c4
1021 : aif 2 - = il sw (T; =50 GeV,vb=0.95) E
10° 10 10° 10 ' ' '

1072 107" 10° 10’
Frequency [Hz]

a
B TASN=141260TOERMNAT—ILFTELE B EROEABRARIKNLOERD
RUEON)—EEREOEARARI ML E—J04E (voa0BROEE.
(REFER, BRFLRCLDHE) TtRHEREE, H,.BBETTO

NYTIINFGA—=45)
R E DB T HETOLISAXDECIGOT— AHEBHRROELHRE XK
WicBRAlTE2TEMN B2
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[ C.Caprini et al., JCAP 1604, no. 04, 001 (2016) arXiv:1512.06239 ]

LISA design

Name C1 C2 C3 C4
Full name N2A5SM5L6 | N2A1MS5L6 | N2A2M5L4 | N1A1IM2L4
# links 6 6 4
Arm length [km] 5M M M M
Duration [years| 5 5 2
Noise level N2 N2 N2 N1

\

[N.Bartolo et al., JCAP 1612, no. 12, 026 (2016) arXiv:1610.06481]

Name A5MS5 | ASM2 | A2M5 | A2M2 | AIM5 | AIM2
Arm length [10° Km] 5 5 2 2 1 1
Duration [years] 5 2 5 2 5 2
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