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Realization of strongly 1stOPT & triple Higgs boson

coupling

* HRREYT XI5 —ICKYBNVEBE —RIBEBIREFETELUREMELAH S

{5 : Two Higgs doublet model

My =My =M, =M. sin(p-a)=tan(p)=1

2 — m2/ i 2HDM ;ySM _ /\2HDM SM SM
M m3/ SlnB COSB’ A/\hhh /Ahhh = (Ahhﬁ —Ahhh)/Ahhh

MUOVER—REEBNERIT L. =RBC
EvJ XFEE (hhhiE &) [FEEER ST D
% (/s=1 Tey,L=5000fb™") International Linear Collider
(ILC) [Xhhh#E&ZE10% DFRETHETES
[K.Fujii et al., arXiv:1506.05992]
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d =My =My = My

sin(f—a) =tan8 = 1 ]

0

50 100 150 200 250 300
M[GeV]

[S.Kanemura,Y.Okada, E.Senaha,PLB606 361(2005)]
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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)]

* [FROFHEMOFHE (LISA, DECIGO, ...)
— BE—RBEEBOFEHEAIL—a G EDYHFEREDE
NREERTEDS
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AEMAETIX

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

(bosons and fermions)
e : mixing effects at the

Veﬂ'((pJT): D(Tz“Tg)(Pz—(ET—_e)(ps_{'@qﬁ tree level
(one field approximation and high temperature expansion)
o (FMMRANZT—HFICLDIL—TDHRENEIZEBBEBIRHHLHER
Bl A M —EEANDS—HHEZEF-E)EHEFORE
o VI)—MDEENReNEICEFHBHERICHAHLIER
. EevI R—EIFEE

* AFRFETEHEEYIA-—EEEZTTEAL. hhhEEOTDILZFA ORI LRY
2 EDEYT REEE (hff, hWiHEES)DRIELEBREEEKXDENROEANELD
MENRDOEZ — RBEBDRIRAIREEMEZHND
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Rey I A—EHEER
[K.H, M. Kakizaki, S. Kanemura, P. Ko and T. Matsui, PLB 766 (2017) 49 ]
)—=LARILDRTUIYIL

A S m2 : )\5
Vo = —u2|®)® + Ao|®|* + pas|®|?S + %@[25‘2 + p3S + 7552 + %83 g
HETIILE YT RBDRA R -
821’;&,T:0> _ [cos® —sinf) [mi 0O cosf sinf == ( )’ T
d:0¢; [ \sin® cosd 0 m?% /) \—sinf cosf

7(Vo + ¢, +iG°)
Independent parameters

/
Vg, Vg, M,(125GeV) g, 0, Hg, Us  Hag

BHRTULYIL 1 ¢=3/2 (5/6) for scalars and fermions (gauge bosons)

M (05, 05) (. M (pg, 0s) 0
Vet r=0(%0: Ps) = Vo(pa ¥s) + Z”i . (1‘1 B oI Cf) =1 ,  (8) = ws.
i v2Pe
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REVJTA—ERER
N [K.H, M. Kakizaki, S. Kanemura, P. Ko and T. Matsui, PLB 766 (2017) 49 ]
& By REES (hff, hVV)

8hxx
KXE>5r, K = Ky = Kp = c0s0
Enxx

» ZREvJXBCKES
HSM SM 3 3 3 3
A 33V ot 71— 3BV e 33 Vegr 7= 93 Vet 7=
B = Mhh_— Mhhh MM # + c3sg # +6955<w>+53<eff;’ﬂ)>
Mphn 9y 0@y 0¢s PP I3
& ARBEOAEDRTYIL (one field approximation and high temperature expansion)
MT) 4 EQ): loop effects of bosons

Veff((p’ T)= D(TZ_TZ)sz_(ET_e)(P3+T(P (bosons and fermions)
':{> Tc k= ET tree level

2FE ( el ) e : mixing effects at the
=L ARNILDEYT R0 REEDIRENBEERZIZEERT S 10
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EBEHEBN—RHUDBE, BAOERIZKYEARLELSD

ER—REEBHEDENH

Bubble nucleation |

Vig) -
5
Falsel."'
12 .
Tuﬂﬂejlag A T<To i
True

B AR LY DAOEEE: [(T)~Tle
r

H4

SRR T

Tc

)
Latent
heat

" (@0

I‘-_ ()0 ’,-I

(@) =0

MELBHEEDENRII2DD/INTA—RKYEHEF TN S
a = RIBIESNI=HHES THRRSN DB,

Collision of bubble walls

(8 wa

Gfa\(\itationa_l)‘,waves

Sources of GWs

1.Collision of wall

2.Compression wave of

plasma

S3(T)

[Sa = fdsf' [%(ﬁ%)g + Veff(‘Pb,T)} j

(S;:the three dimensional Euclidean action
H:the Hubble parameter)

alBIEAMRTUUVILICEYRESND

B = 1/(FHERHE O H# 5 e )
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& RUFI—URAVE

vg [GeV]|ug (GeV]|m, [GeV]|ugs [GeV]|us [GeV] |us [GeV]|my [GeV]|f [degrees]|

—80 —30 0

246.2 | 90 125.5

¢ MEOHBISOZEMTHRIER LY /T_ T, ,a, B%
K1-
- /\T'1)w4H3a—K"CosmoTransitions"Z{E AL T-
[C. L. Wainwright, Comput. Phys. Commun. 183, 2006 (2012)]
-FHOENFETHETORERE

LISA: [arXiv:1512.06239 [astro-ph.COJ]
DECIGO: [Class. Quant. Grav. 28, 094011(2011)]

< LISAXSDECIGOIZ &Y —RABEFZHKDEHFEE
A TESAIREMED DD

108
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(180, 19

(160,8.1) 2,
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¢ X ~
LISA | o4 c2 C3™--\
vs =90CeV, ys=0GCeV, yos =-80GeV, ks =-30'GeV .

sw (T =50GeV, vp =0.95) |
1072 107 10° 10'
a
[K.H, M.Kakizaki, S.Kanemura, P.Ko
and T.Matsui, PLB 766 (2017) 49 ] 13
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hff, hVV{f}EéO)fﬂ(K=KF=KV)tﬁ-}JD 897 A7 1.00 [v5'=90 Gev, s =0 Gev, yos--BﬂGAs\:‘:s --?‘oéigz
s_iz_o)E%mHo)zle(:\ E,‘ﬁt“)ﬁ‘;(ﬁaﬁi ................................................ :
EQOTNON, ) ERATELAENRERT oo\
[T. Robens and T. Stefaniak, Eur. Phys. J.
- Direct search at LHC-II C 76, no. 5, 268 (2016)] :
m,, #%200GeViAfED L= cos0<0.95(HIlR (20) 0
= LHC R_un-l results [The ATLAS and CMS Collaborations, ATLAS-CONF i
-2015-044.] i
Ky = 103+g ﬁs Ry = = 0. 91+g }8 (1 ) RN | @ DECIGO correlation
. @ LISAC1
* HL-LHC 14 TeV 3000fb™" K, 2% accuracy. [ @ LISAC2
[CMS Collaboration, arXiv:1307.7135.] e _': '_"Sf S, 100 % TN
- -1 . o TP T M T GRS AR .. A
ILC 500GeV 500fb K, L ) 0.37% (0.51%) 160 o e = de
» ILC 1TeV 5000fb1 )\hhh 10% [K.Fujii et al., arXiv:1506.05992] my[GeV]

hff hVV hhhiE & LENKDAEDHRMRICLIVEYT A —EERED
mamz%@nmf%—wlmm

H, M.Kakizaki, S.Kanemura, P.Ko and T.Matsui, Phys. Lett. B766 (2017) 49 ] 1
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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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¢ NEO—FERHAT—H 5= (5% 5" £ OEE EEO-HON)IEEET)

o Y —LRLORTUIvIL 600\
— q
Vo(®,5) = Vam(®) + “S 2|51 + i I8t + SR8 800p
o —BERNT—BOEE > 400/
/\( S
m§ = u% + 50’ % 300/
» E
< Z=ZRbEvJXBCEHESE 200
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ROVEB—REEBIRRE T HHEEY T RERE

B [K. H, M.Kakizaki, S.Kanemura and T.Matsui, RRD. 94, no 1, 015005(2016)]
5= (51,5 5v)" MR =B EMIRT — )L REHE R AEE

— BERTDHAH/NFA—ENEIEESNI-ON)—FEIFEE
T I FRED I [LColeman and Weinberg ##&(Z LY 5|E#R 2T

\ylj_l//\‘)bo),—'—fj—_:/:/_v)b [S. R. Coleman et al, PRD 7, 1888(1973)]
5 A As 24 A
Vo(@,8) = J1®l* + f|5\4 ‘I’S|<1>\ Ei& " Excluded by

unitarity bound

—EEANS—HENEE
N Mz = 87%v*m3 — 3m7 — 6myy + 12m] P

=mbEyJ RBEBES
A/\ n A (! 2 —_ <
Sh‘l{’ti:('i - S:\;{f:?m) =F 3 ~67% (NMZW%? l.j&l:\)
’\hhh ’\hhh . 100+

[K.H, S. Kanemura and Y. Orikasa, PLB 752, 217 (2016)]
BMNEBE—RIEBNEET IO IhhhESDEIE % '
otwfﬁ.,rtr%—r*'@;sfm N




» 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)] g
e

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

eLISA: [arXiv:1512.06239 [astro-ph.CO]]
—BFENREVWTSATIDERICEKDIENRANR

DECIGO: [Class. Quant. Grav. 28, 094011(2011)]
. 104 —
HRLOE—5%(q, B(=p/H,) &Y

% Ni
\ 488 3 - 0 G
EEIA  hhhiEENMEEBRR N SEFIC SR
#167%8R<LHZEEDON)— EIRER

7
0’0

BRE  EEERALWET%HMES

hhhiE & FOHBEMR T —ILAEE — |
ZEEL-ON)—EIFIEEY

uone|do)

SLISAES cz c3 c4
GEDENFITERIIEBRERICEIERE 10 j_w_(T 100 GeV, v, =0.95) ¥
ME(ZLY2ODIEE [FR A TEBAEEELHS °

0
%

10~ 100 10"
a

- 3 BENDEE
[K. H, M.Kakizaki, S.Kanemura and T.Matsui, RRD. 94, no 1, 015005(2016)] Vb B DEDRE
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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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Landau pole(Ew/ X —EIRIEH)

» RTUIYIL
2 2 4 2 Aos 2 a2
Vo = —ua|®[° + Ae|®@[" + pas| @[S + T@l S

Ag

4
1 S

2 /
ey Togey F o
2 3
& RUFI—IRAUE

[0 [GeV]lus [GeV]|m,, [GeV]lugs [CeV] s [GeV] s [GeV][my [GeV][4 [degrees]|
| 2462 | 90 | 1255 | -8 | -3 | 0 | 170 | -20 |

-

100,

10}

1

0.10;

0.01. - - T
10 10°* 10’ 10'°

H[GeV]
Scalar coupling@®runnning
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Constraints(Ev/ X —EIRIER)

% Perturnative unitarity

4TF\/§

2
3G~ (700GeV)

m3 cos” 0 + m?; sin® 0 <

% Vacuum stability
do(p) >0, As(p) >0, 4Aa(p)As(p) > Ais(p)
% Oblique parameters

cosf 2 0.92 when my 2 400GeV (mp ~ 125GeV)

[S. Baek, P. Ko, W. I. Park and E. Senaha, JHEP 1211, 116 (2012)]
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Direct search(l:“Jﬁ A—HEIREY)

[T. Robens and T. Stefaniak, Eur. Phys. J. C 76, no. 5, 268 (2016)]

g L 4
% 0.95 i m
= I i
= r 1
@ _ ]
0.2} - ; - ——— LHC searches in EPJC 75 (2015) 104 |] % 0.90 B 7]
0.1 i 5 | updated results O I 1
. 200 300 400 500 600 700 800 900 1000 @ L J
Range of m y [GeV] Search channel my, [GeV] 0.85" i
130-145 H—ZZ—41 1
145-158 H—-VV (V=W,Z)
158-163 SM comb. U -80 & b
163-170 H—->WW
170-176 SM comb.
6211 et 160 180 200 220 240
211-225 H—-ZZ—41 mH
225-445 H—-VV (V=W,Z)
445-776 H—ZZ

27
776-1000 H—VV (V=W,Z)




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 250GeV 2000fb" can measure the K, at 0.6% accuracy.

[G. Durieux, C. Grojean, J. Gu and K. Wang, arXiv:1704.02333]

- 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] 28
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> BEAOBEREN: [(T) ~T'e”

a2

» 3IRTIA—TVY RERS,: 5,1 = [dr“{% (\i) +L~:.,;(-;,T)}

> *EEE;EE-R : % =~ 1 - Sf‘-f;) = 4In(Ty/H,) ~ 140 @8(T) : The VEV for the broken
=4 E phase minimum at T

Veaglog(T), T
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< BMUAREEAMRESYD/EDZMHE:
D(T) = The~ [ = /dS [;( @) +veﬂ(<,ob,'r)] j
« The bounce solution @_ (XA ARANSHELND

d*p, 4+ 2 Zd% Vg
dr? r dr oy,

2

dp,
dr r=0

- [ﬁﬁ%#:

=0,

lim ¢, =

r—00

')

FLEREMNO

ERETO
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HEE®

« The bounce solution @_ (XA ARANSHELND

2
d*p, n 2dp, OVg - s 50 4 dpy|  _ 0, lim g, =0
dr?  r dr oy, dr |- i

pd(p DEEO WRETO

L3

N
< _Edbounce solution @ Mo3RTTA—V)VRERAS B FoND
Ss(T3)

— = =4In(T/H,) ~ 140 DO MRERBRET, ZHHETED
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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=
Fuuy = 2.7 X % (100 GEV) (me)
Ky, K, €1 efficiency factors v, . wall velocity 32



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) ] 33



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
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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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