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Introduction

Higgs boson which is predicted in the Standard

} Vol @)

>

Model(SM) was detected at the Large Hadron
Collider(LHC).

But, the Higgs sector is still vague.

o) ()

Var(@)=t*|0*+7 "

(4% < 0)

What is dynamics of the electroweak symmetry breaking (EWSB) ?

— The SM require that p? < 0 to realize EWSB.

The massless model is based on chiral symmetry, classically scale
invariance(CSl), and so on.  [w.A. Bardeen, FERMILAB-CONF-95-391-T]

We focus on the model based on CSI.




The model based on CSI for EWSB

x—e'x, 0,~e0, ®Poed, fd4x\/—g—>e_4°‘fd4x\/—g

EWSB cannot occur at the tree-level.

EWSB can occur by Coleman and Weinberg mechanism.

[S. R. Coleman and E. J. Weinberg, PRD7, 1888(1973)] ®

o)
The model imposing CSI on the SM cannot explain VSM(¢)ZMZ+M¢|4

the mass of Higgs boson (125 GeV).
( th ~ the loop effects for the SM particles )

We consider non-minimal Higgs model with CSI and analyze the model by the

Gildener and Weinberg method.
[E. Gildener and S. Weinberg, PRD13, 3333(1976)]



The model based on CSI for EWSB

% The method by Gildener and Weinberg -
Tree-level effective
[E. Gildener and S. Weinberg, PRD13, 3333(1976)] potential

e There is flat direction in the tree-level effective potential.

erererer

e On the flat direction, EWSB occurs by Coleman and
Weinberg mechanism.

< The effective potential 2 M3 :
. P A=647:2v4|:3Tr( 4l )—4Tr(M‘}ln"f>+Tr(MglnA\jlzs>]

My ln—; 5
2 v
Veri(p, T = 0) = Ag* + By In % B = gimrms [370 (M3) — a7e (14) + v (%)

All masses in the model are proportional to the vacuum expectation value.

« The models have characteristic features :

the triple Higgs boson coupling (hhh) T ¢! 4



The deviation in hhh coupling thh

% The hhh coupling in the massive model with O(N) singlet scalar field without CSI is

al aE
. S = Sl & SN
r O(N):3mi 1_i m§+ N m% 1_@ ( ) ) )
hhh v w2 v2mi = 1272 v2m? m? .
Loop effects

< In the models based on CSI for EWSB, I ' is universally

— 1 4 4 4
83‘/ 5m2 o= 64 2v4 [3Tr (MV) il (Mf> +Tr(MS)]
CSI eff h SM tree
8(0 Qp=v Loop v 3 m,zl = = — 8Bv?
effects op o=V

The loop effects in the model are renormalized in the SM-like Higgs mass m, .

[K.H, S. Kanemura and Y. Orikasa,

< T “ universally enhances about 67% from the SM values. pnys. (ett. B 752, 217 2016

If the hhh coupling is large, the electroweak phase transition(EWPT) is

strong[y 1st order phase transition. [S. Kanemura, Y. Okada and E. Senaha, Phys. Lett. B 606, 361 (2005)
[C. Grojean, G. Servant, and J. D. Wells, Phys. Rev. D 71, 036001 (2005).]

The model realizes the strongly 1st order electroweak phase transition(EWPT). 5



Gravitational waves from 1st order phase transition

% If EWPT is 1st order, gravitational waves(GWs) occur from the phase transition.
108

% The GWs from 1st order EWPT can be produced

at bubble collisions in the early Universe. 109

Sources of GWs

1.Collision of wall

10—15 L éll é”v

S S

Compression

< For example, GW spectra in O(N) singlet 1075 wayeilipasms

model with CSI are described in right figure. O(N) singlet model with CS|

1073 101
Frequency [Hz]

3.Compression wave of plasma

The GW spectra [C. Caprini, et al., J.Cosmol. Astropart. Phys. 1604(04)(2016) 01.]

LISA: [JCAP 1604, no. 04, 001 (2016)]

The sensitivity regions { (N is the number of additional singlet fields.)
DECIGO: [Class. Quant. Grav. 28, 094011(2011)]



GW spectra from phase transition for O(N)
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We described the peak of GW spectra from compression
wave of plasma for the following models.

(a = Normalized latent heat released by PT, (3 =1/ The duration of PT)

- O(N) singlet model without CSI

singlet models with and without CSI

LISA: [JCAP 1604, no. 04, 001 (2016)]

DECIGO: [Class. Quant. Grav. 28, 094011(2011)]

Annh "™ [ Anpn™™ = 66.7 % -

(Massive model) E
(ANSNIDSM — 21367 o) 03

- O(N) singlet model with CSI /
(AMgr I Ny = 213=67%)

7
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We can distinguish the models with and without

CSI, and it will be possible to observe GW spectra  10%
in the future!

ioh wave (T;|=100 GeV, v, =0.95)

10-2
[K. H, M. Kakizaki, S. Kanemura and T. Matsui, RRD. 94, no 1, 015005(2016)]
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Summary

We discussed the phenomenological features for the models based on
classical scale invariance for electroweak symmetry breaking.

CSI o rSM tree
hhh

% The triple Higgs boson coupling is universally enhanced. | L' = 3 X

If electroweak phase transition is 1st order, the gravitational waves occur
from phase transition. We can use the gravitational wave spectra to
distinguish between the models with and without classical scale invariance.

We can test the models based on classical scale invariance for electroweak
symmetry breaking by collider and gravitational wave observation experiments.

8
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Gravitational waves interferometers

% If electroweak phase transition(EWPT) is 1st order, gravitational waves (GWs) occur from
EWPT.

% Ground-based GWs interferometers (LIGO, KAGRA, Advanced Virgo, ...)

— These experiments can detect the GWs from astronomical origin such as

the binary of neutron star, black hole, and so on.

[PRL.116, no. 6,061102(2016), PRL.116, no. 24, 241103(2016),

LIGO detected GWs directly. PRL. 118, no. 22, 221101 (2017), PRL. 119, no. 14, 141101 (2017),
PRL 119, no. 16, 161101 (2017)]

LISA is scheduled to launch ]
% Future space-based GWs interferometers ( LISA, DECIGO, 4[ into space in 2034.

— These experiments can detect the GWs from the early universe such
as electroweak 1stOPT, cosmic inflation, and so on.

% It is a possibility that extended Higgs models can be tested not only by accelerator
experiment but also by GW observation experiment. 0



O(N) singlet model without CSI

The model in which the loop effects of bosons is mainly related to 1stOPT

% The model have N additional singlet scalar fields S = (5,, S,, ..., Sy )”
For simplicity, these field obey a global O(N) symmetry. 600
% Tree-level potential LS
2 500 -
Vo(®@,S) = —2|0P + 4|0 + £ IS + LS| + L2 |PISP SN P ¢
. 4001 0 = . ™
« The masses of singlet scalar fields 3 .....................................
2 _ .2, dos.2 2 300F TN T N 0
Mg =Hfs + 5V E e, T
o, . . . 200 i .."“-..'__.- ..."n.---.. .... ‘::.
% 3 point Higgs boson coupling |l N B
sy 10— T
o) _ V(e T=0)| _ 3mj 1 mf = N mg 1S SM _ (\ON) _ \SM\,\SM 5%
)‘hhh = Ha‘p:; - - T 1— ﬁv2m%’ 19272 vzmi L— m_g /M?}ST ./)\hhh = ()‘hflh - )‘hhllz)/)‘hh.h ? .
. , - 1 4 12 24 60
% The model can realize strongly first order phase transition. Loa.N

— Detectable GWs from electroweak 1stOPT might be able to occur.
[M. Kakizaki, S. Kanemura and T. Matsui, PRD 92, no.11, 115007 (2015)]



O(N) singlet model with CSI

The model in which the loop effects of bosons is mainly related to 1stOPT

We impose O(N) singlet model based on classically scale invariance(CSI).
(EWSB can occur by Coleman and Weinberg mechanism.)

[S. R. Coleman and E. J. Weinberg, PRD 7, 1888(1973)]

Excluded by
unitarity bound

Tree-level potential
Vo(@,8) = 2@* + LIS + 225 | 2IS?

K/
L X4

The masses of singlet scalar fields
2 _ Q22,2 2.4 o4 4
Nmyg = 8n=v-m; — 3m;, — omy, + 12m; 5
£
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3 point Higgs boson coupling

K/
L X4

2 ~67% (It doesn’t depend on N.)
100/

Adpwn . — __Ahhh 1=2 =~
/li ]% (tree) /l;j ]% (tree) 3
[K.H, S. Kanemura and Y. Orikasa, PLB 752, 217 (2016)]
0'. : 2 2 R
1 4 12 24 60

The model realize strongly first order phase transition.

— O(N) singlet models with and without CSI may be distinguished by GWSTl
(We discuss that in next section.) 12

[K. H, M.Kakizaki, S.Kanemura and T.Matsui, RRD. 94, no 1, 015005(2016)]



The measurements of the deviations

% The measurement of K,

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up
Vs (GeV) 14,000 14,000  250/500  250/500  250/500/1000  250/500/1000
[ L£dt (b~1) 300/expt 3000/expt 2504500 1150+1600 250450041000 1150+1600+2500
Ky 5—7%  2—5% 8.3% 4.4% 3.8% 2.3%

[Snowmass Higgs Working Group Report, S. Dawson et al., arXiv:1310.8361]

» ILC 250GeV 2000fb™" (+LHC) can measure the K, at 1% accuracy.

[Slide : Report by the Committee on the Scientific Case of the ILC Operating at 250 GeV as a Higgs Factory]
< The measurement of AA,

- HL-LHC 14 TeV 3000fb™" can measure the A, at 50% accuracy.

[Snowmass Higgs Working Group Report, 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]
13



The measurements of the deviations

Facility LHC HL-LHC  ILC500  ILC500-up
Vs (GeV) 14,000 14,000 250/500 250/500
[ Ldt (fb=')  300/expt 3000/expt 2504500 115041600
Koy 5—T% 2 -5% 8.3% 4.4%

Kg 6 — 8% 3—-5% 2.0% 1.1%
i 4-6% 2-5%  0.39% 0.21%
Kz 4 —6% 2 —4% 0.49% 0.24%
Ke 6 — 8% 2 -5% 1.9% 0.98%
Kag=:R5 10 — 13% 4—-7% 0.93% 0.60%
R i 14—-15% 7-10% 2.5% 1.3%

Snowmass Higgs Working Group Report (1310.8361)

14



The measurements of the deviations

Parameter | ATLAS+CMS
Measured
K7 1.00
[0.92, 1.00]
Kw 0.90 .
[“ATLAS and CMS Collaborations” JHEP 1608, 045 (2016)]
[0.81,0.99]
K 143102
ra 087102
o 05741
Il 0817315
Iy 0.90+3.19

15
D



The measurements of the deviations

coupling Ag/g 500 fb-1 2000 fb-1

HZZ 1.1% 0.63%
HWW 1.1% 0.63%
Hbb 1.7% 0.89%

Hcce 3.5% 1.8%

Hgg 3.1% 1.6%

Hrr 2.0% 1.0%

Hyy 1.5% 1.1%
Hup 27% 13%

e 4.1% 2.1%
BR(H->inv.) (95% CL) 0.61% 0.31%

[ILC 250 Ev T RT7H M) —DYBEERERIITSEES



The measurements of the deviations

< The measurement of K

. _ . = +0.11 = +0.10
LHC Run-l results :  k, = 1.03Zy1;, &y = 0.91710
[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 0.38% accuracy.

[Slide : Report by the Committee on the Scientific Case of the ILC Operating at 250 GeV as a Higgs Factory]

- 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] 17
D



; . The loop effect of bosons
High temperature expansion and fermions

<

V(9. T)= D(I=T2)@*—(ET—e) ' + X

) “
The loop effect of bosons T

The effect of mixing Higgs fields

V(¢)
/ T >Tc

/ T=1e/

/

L

T<Tc

18




Gildener - Weinberg method

The GWM supposes that there is the f lat direction in the tree-level

potential V (@).

1 'V, o)
Vo(q)):afijk[q)iq)jq)kq)l , fv'kl:a@ia(bjad)kad),

(I’;g
A

The f ht direction is decided by
D.=n,p.

The unit vector 7?; represents the direction of
f ht direction and @ is order parameter.

On the f ht direction, V,(7,¢)=0 , and
EWSB occurs by CWM.

n=(nyny)

=(®,,9,)

:(111;,7121:)

D,

19



General upper bound on the mass m 1CS'

1 4, My 4y M7 4y, M3
2 A=647_[2‘/4|:3Tr(lenv2 —ATr | M} ln— +Tr [ Mg 1r1f

: —0)= AL ta X
Veir(p, T = 0) = A¢” + By In £ 02 B=76471]2v4 (37 (M) — aTr (M}) +Tr (M2)]

32V eff

: =8Bv® =~ (125 GeV)*
g

N

Tr M< = 872v?m? — 3m7 — 6myy, + 12m; ~(543Gev)*

: 2
< The Higgsmassm, : My =

< We consider the model with N extra scalar bosons : m,“' < m,“< ... <m©

TrM Z CS] CS1)4 — ml

o _r_543(GeV)

< m ©'is generally less than 543 GeV!

20



Upper bound on the mass 7, in 2HDM

— For a specific model
* We rewrite N as N, ;which is the number of scalar fields with isospin | and hypercharge Y.
N=Ng,+2N;;+4N, ;+3N,,+6N,  +5 5 s
77
m?m < - : - ¢ , ,
</4'7\"0.0 ‘l’ 217\"0.1 + -AU\“%% ‘|‘ 31\"1_‘0 + 64'7\"1‘1 ‘l‘ i¥e

1

* When we consider the extensions for doublets( I=5, Yzé ), this upper bound is stronger!

x 383GeV

mga <

21



The scaling factor KYCSI of the hyy coupling

& 9 m 2
Dy (v/m‘f’ii ))”h¢,-+¢,~_ AO(T(Pl;t )+4 30 (V/md);_}::t )Ah¢;r+¢j—- AO(TQS;tﬂ:)

CSI 2

14—
+2 Al(TW)-i-%A%(Tt)

n(m) is the number of singly-(doubly-) charged scalar bosons and t, = 4mT2/mh2.

top quark A1/2(T,):—1.4 mzi _ % (%) ». All masses are
W boson A (1,)=8.4 ' o {)/E)\p;f)rtlonal to
o, Adu)—1 s = 3 ()

— The loop effects —— Charged scalar masses

< The scaling factor kK *' depends on n and m.
Y [K.H, S. Kanemura and Y. Orikasa, PLB 752, 217 (2016)]

ST 1 R s, (Large mass limit)

Non-decoupling effects 22



The scaling factor KYCSI of the hyy coupling
E;:(r)n))=<1.0>
~~~~~ - (0,1)

Behavior of
KYCSI in (n, m)

1.2} -

o 10F = 10

0.8 —_r—' e ot B A e S B i 20

- -
-

-

Ly e | [The ATLAS collaboration
06l i i [ATLAS Collaboration],
e o - . o o ATLAS-CONF-2017-047.]

100 200 300 400 500

M¢[GeV] (Degenerate charged scalar boson mass)

% HL-LHC can measure the K, at 2-5% accuracy. [S. Dawson et al., arXiv:1310.8361]

% The number of the charged scalar bosons in the models will be predicted

by experiments! [kH, s. Kanemura and Y. Orikasa, PLB 752, 217 (2016)] 23



Discriminative phenomenological features for
the models

< The models based on CSI for EWSB have three discriminative features.
[K. H, S. Kanemura and Y. Orikasa, PLB 752, 217(2016)]

e A general upper bound on the additional lightest mass m_ '
— m" <543GeV

e The scaling factor KYCSI of the hyy coupling depends on numbers for singly- and
doubly- charged scalar bosons

LS _h_m
¥ 16 4
e The deviation in hhh coupling thhcs' is universally predicted at the leading order
} 5 SM tree
— O _ 2 rh%t

hhh_3

24



Landau pole A (CSI O(N) models)

» We calculate the Landau pole A of the CSI O(N) models.

—

w A AS =4 AeS -
Vo(@,5) = Slo1*+ IS + =FIRFIS) 5 = (51,85, 50)"

N 1 4 12
Q 381 GeV|257 GeV|188 GeV
A(Ag=0) ||54TeV | 17TeV | 28 TeV

(

(Ag=0.1)(5.3TeV | 16 TeV | 23 TeV
(A¢ =0.2)|| 5.2TeV | 15 TeV | 19 TeV
(A¢ =0.3)||5.0TeV | 14 TeV | 15TeV

TABLE : Thg energy scale of the Landau pole A in the CSI O(N) models for N = 1,4,12

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

* The cutoff scale A is defined as the scale where any of the scalar couplings
diverges.



GW spectrum from 1stOPT

% The GWs from 1stOPT can be produced at bubble collisions in the early Universe.

Bubbles of broken phase nucleation

V(@)
[ >Te
I =1
False
Y :

T LZ
Unper : tent
nnejlng - /'I.I‘ heat

True

Sources of GWs

Collision of bubbles wall

{(@)#0

)20 )

(@) =0

Gravitational waves

GWs occur by broken the spherical symmetry of babble.

1.Collision of wall 2.Plasma turbulence 3.Compression wave of plasma

26



Gravitational waves

Bubbles of broken phase nucleation Collision of bubbles wall ]
Vig) f .
[>Tc
I'=Te¢ -
{D)#£0
F:lse = |:>
= ’ ¢ \(@)#0
Tope ; Latent itati
Unne]j,,g" . T<Te iheaf“ <. (@) =0 Gravitational waves
W
True
£ S [T
> Bubble nucleation rate per unit volume per unittime I : ['(T') ~ T"e
> The three dimensional Euclidean action S, :
a1l (s N2
. T Ss(T)) ) OF
» Transition temperature T, : o ~ 1 = J'rl — 4n(T/Hy) ~ 140 U=F+TS=F-To
T=T ‘
748V (T
e(T) 1 Latent heat : () = AVer(T) + TAs = AVig(T) - T2

_e(r) o _14r
prad(Tt)’ Fd

Radiative energy dencity : P,.4 27
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Phase transition

The bubble nucleation rate per unit volume per unit time:
4 — S3(T) 3
DI) =T T | 8= [ &30+ ValonD)

The bounce solution ¢, is obtained by equation of motion.

d2</7b n Zd% B OV g =l [Boundary dp, — 1)

dr? r dr &pb condition dr

r=0

lim Dp

r7—00

-

28



Phase transition

< The bounce solution ¢, is obtained by equation of motion.

condition dr r—00

{ Boundary %

=i lim<pb=OJ

dr? T r dr 0,

r=0

()

L3

< We can obtain 5, by the bounce solution ¢, .

N
S3(T)

— 4In(T;/H;) ~ 140 (We can caluculate T..)

: 29
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GW spectrum from 1st order phase transition

The GW spectrum from 1stOPT need complicated numerical simulations.

— We use apploximate fitting formula.
—— For example... Compression wave of thermal plasma—— /A
[C. Caprini, et al., J.Cosmol. Astropart. Phys. 1604(04)(2016) 01.]

\/
) 2 1/3 1072,
N i 100 A
Qo h? ~ 2.65 x 1050, 3! ( i ) < ) G
LA gt
g . I 5 T T %
ww ~ 1.9 x 107° Hz—f * c
J 8 0 (100 GeV) (100) s
10
B = B/H K, :efficiency factor ~ Up : wall velocity
e . . LISA: [arXiv:1512.06239 [astro-ph.CO]] my =165 GeV, Cos[6] =0.975, v, =1,
The SenS]UV]ty regions Vs =90 GeV, s =0GeV, lgs=-80GeV, ys'=-30 GeV
DECIGO: [Class. Quant. Grav. 28, 094011(2011)]  10-8 = o T
Frequency [HZz]
% a and B parameters are determined by effective potential.

— Parameters in the model can be fixed by GW spectrum!

30



The spectrum of the stochastic GWs

[C. Caprini, et al., J. Cosmol. Astropart. Phys. 1604 (04) (2016) 001.]
» Compression wave of plasma

. ) 2 1/3 .
B, 1% ~ 2,65 x 10-°v, 5" ( K,Q ) (I_UQ) the peak of energy dencity

l+a gt

: = 2 ¢\ 1/6
foue 21.9%x107° szlbﬂ (1007‘%) (1%'0) the peak frequency

52 2 7 7/2
Qo (/IR = Do x (f/foe)? ( W>

In this talk, we use only the GW spectrum from compression wave pf plasma.

> Collision of wall » Plasma turbulence
i wy o 0.1y \ 7, ( Ko : 100 ;i . o Lema\Y? 100\
Bt tri0x (gt ) 2 (15) it 2335104057 (755) ()

1/6
: R 0.62 s T 5 Fop = 2.7 % 10-5 Hz B (L) ( : )
Jear 22165 % 107" Ha X (1.8 —0.1vs + ug) B (100 GeV) (100 Feuy vy \100 GeV/ \ 100

K, K,, € efficiency factors V,: wall velocity

[J.R.Espinosa,T.Konstandin, J.M.No and G. Servant,JCAP 1006,028 (2010)] 31
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Efficiency factor

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

Logqo[ky]

32



LISA design

[ C.Caprini et al., JCAP 1604, no. 04, 001 (2016) arXiv:1512.06239 ]

Name C1 C2 C3 C4
Full name N2A5M5L6 | N2A1IM5L6 | N2A2M5L4 | N1A1IM2L4
# links 6 6 4
Arm length [km] 5M 1M 2M 1M
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 A5M5 | ASM2 | A2M5 | A2M2 | AIM5 | AIM2
Arm length [105Km] | 5 5 2 2 1 1
Duration [years] 5 2 5 2 5 2

33




