UNIVERSITY
OF TOYAMA

Synergy between measurements of
the GW and the triple Higgs coupling

Katsuya Hashino (University of Toyama)

Collaborators: M.Kakizaki', S.Kanemura' and T.Matsui "
|. University of Toyama, |l. KIAS

[K.H, S.Kanemuraand Y .Orikasa, Phys. Lett. B 752, 217 (2016)]
[K.H, M. Kakizaki, S. Kanemuraand T. Matsui, Phys. Rev. D 94, no. 1, 015005 (2016)]

Rise meeting 6-7th March 2017 (Toyama)



Contents

2. O(N) singlet model with and without CSI
3. GWs from 1% order phase transition

4. Summary



Introduction

Introduction

» We discovered a Higgs boson which is predicted in the Standard
Model(SM) A v (0

> But the structure of the Higgs sector is still vague.

* The number of the Higgs fields? vaé’

* The Higgs field is elementary or composite? 1. (¢)=u’|¢[ +A|0]

—-_-—

 Dynamics of the electroweak symmetry breaking(EWSB)?

!

What's the origin of the EWSB ?
( Is it natural to suppose that the mass term is negative? )

» We discuss the model based on classical scale invariance (CSI).

3



Introduction

The model for EWSB based on CSI

> CSI prohibits the mass term. V' (¢)=ubel+A ||

» EWSB can radiatively happen by the Coleman and Weinberg
mechanism. [S.R. Coleman and E.J. Weinberg, Phys.Rev.D7,1888(1973)]
» The minimal model with one field cannot explain the Higgs mass.
==» \We have to consider the extended Higgs model.

» We analyze the model by the Gildener and Weinberg method.
[E. Gildener and S. Weinberg, Phys. Rev. D 13, 3333(1976)]

> The effective potential along the flat direction is obtained by

f
A A sz A= 412 4[3Tr(M?,lnM—zV)—4Tr(M;lnﬂf)-l—Tr(Méln%zS)]
Vo l@)=A@ +Bg In—5 < #F " v V
Q" |B=——[3Tr(M})=4Tr (M) +Tr(M])]
64y A

\



Introduction

The model for EWSB based on CSI

> The triple Higgs boson coupling of the models T is universally

83 V sz 5 [FSMtreez 3mz ]
hhh
FCSI — eﬁ’ — 40 VB — h _ = >< ri‘%ﬂ’ee. Vv

3
0@ =y v [K.H, S.Kanemura and Y.Orikasa,
Phys. Lett. B 752, 217 (2016)]

> If other models have the same deviation in the hhh coupling from the
SM value, can we distinguish those?

» By extending the Higgs sector with additional scalar fields, strongly
1% order phase transition(1OPT) for EWSB can be realized.

(0/T . 21) Vi) [

T=T,

» When electroweak phase transition(EWPT) is
1% OPT, gravitational waves(GWSs) occur.

T<T,



The model for EWSB based on CSI

> The triple Higgs boson coupling of the models T is universally

3m;
3 2 SM tree __ h
esi _ OVl Sm, 5 SM tree [rhhh T

S :
0 v 3 [K.H, S.Kanemura and Y.Orikasa,
Phys. Lett. B 752, 217 (2016)]

> If other models have the same deviation in the hhh coupling from the
SM value, can we distinguish those?

» We will focus on the CSI models where N extra isospin singlet scalars
obey a global O(N) symmetry.

» We discuss how these models can be differentiated from similar
extended models by the measurements of

the hhh coupling and the GW spectrum.
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O(N) singlet model with and witout CSI

¢d + O(N) singlet model with CSI

> Tree-level potential

o A ) A @ : SM-like Higgs doublet
Vi — S S =

( We suppose that there is the flat direction in the tree-level potential. )

2 2

> Effective potential (T=0) A= 3Tl 0 M) a2 M)
2 T[V V 1% 1%

Veﬂ(cp)zAcp4+Bcp4ln£2 B=—L [3Tr(M))—4Tr(M})+Tr(My)]

Q 647"
. Excluded
> Singlet scalal boson masses m, S00NT0z,,  —— o
500+ °
Nmg = 872v?m3 — 3m% — 6myy + 12my —_
. 400}
> The triple Higgs boson coupling > ,
5m’ 5 S; 300} %, 25
FCSIO(N): h_ 2 < rSMtree = — 8
hhh v 3 hhh 200!
» 3 Independent parameters
100}
N, mg, A,

> In the model, EWPT is storongly 1st OPT. %

12 24 60

"y
e -

[K.H, M.Kakizaki, S.Kanemuraand T.Matsui, Phys. Rev. D 94, no. 1, 015005 (2016)] N



O(N) singlet model with and witout CSI

¢ + O(N) singlet model without CSI

> Tree-level potential

- As
Vo(®, §) = Vam (@) + 15 21512 + 2213
> Effective potential (T—O)
:!
Vea(o) = ——ér"f‘?Jr F +Zﬁ4i2 My (l" ﬂ

A
1=

I2(p)
Q2

> Singlet scalal boson masses m,

> The triple Higgs boson coupling

Lo Lom
w2 v2m2
h

3my, N mflg

> 4 Independent parameters
Mo N, mg, Al

O(N
Ah}Eh) -

2
h

1
v 1272 v2m (

600+

3
2

oS =
|®/°|S]?

) 500/

& : SM-like Higgs doublet
S = (S,, Sy, .. Sy)T

Excluded by

60

12 24

[ M. Kakizaki et al, Phys. Rev. D 92,
no.11, 115007 (2015)]

> If the model has A?»hhh /Mhh—67 % , EWPT is storongly 1stOPT.
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GWs from 1% order phase transition

GWs from 1% order phase transition

> How do we evaluate the GWs from 1stOPT?

Bubbles nucleation Collision of bubbles wall
Vi)
T>Tc N
/ T=Tc J— { 
o [ { | \‘-  —
® \ | \( f
T, L atent (@0 L
Unne//ng A T<. Tc ih o - Gr wtaﬂo@x/aves
= - o
True

» Sources of GWs :
1.Collision of wall 2.Compression wave of plasma 3. Plasma turbulence

> The GWs from 1'OPT spectrum is characterized by

o~ Latent heat released by PT, 3= 1/(The duration of PT)
> a, B are determined by calculating the effective potential. "



GWs from 1% order phase transition

GW spectra for O(N) singlet model with CSI| and
O(N) singlet model without CSI

LISA: [JCAP 1604, no. 04, 001 (2016)]
. DECIGO: [Class. Quant. Grav. 28, 094011
> The peaks of GW spectra for compression [Hlass. Quant. Grav

(2011)]
wave of plasma are described by 104 o

(a, B(=p/1,)) plane. v\ e
- O(N) singlet model without CSI = 2 o
o . P -
(AN M — 21367 o) a3 %, l/" _oGF
@ 103 /%/v , ps
- O(N) singlet model with CSI — | ? ~
(AN A = 2/3~67% ) /&
1)
- _ HSA'c1 62 c3
> We can distinguish the model with and sw (T; =100 GeV, v, = 0.95)
without CSI, and it will be possible to 1905 =05 109 10"
observe GW spectra in the future. a

Vb: Velocity of bubble
[K.H, M.Kakizaki, S.Kanemura and T.Matsui, Tt : Transition temperature

12
Phys. Rev. D 94, no. 1, 015005 (2016)] H;: Hubble parameter at T



Summary

» We focused on the CSI models where N extra isospin singlet
scalars obey a global O(N) symmetry.

> CSI| models for EWSB predict r& = % w M e

» Even if other models have the same deviation, we could

distinguish the models by GWs from 1% OPT.
(For example: O(N) singlet model with CSIl and O(N) singlet model without CSI.)

» Synergy between the future measurements of the hhh
coupling and the GW signals provides us important hint
about narrowing down the dynamics behind the EWSB.
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The model for electroweak symmetry breaking
based on classical scale invariance

Scale transformation

x—e 'x, 0,0¢e¢0, Poed, fd4x*/—g—>e_4afd4x g
Forexample : Vo (o)=w’|o|*+A|o]*
/ d'z\/=g¢" - / dtzy/—g' ¢t = etatie / d*xy/—go' = / d*x\/—go*

) PR 2
/u’ir\f o — /u’l ng = ¢ “Jr‘“/fjl:f:\f—gqirg:f: zfl/ffl-’ff —g¢

The Kinetic term

/rfi:r:\f—g(ﬁ”q-hjgﬁ /dd:r:w —g' (") = /ffl:f:w’—gf:_"l“”L"l“(-f?”c;-f})z = /{fl:f:\f—g(ii‘“q-f:-)z
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Landau pole A (CSI O(N) models)

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

— A A - )\ = —
Vo(@,8) = Jlf' + IS + SRIRPISE S = (8,8, 5007

N 1 4 12 60
Q 381 GeV (257 GeV 188 GeV {119 GeV
AAg=0) [[54TeV|17TeV | 28 TeV | 33 TeV
A(Ag=0.1)||5.3TeV | 16 TeV | 23 TeV | 13TeV
AAg =0.2)||5.2TeV | 15 TeV | 19TeV | 5.4 TeV
A(Ag=0.3)5.0TeV | 14TeV | 15TeV |2.7TeV

TABLE :;’:defseg.ergy scale of the Landau pole A in the CSI O(N) models for N = 1,4,12

[K. Hashino, M. Kakizaki, S. Kanemuraand T. Matsui, Phys. Rev. D 94, no. 1, 015005 (2016)]
* 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. 6



Discriminative phenomenological
features for the models

The models have three discriminative features.

[K. Hashino, S. Kanemura and Y. Orikasa, Phys. Lett. B 752, 217 (2016)]

1) A general upper bound on the mass m!> of the lightest of
the scalar bosons is

my> <543GeV

2) The scaling factor K§SI of the 2y y coupling is
CSI n m

Nl____

y 16 4

where n and m are the numbers of singly- and doubly- charged scalar bosons, respectively.

3) The triple Higgs boson coupling I“f,f,f Is universally predicted

at the leading order. 5 .
L = 5 X Ly

17



1) A general upper bound on the mass m

2 1| ) ¢ o
’ r A= 3T (Ml =g | —4Te | Mlu— | +Tr ( Miln=
Veri () = AH‘:’LL T BLF'LI n é 64n2t | ( v ) ( el

B = o 3T (M7) - 4T (M) + Tr (M)
* The Higgs mass is )
02V,
mp = — ot =8Bv® ~ (125GeV)?
02
T Y=

TrMs = 8t2v*m} — 3my — 6myy, + 12m) (= C*=(543GeV) 1)

* We consider a case including N extra scalar bosons and the masses can be written as

CSI CSI CSI
m,  =m, ‘" =<My

Tr M Z CSI mCS[ )4

18



1) A general upper bound on the mass m

2 | M M2 2
’ rA= 3Tr | My ] —V 4T (MF =L | T [ M2 _S
Veit() = Ag* + Bp*In = * 7 6dr2id ( v ) ( o hz)+ r( '

QQ
b= 64;%4 3Tr (My) — 4Tr (M) + Tr (Mg)]
* The Higgs mass is )
02V,
m‘]?z = — eff — 8Bp? ~ (125GEV)2
d‘r":z lp:“U

TrM& = 87%0%m? — 3m7, — 6miy + 12m? (= CH=(43GeV)?)

* We consider a case including N extra scgiar bosons and the masses can be written as

<543(GeV)

F

» m,“ isgenerally lessthan 543 GeV ! 19




2) The scaling factor KSS[of the 4y y coupling

2

CS1 121 (v ,/m i) hot oo 4*]('“1}1)""12 (v /'mij_c:)’\*h..;a;"l'.;a;-ﬂﬂ(ﬂ_ﬁj)

143
J‘:l[ [TH") + E*’fl%(ﬂf)

(n,m)
]'_‘h—} ¥y
SM
]-_‘h.—} Yy

n (m) is the number of singly- (doubly- ) charged scalar bosons and Tx=4mi/mz.

- The loop effect of ... L
) 1 h“:.f}?; ‘:.f}«g 9
top quark A, ,(t)=—14 m.+ = E( . )-u
W boson A (TW) =8.4 , 1 )\-}?-ffij+ffii;__ )
Charged scalar _ 'm-;ji—i = {—( )-U
bOSOg (m,<<m,) AO( )_ 1/3 i 2 (%
. The characteristics of the model

for EWSB based on CSI

—

l/n m
\16 4

— Non-decoupling effects 20




2) The scaling factor KSS[of the 4y y coupling

22— """ — (n,m)=(1,0)
1.1 | m—- (2,0)
0 o
09/ — (L1)
. { ______ -
- 4 ATLAS+CMS(10)
N ATLAS+CMS(20)
0.7t 7/ .~ 1 G.Aadetd.[ATLASand CMS
:* ﬁgrl)z_;\g?]r?tions],arXiv:1606.02266
0_6':’:’ .........................

My[GeV]

FIG : Behavior of K, in specific (n,m) is expressed by charged scalar boson mass

M ,of the horizontal axis.
. K§SI will be measured with the 5-7% accuracy at the LHC Run-2.

[S. Dawson et al. arXiv:1310.8361]

* We expect that the number of the charged scalar bosons in the
model will be determined by LHC Run-2 ! ’1



ccl

3) The triple Higgs boson coupling .

 All models for EWSB based on CSI is universally

3 2
CSI a Veff L Smh L é % rSMtree
hhh — o o hhh

a(p3 Y% 3

P=v

[K. Hashino, S. Kanemura and Y. Orikasa, Phys. Lett. B 752, 217 (2016)]
* O(N) extended Higgs model that does not based on CSI, the triple Higgs
boson coupling is

3
O(N 3fm%L 1 mf N m% u%
)‘thh,) - . {1 - + 2 T2

v 2 ’U2m% 1272 vm;

[ M. Kakizaki, S. Kanemura and T. Matsui, Phys. Rev. D 92, no. 11, 115007 (2015)]

L CSI 3m. .
« The deviation of I';,, fromT,,,"“="—" is universally about 67% !

V

* The deviation will be measured with the 10% accuracy at the ILC.
[ T. Barklow, J. Brau, K. Fujii, J. Gao, J. List, N. Walker and K. Yokoya., arXiv:1506.07830]

 We able to check whether the model is true in the future !! .



Upper bound on the mass my”" in 2HDM

~ For a specific model
» We rewrite N as N, ,which is the number of scalar fields with isospin | and hypercharge Y.
N=N,,+2Ny,+4N, | +3N (+6N, +s5 5 s
22

cC C
my : <

\/T\DD‘F?T\HI—F-I\EI

* When we consider the extensions for doublets( /=

3'7\"*1![] — GNL] + e

1T
2

y=1), this upper bound is stronger!

l\)l'—‘
[\)

el C 1 a83Gev
[AN /N

L 11
'2 212

tJl-—*
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Gildener - Weinberg method

The Gildener and Weinberg method supposes that there is the f bt
direction in the tree-level potential V (o).

1 _ 54V0(CI))
Vo(@)=—r [ @, P, 2P, fiv=35 a0 0D.6D
24 i J k [

P 9
A

Thef Bt direction is decided by

D, =n; .

The unit vector 7; represents the direction of
f bt direction and ¢ isorder parameter.

Onthef &t direction, v (n,¢)=0,
EWSB occurs radiatively by CWM.




2
Veff(cp):A(P4+B(P4ln%
0
| M,
647[2v4[3Tr(M lnv—) 4Tr(M'In
1
64 v

A=

B=

[3Tr(M,)—4Tr(M})+Tr(M

2 2

Moy et s,

5]

OVesr () v 1 A ) _ PV

111@4— +—:0,

1T h = (_)T; 5

Oy

=0

Ahhh =

— 8Bv?

SM(tree)
/\hhh

~ (125GeV)?
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ccl

The triple Higgs boson coupling T,

 All models for EWSB based on CSI is universally

3 2
CSI a Veff L Smh L é % rSMtree
hhh — o o hhh

a(p3 Y% 3

P=v

[K. Hashino, S. Kanemura and Y. Orikasa, Phys. Lett. B 752, 217 (2016)]
* O(N) extended Higgs model that does not based on CSI, the triple Higgs
boson coupling is

3
O(N 3fm%L 1 mf N m% u%
)‘thh,) - . {1 - + 2 T2

v 2 ’U2m% 1272 vm;

[ M. Kakizaki, S. Kanemura and T. Matsui, Phys. Rev. D 92, no. 11, 115007 (2015)]

L CSI 3m. .
« The deviation of I';,, fromT,,,"“="—" is universally about 67% !

V

* The deviation will be measured with the 10% accuracy at the ILC.
[ T. Barklow, J. Brau, K. Fujii, J. Gao, J. List, N. Walker and K. Yokoya., arXiv:1506.07830]

 We able to check whether the model is true in the future !! 5




Electroweak baryogenesis

Electroweak baryogenesis

> One of the scenarios explaining Baryon asymmetry of the Universe

is Electroweak baryogenesis (EWBG)

» Sakharov’s conditions

1. Baryon number violation
- Sphaleron process

2. C and CP violation
- Extended Higgs sector

3. Departure from thermal equilibrium
- Strongly 1st order phase transition

s 0T, =1

Vig) |
[ T>Tc

T<Tc

The SM doesn't satisfy ¢./T. = 1. (It needs m <60GeV)



High temperature expansion
The loop effect of bosons

) ( T>/ and fermions

Veff(cp’ T): D(Tz_Té)ch_ETCP3+TCP4

The loop effect of bosons
( Non-decoupling effect )

V()
o0 /T, =2EINT)>1 |
/ T=Tc
Strongly 1%t OPT is possible by
non-decoupling effect from the
loop of additional bosons. s
T<Tc

I 3 it
E= @(ﬁﬂw + 3mz)

m2 1 mz mZ mz
ANT) = —2 |1 - 6m* In —%— + 3m* In —%- — 12m* In —
( ) 2v2 [ Bﬂ'zvzmﬁ My 1N O:BTZ mz in aBTz m, in Q'FT2

In the SM



Strongly 1st order phase transition

1 4 12 24 60 1 4 12 24 60
N N

Unitarity bound

1
S — 2 2
- 3)\+(N+2))\3+\/{3)\ (N +2)As}?2 +4N X554 <

b |

29



O(N) singlet model without classical
scale invariance

[K. Hashino, M. Kakizaki, S. Kanemuraand T. Matsui, Phys. Rev. D 94, no. 1, 015005 (2016)]

0 50 100 150 200 250 300

Vit [GeV i e ViZ1GeV

1000 1050 1100 1150
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Gravitational waves

» The ground-based experiments

LIGO, KAGURA, VIRGO,..

The main target of the ground-based experiments is GWs
from astronomical phenomena.

(For example: Binary systems of neutron stars or black holes. )

These can detect the gravity wave of frequency bands less than 10-10° Hz.

> The (future) space-based experiments
LISA, DECIGO,..

These experiments have the sensitivity to investigate some
cosmological phenomena.

(For example: strongly 1stOPTs and cosmic inflation at the early Universe.)

These can detect the gravity wave of frequency bands less than 1 Hz.



Gravitational waves

Bubble nucleation Collision of bubble walls

V)
| T>Tc

T=Tc - ‘ ‘ — ~/

r . | | ' ,f
| ¢ | (®)#0

T L atent :
Unne/,-ng A T<T iheat - Grawtatlonal waves
v o

True

_ 53(T)
> Bubble nucleation rate per unit volume per unittime I : ['(T') ~ T T

> The three dimensional Euclidean action S, :

S3(T) = /dr?’ {% (ﬁc,of + V;ﬁv(cp,T)}

s S3(T,)
H4

> Transition temperature T, : Y = 4In(Ty/H;) ~ 140

~]
T=T, v

o — E(Tt) B = 1 .dI"  Latent heat : ¢(T) = —V,a(p(T),T) _I_TaVeff(SDB(T),T)
) ’

prad(Tt - r d_T o 32

Radiative energy dencity : P, .4



TABLE 1. Predictions of the four benchmark points N = 1, 4, 12, and 60 in the CSI O(N) models (top). For comparison, the
predictions of O(N) models without CSI with A,,/45 = 2/3(=70%) are also shown for y/u; = 0 GeV (middle) and /5 =

100 GeV (bottom).

N 1 4 12 60

ms [GeV] 540 382 290 194
0./T., T. [GeV] 2.01, 102 2.40, 90.1 291, 76.8 4.11, 56.1
(a, ﬁ)_ T, [GeV] (0.0593, 1320), 88.5 (0.120, 956), 74.3 (0.273, 705), 59.7 (1.33, 438), 384
(v/#2 [GeV], N) ©, 1) ©,4) ©, 12) (0, 60)

ms [GeV] 510 361 274 183
w./T., T, [GeV] 1.62, 119 2.03, 102 2.54, 85.6 3.65, 615

(a, ﬁ)_ T, [GeV] (0.0303, 3320), 111 (0.0693, 2180), 92.5 (0.164, 1600), 74.8 (0.739, 1090), 50.3
(\/;?5 [GeV], N) (100, 1) (100, 4) (100, 12) (100, 60)

mg [GeV] 524 380 299 219
0./T., T. [GeV] 1.56, 121 1.89, 106 225,921 289, 71.6

(a. }5'.')_ T, [GeV] (0.0272, 4380), 115 (0.0552, 3480), 99.5 (0.111, 3210), 85.7 (0.334, 4082), 67.2

[K. Hashino, M. Kakizaki, S. Kanemuraand T.

Matsui, Phys. Rev. D 94, no. 1, 015005 (2016)]
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Gravitational spectrum

o [C. Caprini et al., arXiv:1512.06239 [astro-ph.CO]]
> Collision of wall

~ o[ 0115\ 5, [ Kea \? (100\"? .
Qenvh? ~ 1.67 x 107° x (U m J:uz) i (1 ia) ( i ) the peak of energy dencity
N b *

L

fo =~ 1.65 x 10 H 062 ] - AN
Jony 2 1.65 2X\18= 0.1 +¢7 ) 7 \ 100 GeV ) \ 100 the peak frequency
» Compression wave of plasma

2 1/3
~ _ 6 a1 [ Ko 100
sth ~ 2,65 x 10 Uafj (H——{I) ( Qi )

_ ) 1 - TE gg 1/6
fon 19 10 He_3 (100 GEV) (100)

» Plasma turbulence

3/2 1/3
Qrurph? = 3.35 x 104y, 5! (ﬂ) (100)

1+« gt
3 _E 1 5 T‘t gi 1.”3
~ 2.7 x 107° Hz—f
Jiump = 2.7 X Zo? (100 GEV) (100)
K., K,, €: efficiency factors v, wall velocity
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Efficiency factors

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

0.0+—

deflagration hybrid detonation
Vp< Cs Vb}cs VD}CS

Logqolky]

The black circle is bubble wall.

In green we show the region of non-zero
fluid velocity.

] B oo o ~ 30
Koo o= 2770 7 24n2g

*

[C. Caprini et al., arXiv:1512.06239 [astro-ph.CO], J. R. Espinosa et al.,JCAP 1006, 028 (2010)]

: : 35
€ : 5-10%. ( In our numerical analysis, we set € = 0.05.)
[M.Hindmarsh et al.,Phys. Rev. D92, no. 12, 123009 (2015) ]

7z D¢ (M (o) — M2(0)].




Sound wave GW SpeCtrum

N=1,4,12,60 from the bottom.

Turblence — — —
eLISA [arXiv:1512.06239 [astro-ph.CO]]
DECIGO [Class. Quant. Grav. 28, 094011 (2011)]
1073 - e —n 102 — , S —
P _ ANv21v,=0.95 v/ ANy21 v, =095,V ps? =0 GeV _ /'
10 S/ 1075}
. - Q Oy
10- -9| o /
= KK ) N
= 10712} d \—// \'F‘_} chg 2] 7 J :
S . /S 5 10
-15 \ 3 G
10 i 10-15
e
108 -18| y
rd 7 " S 10 g p 4
N /
10-21 /e . S 21| ~ < /7
10° 102 107" 10 e 10> 102 107
Frequency [Hz] Frequency [Hz]
O(N) singlet model based on Sm, 5 e
clgslicalgscale invariance When F%V) Ty "= 3% F'% ’
' O(N) singlet model without classical
scale invariance. 36

[K. Hashino, M. Kakizaki, S. Kanemuraand T. Matsui, Phys. Rev. D 94, no. 1, 015005 (2016)]



[K. Hashino, M. Kakizaki, S. Kanemuraand T. Matsui, Phys. Rev. D 94, no. 1, 015005 (2016)]

104

10*

Tt=50GeV = 1p?|

E .u1na_

I O(N) singlet model
- with CSI
[ :

- sw (Ti = 50GeV, v, =0.95) & 102 SW(T1=50GeV.v; =020)

1072 10" 10° 10" 1072 10~" 10° 10’
a a

104 — : 10* —
=]
-

Tt=100GeV '= 10° { = 10°

ILIS'.‘_ c1 c3 c4 - eLISA C1 ﬂ
,/SW (Tt=100GeV, Vb=D.95}3' | sw(T; =100 GE}J".W,:U.Z{})
1072 -1 ) 1 10°" - = 0
10 10 10 10 10 10 10

10’
a

a
The experimenttal sensitivities expected at several designs of eLISA and DECIGO
are set by using the sound wave contribution for Tt = 50 GeV and Tt = 100 GeV.
The upper boundon ( =0.39) is delineated for i = 0.2 .

O(N) singlet model
without CSI

(ALIN M — 213~67 %)
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® + O(N) singlet model without classical scale
invariance (AL = 2/3~67%)

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

10™° ,
ANv21 v, =1, ¥ ps® = 100GeV :1
107} ) 7
eLISA™. <. J PQ’ ‘
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[K. Hashino, M. Kakizaki, S. Kanemuraand T. Matsui, Phys. Rev. D 94, no. 1, 015005 (2016)]
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