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Motivation

Discovery of the 125 GeV Higgs boson h at the CERN LHC

e The Standard Model (SM) has been established
as a low-energy effective theory below O(100) GeV

The Higgs sector is still vague
e Guiding principle?
e Shape of the Higgs potential (multiplets, symmetries, ...)?
e Dynamics behind the electroweak symmetry breaking (EWSB)?

Phenomena beyond the SM (BSM) reported
e Baryon asymmetry of the Universe (BAU) o Cosmic inflation
e Existence of dark matter o Neutrino oscillations

Higgs sector = Window to New Physics
e The structure of the Higgs sector is related to BSM models
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Electroweak baryogenesis (EWBG) and Higgs boson

couplings
(== i
Sakharov’s conditions for BAU
1. Baryon number violation Sphaleron

2. C and CP violation Extended Higgs sector

3. Departure from thermal equilibrium .

Strongly first order phase transition

(10 OPT): 0 /T, 2 |

SM Higgs sector w/ one doublet: Potential barrier True vacuum

e Electroweak phase transition (EWPT).
is NOT of 1st order for mp = 125 GeV

e

0o/T. 2 1w ANy /X 2 10% 3
[Kanemura, Okada, Senaha (2005)]59
International Linear Collider (ILC) 1 TeV

can measure )\, ,, at 10% accuracy
[Fuiii et al. (2015)]
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Gravitational waves (GWs) as a probe of EWPT

Ground-based interferometers (aLIGO, KAGRA, aVirgo)
o Targets: GWs from binary systems, supernovae, ...

e aLIGO made the first direct observation of GWs
= New era of GW astronomy [LIGO and Virgo (2016)]

Future space-based interferometers (eLISA, DECIGO, BBO)

o Sensitive to GWs from the early Universe
(Strongly 1t OPT, cosmic inflation, ...)

W New era for fundamental physics

Goal of our work:
e To investigate testability of models of EWSB

— e —

BAU

BSM

Higgs sector

@ GWs

using the synergy between the measurements of the GWs,
Higgs boson couplingsk x and the hhh coupling
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Model 1: Models with additional singlet scalars (without CSI)

ldea: [MK, Kanemura, Matsui (2015)]
o To generally handle strongly 1st OPT via thermal loop,
N isosinglet scalars S; (i =1,---, N) are introduced

e For simplicity, O(IN) symmetry is imposed
. - 2 N — -
Tree-level scalar potential: v;(®, 5) = Vau(®) + “75|5|2 + %3\4 + L‘;S@Pm?
Singlet scalar boson mass: m% = ;2 + Ass o

2 SN o

. . . 600 ™. ]

Triple Higgs boson coupling: ]

)‘O(N)_Bm,?l 1 my LN me (1_ u%)s S00r ]

hhh "y m2v2m? | 1272 v2mj m% _ 400l !

. : .7 :

Finite temperature effective potential & , | :

(high temperature expansion): SR _

ool ]

Vialo. T) = D(T? = T)g? — ETg? + Lt 290 :

Pe s\~ 2 i 1

i XE = 12;3 {Gmfy + 3m3 + Nm (1 _:TS;) (1+ ;:2%)}100 2

Non decoupling loop effect from additional scalars 7 4 12 24 6'(-)
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Model 2: CSI models with additional singlet scalars

ldea [Hashino, Kanemura, Orikasa (2015)]

o Mass parameters are absent in the original Lagrangian
due to Classical Scale Invariance (CSl) [Bardeen (1995)]
o EWSB is directly caused by thermal loop effects

Tree-level scalar potential 0./,
. \ \g = \os . e
Vo(®,5) = 5|@* + =S| + —=|[*[S°  soof&a\
2 4 2 LN,
_ 500f BN
Singlet scalar boson mass 0 X \%A
T 4 o ¢ y . % | i 20 2 = %
Nm$§ = 8n%v*m3 — 6myy, — 3m% + 12m} S 300] ) S Rse,
Triple Higgs boson coupling | 4 _
AXbhh Ahhh 2 —)
ASM(tree) = )\S.\v‘l(tree) — 1= 3 Independent of N 100r :
hhh hhh ol . L h
[Hashino, Kanemura, Orikasa (2015)] 1 4 12 24 60
N

| [Hashino, MK, Kanemura,
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Model 3: Higgs singlet model

ldea [Hashino, MK, Kanemura, Ko, Matsui (2016)]

e Jo Investigate EWPT caused by Higgs boson mixing by
taking the extended model with a singlet Higgs boson S

Tree-level Higgs potential

)\” 2 . U A
Vo = —p3|®? + Xa|®|* + pas|®*S + ¥|¢|‘~’S‘~’ + psS + "L;Sz + %553 + TSS“

Higgs boson couplings to SM particles «y = XX

Inxx|sm

K = Ky = Kp = cosf

Triple Higgs boson couplings (effective potential approach)

, P Vet T—0 o Ve T—0 o / 3V 7—0 FPVegrr—0
AISM_ - 3 < — + 58 — + cpsp ( — R + 55 -
TN 00 7\ 9p300s "\ Opadpl [ T U\ 0%

Finite temperature effective potential
(high temperature expansion; one field approximation)

. A(T) Cge 2E, e
— 2 2y, .2 3 4 — = —(1 - —
V;ff = D(T - TO)L,Q - (ET - 6)99 -+ TCP —_— T. \ (1 ET)
_ Effects from the Higgs
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Important quantities for GW spectrum

Sources of GWs
3. Plasma turbulence
e GW spectrum is derived from
Bubble nucleation rate per unit volume per unit time:
D(t) = To(t) expl~Sp(t)]  Su(T) = SuT)/T 2= [ &r | 5T + Vilin T

1. Collision of bubble walls
(¢)=0 ‘ 2. Compression wave of plasma
& -
‘ -0 B finite temperature effective
<¢> <¢> =9 potential V g
Transition temperature T, : EIE Y pm
T=T, T, B
Released false vacuum energy (Latent heat)

: e(T;
e(T) = —Veg(op(T),T) +T3%H(¢82£T),T) Normalized parameter: |a = pra(d(%)
Inverse of the duration of phase transition p
g—_ e 1d Normalized parameter:|58 = A
dt |,_, — Tdt t
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GW spectrum

o Complicated numerical simulations are necessary
e Approximate fitting formula are available  [caprini et al. (2015)]

Collision of bubble walls (Envelope approximation):

O : 4 O '.’3 -~ -y 2 00 1/3
Qenvh2 ~ 1.67 x 1077 x Ll . 8—2 Ko 1
0424 v, /) 1+ o gt

~ : 0.62 - Ti
v =~ 1.65 x 1075 Hz x )/ :
8 ’ (1.8 — 0105 + ug) B (100 Ge\")

Sound waves (Compression waves of thermal plasma):

) 2 1/3 .
~ . . 100 . . 1 - T,
Qo h? ~ 2.65 x 10 8,371 e ) ( ) w2~ 1.9 x 10 Hz—/ —
%P (l + gt f % l-vbd 100 GeV

Magnetohydrodynamic (MHD) turbulence:
i 3/2 1/3
~ 2 4 p-1 [ EF 100 - . & 1 - T,
Quurbh” =~ 3.35 x 10", 3 <1 n a) ( " ) frurb >~ 2.7 x 10 HZ;_B (W)
o Uy : wall velocity e Rgp, Ky and € = 0.05: efficiency factors
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Model A vs. Model B: Predicted values of & and B

___in models with singlet scalars with and without CSI
e Condition for strongly 15t OPT

w» Constraints on «v

10°

~ ns = Mmin" ép_c —
and 3 for each model T !
O(N) models without CSI . N\ O(N) models
e @ and 3 to be determined 107 o, Without CS|

by GW observation are

useful measures in Q.
determining N and mg 10% OIN) rer,
CSI| O(N) models .
e Scale invariance is violated 102} o %0
at finite temperatures 102 ::)':_: : 112 00 1(')1:
w @ and ;dependon N o

though A, ,;, iIs common
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Testability of models with additional singlet

— scalars with and without CSI
104
o What if the hhh coupling
Is found to be
A)‘hhh/)‘hhh = 2/3(~ 70%)
at future colliders?
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[Hashino, MK, Kanemura, ,|SW (T;= 50 GeV Vp = 0.95)/ g
Matsui (2016 10¢—— © Ty |
e o 102 10- 10° 10°

Models with and without CSI can be distinguished at future GW

interferometers even if they share common /,/,/, coupling
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Testability of the Higgs singlet model

B
Benchmark point [Hashino, MK, Kanemura, Ko, Matsui (2016)]
vg [(GeV]|vs [GeV]|my, [GeV]|pugs [GeV]|ps [GeV]|ps [GeV][my [GeV]|0 [degrees|
246.2 90 125.5 —80 —30 0 [[[160, 240]] [—45, 0]
e Implemented into CosmoTransitions 1.00¢
[Wainwright (2012)]
Collider experiments
e LHC Run I results 0.95....
Kk, = 1037011 &, = 0.917010 :
[ATLAS, CMS (2016)] . 0.90}
e High-Luminosity LHC i
K’V : 2% [CMS (2013)] 085 }.DECIGOcorrelaﬁon
o ILCW /s =500 GeV P
Ky :0.37% Ky : 0.51% O E— :
e ILCW s5=1TeV 160 180 200 220 240

The synergy between the Higgs boson coupling measurements

and GW observations is important for the HSM Higgs potential



Summary

B
o Models with additional singlet scalars ¢ Higgs singlet model
with and without CSI 1.00 15=90Gev, s = 0 GeV, s = -80 GaV, s = ~30 GeV ]
4 I 10%
10 . B R L
| 0.95.....
o :
rcl'%1 8 ............
a,o-' a 5066“ e 0-90_
@ 103 % :
| 085 | @ DECIGO correlation
‘ , L @ eLISA C1
[ @ eLISA C2
e“SA{ c1162 €8 ot 0.80¢ctsACe..... ... 100% Sl
102 sw (Ty= 50GeV, v, = 0. 95) S S S T
10-2 10_ 100 101 160 180 200 220 240

my[GeV]
e The strongly 1stOPT of the EWSB in extended Higgs sectors

can be tested by the synergy of the measurements of Higgs
boson couplings at the LHC, the hhh coupling at the ILC
and GWs at future space-based interferometers
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Electroweak baryogenesis (EWBG) and Higgs
__boson couplings

Sakharov’s conditions for BAU
1. Baryon number violation 4

L Sphaleron process
2. Violation of C and CP

L Extended Higgs sector

Tunn

3. Departure from thermal equilibrium .
L Strongly first order phase transition

(11 OPT): . /T > 1

Potential
barrier

True vacuum

SM Higgs sector w/ one doublet:

o Electroweak phase transition (EWPT) is NOT of 1st
order for my = 125 GeV

EWBG is an important physics case relating the Higgs sector to

BSM phenomena
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Strongly 15t OPT and Higgs boson couplings

Models with extended Higgs sector

o 1St OPT is easily realized
e Signatures are testable at colliders ———————F—————————— 5

-
-
-
-------
-
-

Q00 = 500% ]
e.g. Two Higgs doublet model (2HDM)DOOM“"“7X-
e Condition for strongly 15t OPT: Yol |
o/ T, 21

w» Large deviation in the triple
Higgs boson coupling

(AN /Xikn 2 10%)

me =My = My = My=}]

sin(ﬂ—a)=tanﬂ=l_j
0 50 100 150 200 250 300
M|[GeV]

[Kanemura, Okada,
Senaha (2005)]

ILC 1 TeV can measure A\,
at 10% accuracy [Fuijii et al. (2015)]
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Studies on the GWs from 1st order EWPT

Model independent analysis
[Grojean, Servant (2007); Kikuta, Kohri, So (2014), ...]
Higgs potential with higher order operators
[Delaunay,Grojean, Wells (2008); Huang, Wan, Wang, Cai, Zhang (2016), ...]

Non-decoupling loop effects from hypothetical particles

o Light stop loop effects in the MSSM n.b. Light stops are
[Apreda, Maggiore, Nicolis, Riotto (2002), ...] excluded by LHC

o Additional scalar loop effects
[MK, Kanemura, Matsui (2015); Hashinoy, MK, Kanemura, Matsui (2016), ...]

Non-thermal effects even at the tree level

e Next-to-MSSM [Apreda, Maggiore, Nicolis, Riotto (2002),
Huber, Konstandin, Nardini, Rues (2015), ...]

e Real singlet extension Today’s topic
[Huang, Long, Wang (2016); Hashino, MK, Kanemura Ko, Matsui (2016), ....]

Large GW signals compatible with EWBG: [No (2011), ...]
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Efficiency factor

(=3
0.0 -l LB B S S T T G = :l
—-0.5¢
s
X -
S 1.0t
(®)) | “.l,.-'
(e /
1 .
'—'1 5 N |I.l"ll
] ||'|I i
_2_0|.||...|..l...EI...l...i
0.0 0.2 0.4 0.6 0.8 1.0

[Espinosa et al. (2010)]
Vb
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Models with additional singlet scalars (without CSl) (contd.)

o Effective potential: [MK, Kanemura, Matsui (2015)]

2 A ng M2(p) 3
Valo) =50+ 361+ 2 griaMie) (m 252 - 7)

3 ]
_—) N = 3mj, {1_ L mi N m§ (1_ﬁ) } Non decoupling loop effect
from additional scalars

T2 v2m?2 2 2m2 2
v mvimy 1272 vemy, mg

o Finite temperature effective potential . [ ™. "
(high temperature expansion):

Ar 500F B
Vag(e, T) =~ D(T? — T3)p®> — ET¢* + T(pd 4 ... .

%, 3 2 > or
c 1 % 3p
I xp— 3 3 Nmd (1 Fs S 5}
T, E=1omm [6’”“3 A S(l m%) (1+2m%)] © 300}
-
s .

Non decoupling loop effect 5ol
from additional scalars

mm) Typically O(10)% deviation 1%
in A, for strongly 1st OPT L
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GW spectrum in CSl O(N) models

— 3
. 1073 ————————— -
e Contribution to GWs: AN, 21 v, = 0.95 EC'@d
. ision: e 6/ .
Collision: 107" oL ISA
e Sound wave: _— .- |
e MHD Turbulence: ---- 107°} <
o Benchmark points: (Eg 10-12 '
O
N =1,4,12,60 c ,
from the bottom 107} W
[Hashino, MK, Kanemura, ~ N
Matsui (2016)] 1077 7 ~ \
. ] . 7 ) ~ NN ~
o EXxperimental prospects: ‘7, A R

eLISA: [Caprini et al. (2015)] 107 -5 - 3 1
) | | 10 10~ 10 10
e DECIGO: [Kawamura et al. (2011)] Frequency [Hz]

e Contribution from sound waves is dominant and detectable
at future space-based interferometers, eLISA and DECIGO
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Comparison of GW spectra
’Ub = (0.2

wv21 v, =0.20

[Hashino, MK,
Kanemura,
Matsui (2016)]

e CSI O(N)
models

-21 \ 10-21L 7.
07057 100 10 10 10°  10° 10" 10
Frequency [Hz] Frequency [Hz]
- 102 o N.B.
e O(N)models = |an31y,-095+v st =0cev AN.21 v, =020, p?=0Gev 4 SUbsonic wall
without CSI 107} S ' velocity is
[z = 0 10°¢ preferred
B for EWBG but
g not necessarily

[No (2011)]

e

10—21 7 5 /3 1 1 10—21 , 5 ; - 1 ' 1
November 28, 2016 10 10 10 1 itsuru KAKIZAK?O 10 10 10
Frequency [Hz] Frequency [Hz]
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GW spectrum for v, = 1

BT
e Case of accelerating wall: 5 ® O( )models without CSI
107 — DECIGd
e Forlarge (x, the bubble wall .,31 vp =1, V ps? = 100GeV
can accelerate without 1075+ 0\0’
reaching a terminal velocity eLISA~ .. /)
10-9 ! s J,l@,
e Contribution to GWs: « > - S
isi E 2| <7 &
e Collision: = e (;D 10712} é@\’ ,5’}
e Sound wave: — C L /2
e MHD Turbulence: ---- 10715+ e \
e Benchmark points: 10-18| .',::;13:"'
N = 47 127 60 .-‘:::". z = = o
from the bottom 10-21 ! 5.-'}" 1 3, -~ 1 S s 1
[Hashino, MK, Kanemura, 10 10° 10° 10
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Transition temperature and wall velocity

— deEendence of detectabilitx of GWs
= 0.2

10* —

Tt — 50 GeV
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Predicted values of & and 3

Numerical results based on the two-field analysis
e Benchmark point

vg [GeV]|vg [GeV]|my, [GeV]|pgs [GeV]| s [GeV]|ps [GeV]|my [GeV]|8 [degrees]
246.2 90 125.5 —80 —30 0 [ [160, 240]| [—45, O]

o Condition for strongly 15t OPT 10° [~ ardearecs]) =

: ~ 0 on
clGY oiath
—y Cons.tralnts on a& 3 (05| (220,27 D% cor®
[Hashino, MK, Kanemura, (200, 24), Pl Te=1.0 ;
Ko, Matsui (2016)] A\ (240,28) cluste

Prospects of future interferometers 10* g0,

o elLISA(C1, C2, C3, C4): 'Q :
. 3
[Caprini et al. (2015)] | 10 (160 /6‘1) /; NP
e DECIGO (Pre, 1 cluster, Correlation) 160. 6.7 s :
[Kawamura et al. (2011)] 102_( . R . \ / oL |
vs =90 GeV, ug=0GeV, yps =-80GeV, ug'=-30CeV |
101 sw (T¢ =50GeV, v = 0.95) |

102 107 10° 10
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eLISA design

[Caprini et al (2015)]
Name Cl1 C2 C3 C4
Full name N2A5M5L6 | N2A1IM5L6 | N2A2M5L4 | N1A1M2L4
# links 6 6 4 4
Arm length [km] 5M 1M 2M 1M
Duration [years] 5 5 5 2
Noise level N2 N2 N2 N1
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