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Introduction

Although a Higgs boson was found at LHC, the origin of EWSB
remains mystery. Unlike the gauge sector, the Higgs sector is
not uniquely determined from the theory.

(Dirty! Expecting a beautiful principle for EWSB behind)

There can still be many possibilities for non-minimal Higgs
sectors. Phenomena beyond the SM may be related to

such an extended Higgs sector

At LHC, measured production and decay of the Higgs
boson are consistent with the SM predictions. SM is a
good description of nature below 100 GeV.



Introduction

SM is enough?

Of course not. There are many reasons to consider BSM.
- Hierarchy, Nature of Higgs, Strong CP, GUT, Gravity, ...

- Dark matter, Baryogenesis, Neutrino mass, Inflation, ...

The SM Higgs sector causes the hierarchy problem. Paradigms
such as SUSY have been proposed, but new particles such as
SUSY particles have not been discovered yet. ...

New physics must exist. But we do not know at which scale it
appears. How we can approach to new physics?



Higgs sector is Key

In addition to direct searches of new particles at LHC,
we can measure Higgs couplings precisely at a Higgs factory
Precision of the measured Higgs couplings
hVV*, hff, hgg, hyy, hZy
10-20 % (Run 2) - several%  (HL-LHC)
sub % (ILC250)
Higgs potential (remains untested)
hhh - 0(100)%  (HL-LHC)
- impossible (ILC250)
- 0(10) % (ILC1TeV)
Instead of hhh coupling, we may use gravitational waves (GWs5s)

EW phase transition via GW (LISA/DECIGO/BBO)



Slide by
Main Points. Hitoshi Yamamoto
for the status of ILC
® |LC has been designed to lead the new era of particle physics
opened up by the discovery of Higgs.
® |LC250 Higgs Factory reduces the cost by up to 40%.

® For precision Higgs measurements, ILC ~ several tens of HL-LHC
running simultaneously.

® New particles: at LHC, ~1 million Higgs were produced and then
discovered. At ILC, a handful will do.

® Japanese government is about to finish evaluating the case for
ILC (ILC 250 Higgs Factory).

® The deadlinefor inputs to the European Strategy Discussion is
the end of this year — important that a positive statement comes

fromdapanese government in that time scale.
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Extended Higgs sectors

Multiplet Structure (with additional scalars)
D, +Isospin Singlet,
®,,,+Doublet (2HDM),
D, +Triplet, ..

Additional Symmetry
Discrete or Continuous?
Exact or Softly broken?

Interaction
Weakly coupled or Strongly Coupled?




Era of Precision Measurement again

Direct search at LHC
reach 1-2TeV - 3 TeV (HL-LHC)
at most a factor improvement

Indirect test
10-30% = 1% (ILC, other Higgs factories)
at least 1 order improvements

Higgs factory: lepton collider [ILC, CEPC, FCCee, CLIC]

With such future precision studies, we try to find deviation from SM.
Once detected, we can determine the Higgs sector
and get information for direction of new physics




Higgs Precision at HL-LHC, ILC250, ...

[K. Fujii, et al., arXiv:1710.07621]

o\° . LHC 3000 fb (ATLAS: ATL-PHYS-PUB-2014-016 (2014), Model Dependent « fit)
Rd -
% LHC 3000 fb" & ILC 250 GeV, 2000 fb" (Model Independent EFT fit)

c 10} M LHC 3000 1" @ ILC 250 GeV, 2000 fb” .
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Deviation = New Physics Scale

Scaling factor k; : factor of deviation from the SM value

Coupling of h(125) and weak bosons
V (=W, Z) hvV

K2 =sin?(B-a)

SM value

If a 2% deviation in k2

¥

The second Higgs H must be
lighter than 800 GeV

> 1

Ex) 2HDM

Deviation 1 098

09

tanp=1/ Excluded by

Unitarity bounds

0
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Precision test has the similar power to the direct search



Patterns of deviations

Gauge couplings Yukawa couplings

A
hvw  'htt  hbb  hcc! cos(B-a) < 0
Ky Kr Kb Kc
Type-l g ¥ ¥ @
Type-ll ‘ i T ‘ Direction of
deviation in
Type-X ‘ ﬁ ‘ ‘ each coupling
TyveY | & @& 14O @

We can fingerprint extended Higgs models from
the pattern of deviation in Higgs couplings

SK, K. Tsumura, K. Yagyu, H. Yokoya, 2014



Fingerprinting the model

= ghVV(ZHDM)_ Sin(B _ 0()
Ihvv(SM)

x =cos(B-a)  SM-like: | x| <<1 20
ky=1- (1/2) x2 + ... |
When a Fermion couples to @,

Ke =1+ cotB x + -
and if it couples to @,

Ke=1—tanB x + -

K
ﬁdeviation in k2, can be \ b
large enough to be detected

at future collider

¥

| l . /.ﬂ‘____'_'_‘___”_z__,_,4,_,_,_,_‘ |
4-models can be separated : i 15 -
0.6} NS ,/’K.%/ —0.90,tan 8 = |

by looking at deviations in o LHC3000" /v T OIREREEL
. : . . 18 2.0

SK, K. Tsumura, K. Yagyu, H. Yokoya, 2014

Yukawa couplings K, Ky, K.
K / Ellipse = 68.27% CL K,




AR(h—bb) [%]

FNP( h—s X X) H-COUP Project
= — 1  SK Kikuchi, Mawatari, Sakurai, Yagyu 2018
PSM(h- — X X)

AR(h — XX) =

See also Sakurai’s talk.
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Full set of 1-loop corrections (EW + QCD + Higgs) to the decay rates in various Higgs sectors
and future precision measurements at ILC250 make us possible to fingerprint models and

also to get information of inner parameters such as mass of the second Higgs boson
15



Higgs potential

Most important part for the EW symmetry breaking

(Yet to be tested)

* Physics behind EWSB

— Where come from p?2< 0
— What is the origin of A
— Dynamics, nature

Electroweak Phase Transition
— Aspect of Transition, 1t order or not?
— Mechanism of Phase Transition
— Relation to EW baryogenesis

V(@) = +u'[2f + A2f

V(D)
A

|




Electroweak Baryogenesis

Expanding Bubble

15t OPT is required

Thermal non-
equiliburium

around the wal
ﬁ Shaleron y
Transition /

decouples

ng is frozen

Sphaleron
transition

AB #0

Broken Phase

Symmetric

Sakharov 3" condition Q Phase
Departure from Thermal Equilibrium

~ ~- Esph/Tc
rsph e ph/

~ a- o’ pc/Tc Qpc .
> Physics of the
I-Sph < H(Tc) ‘ T. ™~ Higgs potential

Sphaleron Decoupling




15t OPT possible in extended Higgs

Potential at finite

A
~ 2 _ 2 2 . 3 _T 4 o
temperatures (HTE) Veff(% T) — D<T TO)SO ETo” + —¢* +

4

SM 1t OPT notrealized ¢, 2E  6my, +3m$ +--- -
e B Ar B 37’(‘”0’]77%



15t OPT possible in extended Higgs

Potential at finite N 2 m2y,.2 3 )‘_T 4,
temperatures (HTE) Verlp, T) = DT = Ty — ETp" + 4 .

SM 1 OPT notrealized ¢, 2E  6mjy +3m3 +--- -1
T, M\ 3roms

Extended Higgs: Strongly 1t OPT possible Quantum effect of additional
Scalar field ® (=H, A, HY, ...)

Realized by Quantum 9N 3 P

1 M 3M

Effect by ?C ~ E— {Gm%/ +3my, + Zm% <1 - m2> (1 + 2m2>} > 1
(

®(=H,A, H, ..) ¢ h o @ ¢




15t OPT possible in extended Higgs

Potential at finite N 2 m2y,.2 3 )‘_T 4,
temperatures (HTE) Verlp, T) = DT = Ty — ETp" + 4 .

SM 1 OPT notrealized ¢, 2E  6mjy +3my, +--- e
T, M\ 3roms

Extended Higgs: Strongly 1t OPT possible Quantum effect of additional
Scalar field ® (=H, A, HY, ...)

Realized by Quantum 9 9
1 M 3M
Effect by Yo it ) {67nw+37nz+zm¢) <1_m> ( )} > 1

O(=HA H, .) C 3mm @

Prediction: a large deviation on the hhh couplmg

4
. 3m3 - my N mg {_ M? S A, SM
hhh — 9 2.9, 9 2.9 9 2 hhh
v TEvEmy 12m4vm 5 mg

P




1st OPT and the hhh coupling

Strong 15 OPT (@_/T, >1)

< Deviation in the hhh coupling

EW Baryogenesis can be tested
by detecting a large deviation

in the hhh coupling

Which collider?
(HL-)LHC cannot do it

ILC(1 TeV) [and CLIC] can measure  °Y

it by O(10) %

K.Fujii et al., arXiv:1506.05992 [hep-ex]

S.K., Y. Okada, E. Senaha (2005)

- 2HDM

sin(f—a)=tanf =1 7
mh = 125 GeV
m(p:mH:mA:mHi

1 1 1 1 |

0 20 40

60 80 100 120 140
M [GeV]

Clearly, ILC250 is not useful for this purpose



Higgs Self—Coupllng

Slide by Keisuke Fujii

hhh coupling = ; e+ & —ZHH - R
consequence of vacuum condensation 2 05F &l a3 WHH (Combined) .
P X, E 0.4 _ M(H) = 125 GeV  P(ee") = (-0.8,+o.3..);:;,;'_;;.b_-§
e , h v , h O " ' .
h s ,3 _ \:.:)t é 0.3 E_ _E
SN SN R S E
P . P 8 oif —
Challenging measurement because of: - 4'(')6" 600 ..... 8(')0 1l0106 : 1'2'0(') X 4106-
* Small cross section (Zhh 0.2 fb at 500 GeV) Center of Mass Energy / GeV
* Many jets in the final state
* Presence of irreducible BG diagrams
arXiv:1310.0763 ILC500 ILC500-up ILC1000 ILC1000-up
Vs (GeV) 500 500 500/1000 500,/1000
[ cat (fb~") 500 1600 50041000 1600+2500*
P(e ,e") | (-0.8,0.3) (-0.8,0.3) (—0.8,0.3/0.2) (—0.8,0.3/0.2) | — -7 p
o(ZHH) 42.7% 42.7% 23.7% N
o (viHH) - - 26.3% (16_7_%\ wod N
A 83% 46% 21% 13% T T

Ongoing analysis improvements towards O(10)% measurement

See J.Tian’s Poster
30



Alternative tool to explore
EWPT

At HL-LHC, ILC250, FCCee, ...
the hhh coupling cannot be measured efficiently

We cannot test the Higgs potential in the near future?

Fortunately,

Gravitational Waves can be a new tool to explore physics
at the early Universe

(Inflation, EW phase transition, Topological defects ...)

23



Higgs potential via GWs

In 2016, LIGO reported the first direct observation of GWs from

merge of a BH Binary (~100 Hz) = Era of GW astronomy started
Ground based experiments

. aLIGO, KAGRA, aVirgo...
GW Physics
GW from 1t OPT: homogeneous, isotropic, stationary, unpolarized
Relic GWs are characterized only by frequency

Transition temperature gives typical frequencies

T.=100GeV > f=10"1-10-3Hz Out of sensitivity
at LIGO/KAGRA (10-103Hz)

Future space based GW experiments
LISA Sensitivity around 103 (mili) Hz (will start in 2034)

DECIGO Ssensitivity around 107 (deci) Hz
We can explore GWs from the early Universe! Grojean, survant, ...




GWs from 15t OPT

Bubble Collisions
“Sound waves”
(Compressional plasma)

“Turbulences in.the p

“Wall Collisions”
Envelope approximation)

Spherical symmetry is violated h,l“/ — H}Tw/
by bubble collisions & GW occurs Source of GW




From bubble dynamics to GW spectrum

‘ Veﬁ((P, Tt)
Bubble Nucleation Rate [(T) =T, exp(- S;/T)

false ©
With the phase transition condition J\-\ .
r(7)/H* = 1 we can determine tunneTng‘A\tr{
u

a Latent heat (released energy from the PT) Depth of the potential
B Inverse of the time variation of 1stOPT Speed of phase transition

e(l,
o= ) g _dSp| _ 1dr
Prad (T*) dt t=t, I' dt

t=t,

From these parameters we can calculate GW spectra.

Ex) GW spectrum from Sound Wave (Compressional wave)

~

~

2
Quoh? ~ 2.65 x 10762 (“(”b’ O‘)O‘> Fo~1.0%10-5Hz
B 1+ « Vb

C.Caprini et al., arXiv:1512.06239
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Various models for 15t OPT

Thermal loop effect |, )\(T)
Vet = D(T" = Tg)¢* — (BT = )¢” + = —¢"

Non-thermal effect

e 1t OPT by thermal loop effects
— MSSM (excluded)
— N-Scalar singlets (incl. 2HDM) Kakizaki, SK, Matsui, 2015
— Those with classical scale invariance Hashino, Kakizaki,
SK, Matsui, 2016
* 15* OPT by non-thermal mixing effects

— Doublet-Singlet mixing model Hashino, Kakizaki, SK, Ko
Matsui, 2017
— NMSSM (underway) atsul, 20



See also Hashino’s talk

Ex) Higgs model with N singlet scalars

M. Kakizaki, SK, T. Matsui, Phys. Rev. D92 (2015) no.11,115007
Imposed O(N) for simplicity s = (s5,,---,5y)

)\S C
Vo = —p?@f? + £ \Slz \<I>\4 + IS+ SI®PIS P

. C
Mass of scalar fields: m3 = 3 + 2v2

@./T. > 1is satisfied by the nondecoupling effect of the singlet
fields (compatible with m,=125GeV)

1 2\" 3142
Yo o 2{6mav+3mg+1vmg( _“_S) (HLg)} >1

T 3rom;

o SmE [ md o mb 2N
hhh 4,2 1_7r2f02m}2l+ 127‘(‘2?}2?77% _m—% > AhhhSIVI




GW spectrum from 15t OPT

N scalar
model

S
=
O

&

Mass m. is
chosen such that
the peak strength
is maximal

107
107°
107°
10-12
10-15
10-18
10—21

~r ey > e baasl )

v21v, =0.95

: / , s | \\
0® 499 407 10
Frequency [Hz]

Bound from
Non-observation of energy
density of extra radiation

—SW
o o o env
— —turb

Sensitivities
eLISA
arXiv:1512.06239

DECIGO
Class. Quant. Grav.
28, 094011 (2011)

M. Kakizaki, S.K., T. Matsui, Phys. Rev. D92 (2015) no.11,115007



(N, m) may be determined from GWs

O(N) singlet model with the mass mq

For smaller m,

@/T>1
cannot be satisfied

For larger m,
F/H*= 1 cannot
be satisfied

106

Vst =0

135 ms[GeV] =98

DECIGO

Correlation _

1 cluster

0, ]
a5 X 4
10 \
S ———
i ! 230 S(

103 :?i y 190 E
6 ‘8&? o\ S
Qcoo 250\ 198
2L M 40( i
10 STz B2
eEASACT (12 C3
— |sw (T, = 50 GeV)
[ - 0 N1
10~ 10~ 10 10

04

Sensitivities

eLISA
arXiv:1512.06239

DECIGO,
Class. Quant. Grav.
28, 094011 (2011)

M. Kakizaki, SK, T. Matsui, Phys. Rev. D92 (2015) no.11,115007 30



(N, m,) may be determined from GWs

O(N) singlet model with the mass mq

If o and B are
determined with a
resolution,

We may be able to
fingerprint the s

model with (N, mg) —_10°)

102

10!

1072

M. Kakizaki, SK, T. Matsui, Phys. Rev. D92 (2015) no.11,115007

‘”viﬁ" ‘
o

DECIGO

Correlation _

1 cluster

eLISACTE,
sw (T; = 50 GeV)

401 302 252

C3 C4

101

10° 101

04

Sensitivities
eLISA
arXiv:1512.06239

DECIGO,
Class. Quant. Grav.
28, 094011 (2011)
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Fisher Analysis

GW spectrum for GW spectrum for

parameter set {p} fiducial parameter set { P
Likelihood function | J P}
. ) ‘_ > ISk(f.ApY) = Su(f. {p 2
() () = 2T [ ay LAV ST AD))
N 0 [Set (f) + Su(f,{P})]
Observation period Effective sensitivity of interferometer
l Taylor expansion at {p} = {p} Confidence ellipse
X X Inclination:
ox*({p} . {p}) = Fur(Pa — Ba) (o — Dv) 4 . Cab
Pb
Fisher information matrix .
Fu= 2T [ ap P2 LIPS D)y ). 7
0 [Sett (f) + Su(f, {p})]” wrseep
The inverse F.,' is the covariance matrix < >
Pa

We assume that these expressions are
applicable to a single-detector like LISA 32



Hashino, Jinno, Kakizaki, SK, Takahashi, Takimoto, work in progress

Constraints on the shape of spectrum
GW spectrum Qo

|
. ] 10 ! f
o Fi lal val b
ducial values *, N cs0
o Point 1: (fpeaks Qpeak) = (1072 Hz, 1077), 107 7523 far
o Point 2: (fpeaks Qpeak) = (1071 Hz,10710), 102~ "/ "/ {.'f
e Point 3: (fpeak, Qpeak) = (10 Hz, 10719), 10-15
. B B 1 2 4 3
e Point 4: (fpeak, Qpeax) = (1071 Hz, 10714). e A== { = H2]
1074 0.1 100

Expected constraints on the GW spectrum

10 confidence
ellipse In
(fpeaka Qpeak)
for P1 and P2

Qaw, peak Qaw, peak -1

/

. fhas f fpeak/?peak-1
0.002 Peak’" -

Point 2 33




A physics case for the synergy
of HL-LHC, ILC250 and LISA



Constraints on the model parameters
Case of the singlet-doublet mix model

Thermal loop effect {, )\(T)
Vg = DT? ~ T3)* — (ET - e} + 21

Non-thermal effect

Higgs singlet model

A : ' A
Vo= —H3|® + o |®|* + pas| B[S + 2[0S + ugS + %52 + %53 + 58"

@—(L « ) S=vst+éy (P1,P2)~> (h, H) with 6

75 (Vg + ¢y +1GP)
Multi-field analysis of EWPT is necessary S T >11-1.2

(’U(b, US) ! B

Public tool “CosmoTransition” is used.

SYM it Vg



K =Kv=Kf 1 .OO - vs=90GeV, uys=0GeV, yps=-80 GeV, ys'=-30GeV '

-— i A/\hhhl/\hhh =10 o/o
=cos6 i 20% Self-coupling hhh
--------------------------------------- measurement at ILC
Precision 0'95 ECLLTTY . 30 o/o-
measurement [
at ILC/LHC | e N _
~ 0.0 TR N 8
- Region of _
085! Strong 1t OPT i
0.80F e 100 % .
160 180 200 220 24C
GeV/] «— ( Direct searches of
Fuyuto, Senaha (2013) mH[ € ] the second Higgs

at LHC

K. Hashino, M. Kakizaki, S.K., T. Matsui, P. Ko, Phys. Lett. B 766, 49 (2017)



K=Kv=Ks 1.00

- vs=90GeV, ps=

GeV, jigs =180GeV, ps'=50Gev " 4

— A/\hthAhhh =10 o/o

—COSG 2005 Self-coupling hhh
.................................... A measurement at ILC

Precision 095k e N 0 -

measurement ]

at ILC/LHC . ]

~, 0.90}

Region of
Strong 15t OPT

0.85

0.80F " e 100 % _‘

160 180 200 220 240
( Direct searches of
mH[GeV] N the second Higgs

at LHC

Fuyuto, Senaha (2013)

K. Hashino, M. Kakizaki, S.K., T. Matsui, P. Ko, Phys. Lett. B 766, 49 (2017)



Calculated Spectrum of GW at

a fiducial point (DS mixing model)
o (my [GeV], uns [GeV],k,vs [GeV], pgs [GeV])
Qaw LISA — (170,0.943, —80, 90, —30)

/ \
: /Al N\ Sound Wave
1017} A Q’)\‘

‘ ’ v+ Turbulence
’ . v

ool Lt L Ny
104 0.1 100 e




Doublet-Singlet Mixing 00!

model

K (= K; =K\, = cosB): Scaling Factor 0.98.

m,: Mass of the 2" Higgs (H)

Green: -
area where 1t OPT is 098y
strongly enough for X
EW baryogenesis 0.94

Blue: Constrained area

from GW at LISA 0.92

By Hashino, Jinno, Kakizaki, SK, Takahashi, Takimoto

Preliminary

0.90;,

o (mu [GeV], pas [GeV], &, vs [CeV], st [GeV])
— (170,0.943, —80,90, —30)

(vs MUs3 fixed) N\

Fiducial point

160 165

170

my[GeV]

475 180



By Hashino, Jinno, Kakizaki, SK, Takahashi, Takimoto
Prellm/nary

Doublet-Singlet Mixing oo
model

K (= K; =K, = cos®): Scaling Factor g gg

m,: Mass of the 2" Higgs (H)
Green:
area where 15t OPT is 096
strongly enough for X
EW baryogenesis 0.94
Blue: Constrained area |
from GW at LISA 0.92
AK ~ 2% (HL-LHC)

0.6 % (ILC250)

090, .

||||||||||||||||||

(my [GeV], ps [CeV] K,vs [GeV], uss [GeV]) |

(170,0.943, 80,90, —30) |
e
A
HL-LHC \‘
egion of

N
Strong 1%t OPT

N

Fiducial point

0/7&‘)7

160

Amg, ~ 1 GeV(?) at (HL-)LHC

The model can be well tested by the synergy of

HL-LHC, ILC250 and LISA

165 170 17 180

my[GeV]




Future experiments

2026

2017

searches

LHC

Run Ii, Il

SuperKEB
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In 2030-2040, we can
FCC? determine the target for the

TN [V B N[\Ad next generation experiments
P,
100 TeVe B 2 307ev?

/2040

2034

\2030

2026

2017

HE-LHC ...
DECIGO? \
ILC250 LISA Hyperi
HL-LHC Higgs EWPT via GW NOBP
EDM

precision

Direct/indir

ect
searches

Golden Age 2030s 'FV )/

DM

SuperKEB

LHC

Run Ii, Il
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Summary

Although a Higgs boson was found in 2012, the origin of EW symmetry
breaking remains unknown. (Dynamics, nature, physics behind, ...)

The non-minimal Higgs sector might be related to phenomena which cannot
be explained in the SM.

- Higgs sector is an important probe of new physics.
By the synergy of
1. Search of the 2"d Higgs bosons at HL-LHC (Hadron Collider),
2. Precision studies of Higgs sectors at ILC250 (Lepton Collider),
3. gravitational wave experiments at LISA
we can thoroughly explore the detail of the Higgs sector in 2030-40s.
- We showed physics case (an extended Higgs model for 1%t OPT)

By knowing the Higgs sector, we can approach to new physics beyond SM.



Summary

Although a Higgs boson was found in 2012, the origin of EW symmetry
breaking remains unknown. (Dynamics, nature, physics behind, ...)

The non-minimal Higgs sector might be related to phenomena which cannot
be explained in the SM.

- Higgs sector is an important probe of new physics.

By the synergy of
1. Search of the 2"d Higgs bosons at HL-LHC (Hadron Collider),
2. Precision studies of Higgs sectors at ILC250 (Lepton Collider),
3. gravitational wave experiments at LISA
we can thoroughly explore the detail of the Higgs sector in 2030-40s.

- We showed physics case (an extended Higgs model for 1t OPT)

By knowing the Higgs sector, we can approach to new physics beyond SM.

We need ILC
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Higgs singlet extension (HSM)
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Two Higgs doublet model (2HDM)
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Additional bosons

With the softly broken Z, symmetry (FCNC)  A;=A,=0
4 types of Yukawa interaction (Type |, 11, X, Y)



39 & & 971 & 37 & | & &4
Type-I |[cosa/sin B| cosa/sinf3 | cosa/sinf |sina/sinB|sina/sin 3 |sina/sinj |cot B|— cot S| — cot B
Type-11||cos a/ sin B|— sin ¢/ cos B|— sina/ cos B|sin a/ sin B|cos o/ cos B|cosa/ cos B|cot B| tan 3 | tan 3
Type-X||cosa/sin 3| cosa/sinf |—sina/ cosB|sin e/ sin B|sina/ sin B |cos a/ cos B|cot B|— cot 3| tan B
Type-Y||cosa/sin B|—sina/ cos B[ cosa/sinf |sina/sin B |cosa/ cosB|sina/sin B |cot B| tan 3 |—cot B
TABLE II: The mixing factors in each type of Yukawa interactions in the THDMs [40].
o Type-1 Type-X
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FIG. 6: Decay branching ratios for h as a function of tan 3 in the case of mg = M = 200 GeV and

sin(8 — a) = 0.99. The solid and dashed curves respectively show the cases with cos(f — @) < 0 and
cos(f —a) > 0.



General 2HDM without the Z, symmetry (Type lll)
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Slide by Hitoshi Yamamoto
Staging:ILC250 Higgs Factory

After Dec. 2016

Up to Dec. 2016 (LCWS Morioka) Generally agreed by ILC community
500 GeV start sample scenario To be formalized this fall
Integrated Luminosities [fb] —_ — T
34000 T T T T l.‘...'., LI % L IOV SO W | %,._l_., LI | ,.1-..{__ g 4000 L ILC, Scenario X-20 (Unofficlal) | |
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ILC250 Higgs Factory

Build the ILC250 Higgs factory as the first stage ‘program’



Slide by
Main Points. - Hitoshi Yamamoto

® |LC has been designed to lead the new era of particle physics
opened up by the discovery of Higgs.

® |LC250 Higgs Factory reduces the cost by up to 40%.

® For precision Higgs measurements, ILC ~ several tens of HL-LHC
running simultaneously.

® New particles: at LHC, ~1 million Higgs were produced and then
discovered. At ILC, a handful will do.

® Japanese government is about to finish evaluating the case for
ILC (ILC 250 Higgs Factory).

® The deadlinefor inputs to the European Strategy Discussion is
the end of this year — important that a positive statement comes

fromdapanese government in that time scale.



CMS PAS HIG-17-031

CMS Preliminary @ Observed _
359 fb™ (13 TeV) = +10 (stat.@sys.) CMS Preliminary ® Observed
= 1+1G (SYS.) 3597 (13 TeV) == +10 (Stat.®sys.)
— . —*20 == 116 (SYS.)
—+20
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Figure 5: Summary plot of the fit to the per-production mode (left) and per-decay mode (right)
signal strength modifiers y;. The thick and thin horizontal bars indicate the +1¢ and +2¢
uncertainties, respectively. Also shown are the £1¢ systematic components of the uncertain-
ties. The last point in the per-production mode summary plot is taken from a separate fit and
indicates the result of the combined overall signal strength .



15t Order Ph

Effective potential at one-loop

ase Transition
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Constraints on transition parameters

Constraining parameters
e The GW spectrum is determined by I peak Qpeak

=) Our Fisher analysis generically constrain
2 combinations of underlying parameters

Quantities describing transition dynamics

T., Uw, «, —3

H,
Expected constraints on the

transition parameters
e Fiducial values

(ar, B/H,, v, T.) = (1,100, 1,100 GeV)

e 1 o confidence ellipse in (o, 3/H.)
for fixed 7, and v,,
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Doublet-Singlet Mixing oo

Hashino, Jinno, Kakizaki, SK, Takahashi, Takimoto

o (my [GeV], urs [GeV], k,vs [GeV], uss [GeV))
model = (170,0.943, —80,90, —30)
K (= cosB): Scaling Factor 008! Fiducial point
m,: Mass of the 2"? Higgs H '
Green: . %)
area where 15t OPT is 0.96 HL-LHC \ %27
strongly enough for X \
EW baryogenesis 0.94
- \U N\
Blue: Constrained area
from GW at LISA 092_ Excluded region(LHC)
Ak ~ 2% (HL-LHC) |
0.6 % (ILC250) 090 . \\ e
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~ ? - my[GeV
Am, ~ 1 GeV(?) at HL-LHC HlGeV] —
E3DETE

The model can be well tested by the synergy of

HL-LHC, ILC250 and LISA



— W boson mass EW observables (S, T,U)
i Al perturbativity -- LHC Higgs searches

perturbative unitarity - = Higgs signal rates
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virect searchnes ror the aaaitional
Higgs boson in the HSM at the LHC

Upper limit on the Higgs mixing angle | sin 0]
1 7 ] [Robens, Stefaniak (2016)]
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Model of EW Baryogenesis will be well tested by
the synergy of HL-LHC, ILC250, LISA/DECIGO, ....
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at LHC .
K. Hashino, M. Kakizaki, S.K., T. Matsui, P. Ko, Phys. Lett. B 766, 49 (2017) =
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a,. scale factor

a
t
fO — _ft f:: frequency
g at the transition

Red-shifted frequency

Conservation of the entropy per comoving volume

27.(.2 1/3
s0° = EQST%Z)’ = const S _ (g_sto> E
aO gs Tt
Radiation dominant Universe
H = 4_7T391/2T_2
45 7 My,

We obtain

t \ 1/6
— g* Tzvf ft
~ 1.7x107 H
Jo s <1oo> <1oo GeV> H

f;/H, must be > 1, typically 10% (102-10%)

1/f: Wavelength of GWs at the PT fO =1 0’3-1 0’1 Hz
1/H, Size of the universe (horizon) at the PT




Characteristic GW Abundance from
the strong EW 15t OPT

Normalized energy density 1

Pcw — —<hzhw>
327G Y
Qow(f) = L SPow ' (00 0 0)
pC dlnf SHg pTT _ 0h, h, O
Pc = 3 . 0 h, —h O
\0 0 0 0)

Red shifted abundance
Transverse-Traceless

4 2 gauge
. A HQ
Scaling  paw = <a_0> Pow  Pe = <_H> Pe
t




Characteristic GW Abundance from

the strong EW 15t OPT
At the phase transition, we have hi; . H?
IOGW ~ 5 IOC ~
G
Einstein Equation
2he: ~ QT
Typical duration of the phase transition: 1/[3 g " '
hij ~ Bhij ~ =y
Eenergy density at PT P

Qt _ Paw ~ Ht2 ]1223 -~ Ht2 piin
Wt B2 (ph)? B2 (Pvac T Paa)’

O H? k*a?
W82 (1+ @)?

o = Pvac/Prad

K = Piin/ Prac




Characteristic GW Abundance from
the strong EW 15t OPT

Abundance of GWs
H2 fi32 QQ
Qawh’® >~ 1.7 x 107 — 2
5?2 (1+ «)
t

X = pVaC/prad R = pkin/pvac

Energy density of false vacuum Efficiency of kinetic energy of walls

released by PT in the release energy.

The spectrum is determined by
a (latent heat), B (duration of PT), k (Efficiency)
They can be basically calculated if a model is given.

This rough estimation is applicable to GWs from the wall collision.
However, Qh? is enhanced by B/H, for GWs from the motion
of thermal plasma fluid (sound waves and turbulence). Hindmarsh



Laser interferometer space antena

Properties of the representative LISA configurations

C.Caprini et al., arXiv:1512.06239

Name C1 C2 C3 C4
Full name N2A5M5L6 | N2AIMSL6 | N2A2Mb5L4 | N1A1IM2L4
# links 6 6 4 4
Arm length [km] 5M 1M 2M 1M
Duration [years| 5 5 5 2
Noise level N2 N2 N2 N1

LISA has been approved in 2016
It will start from 2034

FP (Fabry-Perot)-DECIGO

1 cluster (arm length 1000km)
Correlation between 2 cluster
S. Kawamura et al, Class. Quant. Grav. 28, 094011 (2011)
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