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Toyama?

* Toyama is at Centre of Japan!




Toyama?

F

e Toyama (& lLURich Mountains)
* High Mountains (Japan Alps)




e Much Snow

End of April, Toyama
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Toyama?

* Univ. of Toyama
Closest to Kamioka Facility

Our group
is @ member of KAGRA
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Introduction

What is the Higgs?

It couples to all particles
It gets a VEV (v) by EWSB (scalar field)

Higgs mechanism m,=gv
Yukawa interaction mql = qu vV

Dimension 5 operator
(neutrino mass)

m, = C, v /M

Higgs = Origin of Mass




Higgs is Origin of Mass

Yukawa
Coupling

Gauge
Interaction

H H
Self-interaction ::>~<i:;
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Higgs is Origin of Mass

Masses of all particles come from vacuum!
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3-point coupling WERS




Introduction

W, *W,~ Elastic Scattering
(W W, DWW, )= AE**BE?+C (E->0)
Unitarity Violation if A, B%0

W W

A=0 because of gauge symmetry

=5 IL‘;

To make B=0, diagrams mediated v+ = v

by a scalar field h must be added v

" H 9

Higgs field is required to save unitarity  »~ = v

Perturbative Unitarity
|a°(WL+WL'9WL+WL') |<1 = m,<1TeV

13



Higgs discovery in 2012

The mass is 125 GeV i
Spin/Parity O* i

Ay®
w

| Excluded h"n.
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It couples to yy, ZZ, WW, bb, Tz, ... ’s

0 100 300
m, [G

Higgs Mass indicated by LEP/SLC

This is really a Higgs!
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ATLAS/CMS July 2012 | New Particle !
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ATLAS-CONF-2015-044 5t atys =7TeVand 20 fb~ ' aty/s = 8 TeV

Run 1 ATLAS and CMS Preliminary -e—=ATLAS
. . . LHC Run 1 —
Best fit values for combination .
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What a coincidence!

CMS Preliminary {s=7TeV,L<5.11b' {s=8TeV.L< 196"
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Higgs Sector

Mass Generation mechanisms

Higgs Mechanism Yukawa Interaction Dim 6 Operators
hww htt, hbb hgg
hZZ htt, ... Hyy, hZy

Ls=|D,®@[?-yLOR -1/v? |®|?GG

Flavor Structure New particle effect

-V A®)

EW Symmetry Breaking
hhh, hhhh

Multiplet structure
Physics behind EWSB
Essence of Higgs boson



Higgs Sector

Mass Generation mechanisms

Higgs Mechanism Yukawa Interaction Dim 6 Operators
hww htt, hbb hgg
hZZ htt, ... Hyy, hZy
Ly=ID,®|?-yLOR -1/V? |D[*GG
Flavor Structure New particle effect

. Veﬁ(cD) \ in the loop

LHC Run |, Il results,

EW Symmetry Breaking consistent with SM

_ hhh, hhhh But with more precision,
Multiplet structure .
Physics behind EWSB They may differ from SM

Essence of Higgs boson



Higgs Sector

Mass Generation mechanisms

Higgs Mechanism Yukawa Interaction Dim 6 Operators
hww htt, hbb hgg
hZZ htt, ... Hyy, hZy

Ls=|D,®@[?-yLOR -1/v? |®|?GG

Flavor Structure New particle effect

- Veﬁ( D)

EW Symmetry Breaking <t Little is known about
hhh, hhhh the Higgs potential

Multiplet structure
Physics behind EWSB
Essence of Higgs boson




Introduction

Higgs Sector in the Standard Model:
One SU(2) doublet &

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

Assumption of u><0 = E\W/SB

This is simple but ...
Questions:

Why minimal? (no reason)
Why <0
What is Origin of the Higgs force A?

>

¢




Dynamics behind the 125 GeV Higgs

* Weak and Light Scenario . Weak and Light
— Perturbative 2 2 S
m, <Ay
— Grand Desert h
— Traditional Grand Unification J2_ GUT
}\SM gl .
e Strong but Light Scenario Agcp EWSB :Iafck
A‘I2
m2 oC V2 Strong but Light
h 2 .
(4][) Higgs as
— IR theory: Meson A New Gauge
Higgs as a composite field force
Landau pole at A, A
— UV theory:
A new gauge symmetry with

confinement at A EWSB \
H



Beyond the Standard Model

However, many reasons to consider New Physics beyond SM

Unification of Law

— Paradigm of Grand Unification

— Yukawa structure (flavor physics)
Problem in the SM Higgs

— Hierarchy Problem, Shape of Higgs sector, Essence, ...
BSM Phenomena

— Dark Matter

— Neutrino mass and mixing

— Baryon Asymmetry of Universe

— Inflation, Dark Energy, Gravity,...

New Physics is necessary At which scale?

If TeV scale, they should have connection with Higgs physics )9



Introduction

Second Higgs boson?
SM Higgs sector = just a guess!

No principle for the minimal Higgs sector of the SM
Many possibilities for non-minimal Higgs sectors

These extended Higgs sectors can provide sources for
* Baryogenesis
* Dark Matter
* Neutrino Mass

Higgs sector = Window for new physics

23



Introduction

Scalar field causes quadratic divergences

Hierarchy problem

Ideas of new physics to solve the problem

= Supersymmetry
* Dynamical Symmetry Breaking (Technicolor)

= Extra Dimensions (such as gauge-Higgs unification)
= Higgs as a Pseudo-Nambu-Goldstone boson

= Scale invariance, ....

These ideas give different pictures for the essence of the Higgs boson

Higgs sector = Window for new physics 24




Introduction

Higgs is important not only for EWSB but also as a
window to new physics beyond the SM

Discovery of a Higgs boson in 2012:
Great step to construct the Higgs sector
and to understand the essence of the Higgs field

From the detailed study of the Higgs sector, we can
determine direction of new physics beyond the SM

New era has started since 2012!




Lepton Colliders



Hadron Collider Lepton Collider

Complicated Simple )
Kinematics Kinematics €
Lost information Complete

along beam line reconstruction
Suffer from Less

serious QCD backgrounds
backgrounds

E = 0.25-1TeV, L=0.5to afew ab?
E = 13-14TeV, L=10-300 fb1?

Excellent discovery ability if energy

PDF gives high energy parton collisions reaches.

Machine for new particle discovery Machine for precision study






Basic Role of LCs

 LHC discover new particles
- Precision measurement at LCs
(ex: SUSY Spectroscopy)
* No discovery at LHC
- Try to detect deviations from SM by LCs

If deviation = Fingerprinting new physics
Model discrimination
If no deviation - SM holds up to high scales
Go to the Planck scale by SM!



Lepton Colliders

e Circular e*e  colliders (associated with future hadron colliders)
FCCee (350GeV, 1-40 ab!) CEPC (240 GeV 5 ab)
Energy relatively low (Z, h, top Factory) with high lumi
* Linear colliders
ILC (250GeV, 500GeV, 1TeV, a few ab?)
CLIC (3-5TeV, a few ab)
Energy can be high (Top Yukawa, hhh measurement)

ILC is ready (waiting for the approvement)
Technical Design Report
Government working groups/negotiation underway



Higgs Physics at ILC




Main Production Processes
Single Higgs Production

Production cross section
P(e, e*)=(-0.8, 0.3), M -1 25 GeV

400,llll
! — SM all ffh

— i —2Zh
-Q - . -
=300} —WW fusion 4
(- ZZ fusion |
O ;
-06 |
200
Q /
7)) |
o
=100
O

200 250 300 350 400 450 500
A s (GeV) A

ZH dominates at 250 GeV vvH takes over at 500 GeV
(~80k ev: 250 fb™) (~125k ev: 500 fb™)

Possible to rediscover the Higgs in one day!



mMp to 30 MeV using a recoil technique

- A AL L L L
= | Zh—u'wX :
O 250 ‘ Model independent analysis =

[ L. =250 fb", {s = 250 GeV
LO_ P(e, e*) = (-0.8, +0.3)
8 200 [ n Signal+Background (MC) i
=~ : Fitted Signal+Background :
..CB 150 :— { Fitted Signal E
GC) - J[ ------- Fitted Background
7 100F

b -\

50 F t
ol

120 130 140 - l1:50
M GeV)

recoil (



Key Point

At LHC all the measurements are cxBR measurements.

At ILC all but the 0 measurement using recoil mass technique is
oxBR measurements.

e H € v

Z 7
_MZ " g giaa xD(H — AA) =Ty - BR(H — AA)
e _

9

coupling

BR mmswily

g 3

WW-fusion is crucial
for precision total
width measurement

— Ecm > 350GeV

Events /(0.5 GeV)
g

g &

o 8

I'H

total width

from recoil mass

Z—qq is also usable. 18




Total Width and Coupling Extraction

One of the major advantages of the LC

To extract couplings from BRs, we need the total width:
g4 a4 x(H — AA) =Ty - BR(H — AA)
To determine the total width, we need at least one partial width and corresponding BR:

'y =0(H — AA)/BR(H — AA)

In principle, we can use A=Z, or W for which we can measure both the BRs and the couplings:

I'H - WW?*)
~H _
“ V
V4
*
I'(H— ZZ%) -
BR=0(1%): precision limited by low stat. for H->ZZ* More advantageous but not easy at low E
t
e 950 fh~1@250 GeV 250 fb~ @250 GeV

C.F.Durig, Helmholiz Alliance 6th

ATy /T ~ 20% ATy /T ~ 11% WS, Dec. 2012



Independent Higgs Measurements at LC

250 GeV: 250 fb-1
500 GeV: 500 fb!
1 TeV: 1000 fb

Baseline (=TDR) LC program

(Mnu = 125 GeV)

Ecm 250 GeV 500 GeV 1TeV
luminosity [fb] 25 1000
polarization (e-,e*) (-0.8, +0.3) (-0.8, +0.3) (-0.8, +0.2)
process ZH vvH(fusion) ZH vvH(fusion) | vvH(fusion)
cross section 2.6% . - 3% -
0-Br 0-Br o-Br o-Br 0-Br
H—Dbb 1.2% 10.5% 1.8% 0.66% 0.32%
H—cc 8.3% 13% 6.2% 3.1%
H—gg 7% 11% 41% 2.3%
H—-WW* 6.4% 9.2% 2.4% 1.6%
H—1t 4.2% 5.4% 9% 3.1%
H—ZZ* 18% 25% 8.2% 4.1%
H—vyy 34% 34% 19% 7.4%
H—pupu 100% - - - 31%




Higgs Couplings
Model-independent coupling determination, impossible at LHC
Projected Higgs Coupling Precision, Model-Independent Fit

o°cEmEmEEmmm::” T T T T T T T T T T T T T T T T T T T T T T T T —
e 2 - H 1 4 /o
M I ILC 250 GeV, 250 fb"' @ 500 GeV, 500" .
¥ B ILC 250 GeV, 1150 fb' @ 500 GeV, 1600 fo' *
e Z
12% 8- ILC 250 GeV, 1150 f' @ 500 GeV, 1600 fo" @ 1 TeV, 2500 o'+ —
_ @ HL- combination
. B ILC ® HL-LHC 3000 fb"' combination **
e v * Ref. arXiv:1310.0763, ** Ref. arXiv:1312.4974 -
w
...... H o
w 1 O /o """""""""""""""""""""""""""""""""""""
e v

" t e
H 8% Excellent vertex
) . ; detectors for

b/c-tagging at ILC

6%
All of major 4 °/o
Higgs decay
modes
accessible at
ILC! 2%

0%

500 GeV already excellent except for K: and K,



10%

8%

6%

4%

2%

0%

Projected Higgs Coupling Precision, Model-Dependent Fit

el R ) ——

HL-LHC 14 TeV, 3000 fb" (CMS-1) *  LHC-style 7-parameter fit
B HL-LHC 14 TeV, 3000 fb' (CMS-2) *

B 1LC 250 GeV, 250" ®500Gev, 500’ 2oM BR =1 -
B ILC 250 GeV, 1150 fo' @ 500 GeV, 1600 fb™ **

ILC 250 GeV, 1150 fb”' @ 500 GeV, 1600 fb' @ 1 TeV, 2500 fb' ** __
BN ILC ® HL-LHC 3000 fb"' combination ***

* Ref. arXiv:1307.7135, ** Ref. arXiv:1310.0763, *** Ref. arXiv:1312.4974

Kll,C,t Kd,s,b K-e’!-l)r KZ Kg K},



Current LHC data v.s. Full ILC

CMSP'ellmlnary (s=7TeV,L<51fb" \s=8TeV, L'\196fb
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The precision must be improved

2 345 10 20

100 200
mass (GeV)

in future at LHC 13-14 TeV and
at the LC

Coupling to Higgs
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= Full ILC Program t
- 250fb” @ 250GeV H
_ 500fb”’ @ 500GeV
1000fb™ @ 1000GeV
— T
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10" 1 10 10°
Mass [GeV]
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Snowmass White Paper (Aug. 2013)

Facility LHC HL-LHC ILC500  ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)
V5 (GeV) 14,000 14,000  250/500  250/500  250/500/1000  250/500/1000  350/1400/3000 240/350
f[,dt (fb_l) 300/expt  3000/expt 250+500 115041600 250+500+1000 1150+4160042500 5004150042000  10,0004-2600
Ky 5—7T% 2 - 5% 8.3% 4.4% 3.8% 2.3% —/5.5/<5.5% 1.45%
Kg 6 — 8% 3—-5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%
Kw 4 —-6% 2 —-5% 0.39% 0.21% 0.21% 0.13% 1.5/0.15/0.11% 0.10%
Kz 4 —6% 2 —4% 0.49% 0.24% 0.44% 0.22% 0.49/0.33/0.24% 0.05%
e 6—8% 2-5%  19% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%
Kd 10 — 13% 4—T% 0.93% 0.51% 0.51% 0.31% 1.7/0.32/0.19% 0.39%
K 14-15% 7-10%  2.5% 1.3% 1.3% 0.76% 3.1/1.0/0.7% 0.69%
g( hXX)=KX g( hXX)SM ILC(250)  ILC(500) ILC(1000) ILC(LumUp)
/5 (GeV) 250 2504500 250150011000  250+500+1000
L (fo—1) 250 2504500 250450041000 1150+1600+2500
Y 17 % 83 % 38% 23 %
g9 6.1 % 2.0 % 1.1% 0.7 %
: : WW 4.7 % 0.4 % 0.3 % 0.2 %
ILC Higgs White Paper 07%  05% 0.5 % 0.3 %
Asner, Barklow, Fujii, % 6.4 % 25 % 1.3 % 0.9 %
bb 47 % 1.0 % 0.6 % 0.4 %
Haber, Kanemura, rtr— 5.2 % 1.0 % 13 % 0.7 %
Miyamoto, Weiglein, Cp(h) 9.0 % 1.7 % 1.1 % 0.8 %
et al. pwtp— 91 % 91 % 16 % 10 %
([ hhh = 83 % 21 % 13% |
BR(invis.) <07% <07% <07 % <03%

cc 6.8 % 29 % 20 % 1.1 %

14U




Future h(125)-coupling measurements

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
% 5—7%  2-5%  8.3% 1.4%

Kq 6—8%  3—5% 2.0% 1.1%
Kow 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%
Kd = Kb 10 — 13% 4 —-T7T% 0.93% 0.60%
Ky = Kt 14-15% 77— 10% 2.5% 1.3%

Snowmass Higgs Working Group Report 1310.8361



Why Precision?



The absolute cut-off of the SM A

With the discovered 125 GeV Higgs '

boson, A becomes negative below 0.8 -
Planck Scale (at central value of m,) |
Cutoff A=107-10GeV £ .

large uncertainty comes H -

from large Am, :

= 0.00

At ILC, Am = 30 MeV is expected ol
Cutoff A can be determined !
—0.04

102

arXiv:1205.6497, Degrassi et al

IIIIIIIIIIIIIIII

30 bands in
M; =173.1 £ 0.6 GeV (gray)
a3(Mz) =0.1184 + 0.0007(red)
M;, =125.7 £ 0.3 GeV (blue)

W~ M, =1713GeV

M; = 1749 GeV

10+ 10° 10® 10'° 10" 10" 10! 10'® 10%°

RGE scale u in GeV

At Planck Scale, A(M,) < 0, but the theory satisfies the condition

of the meta-stable vacuum




Tunneling into the other vacuum

Decay Rate of EW vacuum
(Tunneling effect)

F Sp e S4 EW vacuum™ ~ _ s

tunneling

Destiny of the Universe is determined by the balance of
the age of the Universe (7)) and the life time (z;,,) of the EW vacuum

If A(h,) =-0.01, T;<<Ty .  Meta-stable but not dangerous

If A(h,) <-0.05, T, > Tpy Instability and dangerous



Top pole mass M, in GeV

180 —r—r—r—1—r—r——1—
i o’ 10" "

178
176:“
174:'""
172:'

170 .- o

Stability A

168 i ‘| T SN [N T N TN N TN T SN N TN SN N [N SN S TR SN SO T 1
120 122 124 126 128 130 132

Higgs pole mass Mj, in GeV

Condition of meta-stability
is satisfied. T, >> T

125GeV is an interesting value
- Vacuum is meta-stable
- Rather heavy if SUSY

Top mass M, in GeV

150

100

Are we on the edge?

[ Instability /__
:// j
_ s > |
' Q
T
ks
age =
- Stability = i
=
o
=
<.
I < i
0 50 100 150 200

Higgs mass M) in GeV

arXiv:1205.6497, Degrassi et al



Triviality and Vacuum Stability

Require that the SM holds
up to a scale A\

— No Landau Pole
— Stable Vacuum (A> 0)

RGE of A coupling y.=0(T1)

d
1672 0u—\ = 24X% — 6y + ...
dp
If initial value of A is

large, B-function is
positive (blow up)

If the 2" term is
stronger,3-function
is negative (fall down)

1/

myy

m,2 =2 Av?

>7

800||‘||||||||||1

III|IIII

I

II|II|II|II|II

|I|||||I|II|I||II

0
103 108 109 101°
A [GeV]

1015



SM couplings

1.0

g
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S
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02

08l

103 101 102 10™ 10! 10'® 10%
RGE scale g in GeV
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Precision = Energy frontier

mass Decoupling theorem

Deciation in Couplings & New Physics Scale

Mp 9hbb _ Ghrr ~1+1.7% (1 TCV>2

ghsmbb ghSI\ITT 7”’/1

Mass of heavy Higgs

Ghsy VV N f composite scale

mg, New Physics at 1TeV gives only a few % deviation
We need 1 % level precision to see such a deviation

-2 LC



All SM parameters are found

Next target is new physics!
* Importance of Radiative Correction calculation

* Future precision measurements
— S, T, U (GigaZ Mega W)
— Top (e.g. ttZ) couplings
— Many Couplings of the discovered Higgs
hgg, hyy, hWW, hZZ, htt, hbb, htt, huu, hcc, ..., hhh

At ILC, we may be able to distinguish models by detecting a
pattern of deviations in the h couplings from the SM values!

Fingerprinting new physics models

49



All SM parameters are found

Next tareet is new nhvsics!

Experiments Theory
hVvV -

hbb Minimal
Singlet Models
R 2HDMs

_’""_.:.“f““:%“':r ‘ Triplet Models

hTT

etc...

Fingerprinting new physics models

90



Higgs related new physics

Higgs Problems SUSY
. . Dynamical EWSB
—> New Physics Paradigms Scale Invariance
PNGB

Gauge-Higgs Unification
BSM Phenomena

Seesaw Mechasism

Physics at High scales |eptogenesis

Axion (Peccei-Quinn at high scales)

PhYSiCS at TeV scales Radiative neutrino mass models

Electroweak Baryogenesis
WIMP DM (Higgs portal DM, ...)



Higgs is a Probe of New Physics

SUSY

Dynamical symmetry breaking
pNGB

. CW mechanism

nggs portal Higgs portal dark matter

new physics models Inert scalar models
Radiative neutrino mass models

Electroweak baryogenesis




Essence of Higgs

Higgs Nature < BSM Paradigm

— Elementary Scalar SUSY, Scale invariance
— Composite of fermions Dynamical Symmetry Breaking
— A vector field in extra D  Gauge Higgs Unification

— Pseudo NG Boson Minimal Composite Models

Each new paradigm predicts a specific
Higgs sector



Higgs sector in new paradigms

* SUSY
— 2 Higgs doublets are required (type Il 2HDM)
— Quartic couplings are given by weak gauge couplings
— Prediction on the mass of h (< m,) (MSSM)
— Some extensions with a singlet (NMSSM etc)

 Higgs as a pseudo NG boson (pNGB)

# of pNGB is determined by the group structure of
dynamics at high energy
* SO(5)/SO(4) #=4 - 1doublet (MCHM)
* SU(4)/Sp(4) #=5 - 1doublet+ 1singlet
* SO(9)/SO(8) #=8 - 2doublets

Multiplet structure of the Higgs sector is related to new physics




Phenomena beyond the SM

We already know BSM phenomena:
— Neutrino oscillation
[Am? ~ 8x105eV?, Am?~2x10° eV? |
— Dark Matter
2
— Baryon Asymmetry of the Universe [
- —
—~ -10 Atoms — . e P % """" :
[ ng/ n, 6 x10 ] - E:;Ir(gy B
Dark £s - u
. . Matter | ‘%
New physics is necessary! 23% S
L)y é
Which scale? ~—
NASAMIM AL
. _ s _ n, —ng
If NP appears at the TeV scale, it should have a strong s~ n
14 14

connection with the physics behind the Higgs sector .



Higgs sector and New Phenomena

DM (WIMP) -Inert doublet, singlet, triplet models

Odd under a new unbroken symmetry

Baryogenesis *EW Baryogenesis (Extended Higgs)

First Order Phase Transition
CP Violation

Neutrino mass -Type-ll Seesaw (Exotic Higgs (triplet))

Exotic representations

* Radiative neutrino mass models
New charged Higgs bosons

Multiplet structures, new symmetries, and the strength of
couplings in the Higgs sector are closely related to new physics




Electroweak Baryogenesis

Sakharov’s conditions:
B Violation
C and CP Violation

Veft

0 50 100 150 200 250 300
0 (GeV)

Quick sphaleron decoupling is required
to retain sufficient baryon number in

Broken Phase

[~ e Pson/T (T < T)

[~ /-i(onT)4 (Te <T)

—> Sphaleron transition at high T
—> CP Phases in extended scalar sector
Departure from Equilibrium — 15t Order EW Phase Transition
Expanding

Bubble Wall f QF{
of EW Phase

{FBsph << H(T.) TC3]

« Decouple

= ngfrozen

Broken Phase

vy

[ I >> H(T) TC3]

Equiliburium

Symmetric Phase

(Sphaleron Rate) < (Expansion Rate)

¢=0

o7




Condition of Strong 15t OPT (¢ /T, > 1)

Finite Temperature Potential

Vp(¢,T) = D(T2 - T2)¢? - ET¢> + 2L¢* +

Oc/Te > 1= QE/ATC > 1

EWBG was ruled out in the SM
E = ﬁ(@ma + 3771*2’) = m, << 125 GeV
Contradiction with LHC results
Muti-Higgs models can satisfy the condition

1
1213

E =

2my, + my + my, +my + 2myy).

Thermal loop effect by additional Higgs boson

Vff

In order to satisfy ¢_/T_ >1 with m, =125GeV,
Extension of the Higgs sector is necessary

98



Neutrino Mass

Neutirno Mass Term (= Effective dim-5 operator)

[Leﬁ — (Cij/M) Vi LVjL(I) (I) ] <¢p> = v =246GeV

Mechanism for tiny masses:
mY;= (¢;/M) v < 0.1 eV

o0 @O
Seesaw (tree level) WMinkowski o
Yanagida

mvij — ylyj VZIM Gell-Mann et al = ;RI =" (M>> 1TEV)

Quantum Effects (Radiative seesaw) n-th order of perturbation
m"; = [g?/(16m)]" C; v3/M (M can be 1 TeV)




Explanations by the TeV scale physics

Radiative Seesaw Scenario B _j_<_¢'> e P S Babu
. R N L
« Extended Higgs sector LA . | :K: .
. 2, parity PRGOS T Iilr I8 I
. / 40\ 0 0
— Neutrino mass generated Sk mq)\\ m//q)
at loop levels s.t"/ h g N Via
— WIMP Dark Matter 'stf \st AN
* Lightest Z,-odd particle L — ll r ] vy L N g
* LSP (in SUSY extension) L R N R} L v N, v
o o
Electroweak Baryogenesis Krauss, Nasri, Trodden @ @
* Sphaleron 0 K

e Additional CP Phases
e Strong 15t Order Phase Transition

N.J
Aoki, Slé Seto

These scenarios are strongly related to the Higgs physics!
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Radiative seesaw with Z,

Zz-parity plays roles: 1. No tree-level Yukawa (Radiative neutrino mass)
2. Stability of the lightest Z,-odd particle (WIMP)

Ex1) 1-.Ioop Ma (2006) O D
— Simplest model
— SM + Inert scalar doublet (H’) + N
— DM candidate [ H or N ]

/

\
A
/

H » \\ H’

Ex2) 3-loop Aoki-Kanemura-Seto (2008)
— Neutrino mass from O(1) coupling
— 2 Higgs doublets + n? + S* + N
— DM candidate [ n° (or N;) ]
— Electroweak Baryogenesis

All 3 problems may be solved by TeV physics




A Strategy

Many new physics scenarios predict special
non-minimal Higgs sectors

Comprehensive study of various extended
Higgs sectors is very important

Reconstruction of the Higgs sector by future
experiments at LHC, HL-LHC and future
lepton colliders

From the Higgs sector to new physics BSM!



HPNP 2017 (1. - 4. March 2017, Univ. of Toyama)

=3
HPNPgOl? The 3" Toyama International Workshop on
“Higgs as a Probe of New Physics 2017”

1.-4. March 2017, University of Toyama, Japan

e L e e

Zuiryuji Temple, Toyama Pref. (National Treasure)

Local Organizing Committee

Mayumi Aoki (Kanazawa U.) Mitsuru Kakizaki (U. of Toyama)
Shinya Kanemura (U. of Toyama) Tetsuo Shindou (Kogakuin U.)
Hiroaki Sugiyama (U. of Toyama) Koji Tsumura (Kyoto U.)

Please participate to discuss Higgs and BSM physics!



Higgs is a Probe of New Physics

SUSY

Dynamical symmetry breaking
pNGB

. CW mechanism

nggs portal Higgs portal dark matter

new physics models Inert scalar models
Radiative neutrino mass models

Electroweak baryogenesis




Extended Higgs Sectors

The “SM-like” does not necessarily mean the SM.
Every extended Higgs sector can contain the SM-
like Higgs boson h(125) in its decoupling regime.
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Properties of extended Higgs sectors

Multiplet Structure (2"d simplest Higgs models)
D, +Singlet, @, +Doublet (2HDM),
D, +Triplet, ...

Additional Symmetry
Discrete or Continuous?
Exact or Softly broken?

Interaction
Weakly coupled or Strongly Coupled ?
Decoupling or Non-decoupling?

Note: 2" simplest Higgs models (HSM, 2HDMs, ...) can be effective
theories of more complicated Higgs sectors



Electroweak rho parameter

+ 0.0003
pexp =1.0004 _ 0.0004 Q=1;+Y/2
5 2 T :SU(2), 1sospin
) E [4]—; (]; + 1) — Yl ] ‘Vi‘ C Y; - hypercharge
/0 — mW — Vv, I V.E.V.
2 2 2., 12 1 1 tati
m,, COS HW E 2 Yz v, c, :1 for complex represelll ation
- 1/2 for real representation

N=1 SM Higgs doublet @ (T=1/2,Y=1) p=1

N=2 What kind of (2 field) extended Higgs sector ® + X(T,,Y,)
cansatisfyp=17

—

(TXI YX) X

We solve the equation (0, ~ 0) Singlet  LargerT,
, » _< (1/2, 1) Doublet Slsfav'ore.d
= y unitarity
4 TX( TX+1) 3 YX 3, 4) Septet (Logan et al,2014)

(25/2,15)  26-plet
.. 67




2 Higgs Doublet Model (soft-broken Z,)

Viriom = +m§ @1 + mg @sf* — m3 (@] @z + Of0y )

+
w-
Si=1 1, ' L (i=1,2)
|<1>1| 422 |<1>zy + A3 | @1 | @) 5(hi +vi +ia)
A5 . ..
sy (@{@2) + 5 [(qﬂ;%) + (h.(:.)] Diagonalization
_ hy| _[cosa ~sina|[H lzglz{wsﬁ —sinBHz%]

®yand & = h, H, A°, H* & Goldstone bosons |ly| ™ |sna cosa || h| L22) LS cosi J{4

wE]  [cosp —sing
T T Tcharged ué: ~ | sing cosﬁ] o+

CPeven CPodd Vo
—= = tan

Masses P v1 B
m,zl — v ()\1 cos® B + A2 sin 8 + —sm 25) - O( ) ms '
M2, Mt (= Z=553):

(o
mH = \1:()“ + v ()\1 + Ao — 2X) sin’ 3cos B+ O sz ), Soft—breaking scale
soft
o 9 As+ds o of the discrete symm.
M 4+= Mg — TU ,

‘ 2 ‘ M. ¢: soft breaking scale
mi = Mg — /\5'vz. soft &
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Two Possibilities

A A

A A
A: Cutoff Decoupling regime
M: Mass scale M —
irrelevant
alignment regime
to VEV mi,H,Hi ~ M2 + >\ir02 g g
sin(B-a) ~ 1
M
gu ~ My, h gu ~my, |
2 2
(V) (V)
6 6
»Ceff — »CSM =+ WO( ) ['eff — LnonSl\/I + FO( )
Effective Theory is the SM Effective Theory is an extended Higgs sector

Non-decoupling effects ¢




Unitarity in Non-SUSY 2HDM

@, and @, share v=246 GeV

Y R N R

v, 24,2 = \2 i |
098— tanf=7 | Unitarity bound|

m,=125 GeV :
"yl tanp = 1 |

092 T

If k,2 is found to be less than 1, T A B

the upper bound on the mass of 0 200 400 Gﬁ?A [g}ogv]looo 1200 1400

the second Higgs is obtained

2
M} = v* (A cos® B+ Mg sin B) + %Xsin2 20,

2M 122 )\/02 M3, = M? +v?sin? Beos B(A; + Ag — 2)),
tan2(f — a) 3

— RS 9 9
M121 — M222 M2 M}, = %sin 26(—\1 cos® B+ Ay sin? §) + %Sin 28 cos 2B.




FCNC Suppression

Multi-Higgs model: FCNC appears via Higgs mediation

2 Higgs doublet models:
to avoid FCNC, give different charges to ®, and @,
Discrete sym. ®, — +®;, &, = -,
Each quark or lepton couples only one Higgs doublet

No FCNC at tree level
Barger, Hewett, Phillips

Four Types of Yukawa coupling Classified by Z, charge assignment
u u u u
d e d e d e d e
Type-I Type-ll Type-X Type-Y
Fermiofobic MSSM heptto.n specific del Flipped
Neutrinophilic NMSSM =G Mass mode 277 11

Muon g-2



Z, assignment

b1 Oy up dr tr Q1 L1

Type-1]|+
Type-11| +

Type-X
Type-Y




Type 1I-2HDM (MSSM) Higgs couplings
VEV's: 0% 405 = 0% ~ (246 GeV)?

Higgs mixing
o1\ _[cosa —sSina [ H tanpg = 2
b |~ | sina cosa || A U1
SM 2HDM Type2
hV'V HVV

Gauge coupling:

v (v=zw)  sin(f-a), cos(f-a)

7 Hbb
Yukawa coupling: anf COS
@bb = cos 3’ Cos 3
) htf HtT
ot = COS & Sin a

sin 3 sin 8’



SM-like (alighment) regime

Sin(f-a)~1  Snerow

Only the lightest Higgs h couples to weak gauge bosons

HVV

cos(fB — «)

h behaves like the SM Higgs

Invv = Javv 9ryvy — U
Ynit — yit'\f Yuaer — y¢tt cot %
Yo — Yt Yo — y¢bb an Lo
B

In difference type, the pattern is dlfferent



o=y ”lﬁ [g,{?fh + 8 FLH — 2108 Tys fA]

f=u.,d,e
2
- £ [Vudﬂ (magéq Pr — my& Pr)dHT +m £V PreH + h.c.]
v
. d g4 d / U d 4

Type-l|ca/sg ca/58 Ca/$8 5a/58 5a/58 Sa/sp cot B —cot B —cot 3
Type-ll{ca/s3 —Sa/c8 —Sa/C8 Sa/58 Ca/CB Ca/cg cot B tanf tanf

Type-X|ca/58 €a/$8 —5a/CB Sa/58 Sa/$8 Ca/cs cot 3 —cot 3 tanf3

Type-Y|ca/s3 —Sa/cs Ca/S3 Sa/58 Ca/cB Sa/sg cot3 tan3 —cotf3

SM limit

cosa/sin B = sin(p — a) + cos(p — a) cot B } 1

—sina/cospB =sin(f — a) — cos(f — a)tan g
sina/ sin 8 = cos(f — «) — sin(B — a) cot B =—=> —cotf
cosa/cosf3 = cos(f —a) +sin(f —a)tan f —==> —+tanf




Fingerprinting
Higgs sectors

by using future precision data
for the couplings of h(125)



Current LHC data v.s. Full ILC

CMSP'ellmlnary (s=7TeV,L<51fb" \s=8TeV, L'\196fb

10'15—

v
.
-
v
-
.
.
.
-
.
.
.
-,
’
’»
.
-2 .
e L4
= .
- ,
- .
L4
_
L
2

1 llllll‘

Q JRELILERLE L B B L RARRRA
E [ |=68% CL ]
D qL|—95%cCL t .
o) : WZ’ ]
= ff ]

|

1 1 lllllll

1

The precision must be improved

2 345 10 20

100 200
mass (GeV)

in future at LHC 13-14 TeV and
at the LC

Coupling to Higgs

—
<

10°

10°

= Full ILC Program t
- 250fb” @ 250GeV H
_ 500fb”’ @ 500GeV
1000fb™ @ 1000GeV
— T
= u
_I\| IIIHI| | IIIH| | I\J]IH| | |
10" 1 10 10°
Mass [GeV]
17




All SM parameters are found

Next target is new physics!
* Importance of Radiative Correction calculation

* Future precision measurements
— S, T, U (GigaZ Mega W)
— Top (e.g. ttZ) couplings
— Couplings of the discovered Higgs
hgg, hyy, hWW, hZZ, htt, hbb, htt, huu, hcc, ..., hhh

At ILC, we may be able to distinguish models by detecting a
pattern of deviations in the H couplings from the SM values!

Fingerprinting new physics models



Pattern in deviations of g, ,,, and Y, ..

Model u

T ‘ I gv
Singlet mixing 1 L 4 1 1 |
2HDM-I 1 L 1l
2HDM-II (SUSY) o R A R
2HDM-X (Lepton-specific) | T+ 1T | | 1
YHDM-Y (Flipped) VLol

cos(B-a) < 0
Singlet can be distinguished from the Type-l 2HDM

Y.5/9,=1in the singlet model but Y,./g, #1in the 2HDM-|

In the triplet model, quark-Yukawa couplings are universally smaller,
Lepton-Yukawa deviate universal. K, can be greater than 1

K, > 1 is a signature of exotic Higgs (with higher representations)

Extended Higgs models are distinguishable by
precisely measuring hVV and hff 79




Fingerprinting the 2HDM (tree level)

Ky = ghVV(ZHDM)_ sm(B )
IhvV(SM)
X = cos(B-a) SM-like: x <<1
— 1 _ 2 1.8
ky=1- (1/2) x>+ ...
When a Fermion couples to @, 6|
Ke=1+cofBx+... |
and if it couples to @, Ky |
Ke=1-tanBx+ ...
Model u|lt blc t gy 1.0-—
2HDM-I 4 e 4
2HDM-II (SUSY) Ol OO R -
2HDM-X (Lepton-specific) | 1| + L [l | | 0.81
2HDM-Y (Flipped) VI oty 4

How do this result change
with radiative corrections?

20—

SK, K. Tsumura, K. Yagyu, H. Yokoya 2014
ILC Higgs White Paper 2013

0.6

3‘ 2‘“" | o cos(B a) <0
{
|

hbb vs htt

9% Ellipse = 68% CL

1
0.99 {— Giardino et al.
L/—/CBOO

J/ i 130 1303 3570
Type-1y ,
0 | Type-X |
‘ " “ \"/' ’ KQ/ = (0.90,tan 3 =1 .
' LHC3000 /! 4 e .
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Ky



Fingerprinting the 2HDM (tree level)

Ky = ghVV(ZHDM)_ sin(B _ 0()
IhvV(SM) -

x=cos(B-a)  SM-like: | x| <<1 ﬁ cos(b-a) =0

K,=1- (1/2) X% + ... ™ hbb vs htt
When a fermion couples to @, '/

Kr =1+cotBx+... .
and if it couples to @, R |

_ 1 _ < .l 090 2 1
Kf = 1 tanB x + ... "2 95 Best fit vale of Run 1
: | ATLAS-CONF-2015{044
Model ult blc t gy 1.0+ / .
JHDM-I T IV IR Type-1| ,
2HDM-II (SUSY) o R f /’
2HDM-X (Lepton-specific) | + | 1+ 1 |l 1 | 0.8} ! 2/
2HDM-Y (Flipped) e vl L g - / |
il |
. 0.6~ 1 I ky%?=0.90, tanb =1
How do this result change LA |

] o ] 06' 08 | 1.0 /1.2 14 16 18 20

with radiative corrections? Y ) ke 81
\ S




Radiative Corrections

In future, the Higgs couplings will be measured with
much better accuracies at LCs

Clearly, tree level analyses are not enough

Analysis with Radiative Corrections (including quantum
effect of the 2" Higgs/BSM particles) is necessary

Theoretical predictions Precision measurements
at loop levels X at future colliders

New Physics !




Scale Factors (1-loop level) in 2HDM

2

Mixing parameter x = cos(p-a) [Sin(ﬁ _a)=1-L] SM-like

2 X << 1
Scale Factor AKy=Ky—1
of the hVV Couplings N 1 /
Pne ARy =~ —§x2 — A(mz, M?)
mixing loop

Loop Effect

| | 1 1 m%) M2\ ? m.2=M2+ A. 2
4_1(’”(1)J[> — — 62(—‘»(1) , ]. - — 9 1), /
2 mg, ((I) — Hi‘r’l, H)

N | <z (M>>V) Decoupling!
a(aey [

o< mg (M~ v) Non-decoupling!



Scaling factors at one-loop level

Model ult bl c t gy .
Singlet mixing T T Tl Ellipse, 10 at LHC3000 and ILC500
2HDM-I L T A A B O T4 A
2HDM-II (SUSY) o ! & 13 25
2HDM-X (Lepton-specific) | T | 1T 1|1 1 1 1
2HDM-Y (Flipped) Lid 1L L L 20F ‘ '2 /- -
Evaluation at one-loop ok TypeY o Typell |
Scan of inner parameters = i “1 e d
(for each sin(B-a) and tan) = M
under theoretical J° or @ 5 4. 5 37
constraints < 3, 1
-10 > ’ s
Even if only k slightly differ ! Bl Type X -
from 1, tche type of Yukawa 0k 1.."__..--_|_ype | sin?(B-0)=0.99 | _
interactions can be separated i / sin?(B-a)=0.95 ’ |
by precision measurements 7 ) M U N B B < R
at the LHC3000 and LCs. -0 20 -10 O 1020 30
AK_|%]
. . T
tanp, sin(B-a) can also be determined Kanemura, Kikuchi, Yagyu, .,

PLB731 (2014) 27.



hVV coupling in the ¢-X model . Mixing angle a (¢ and X)
(X: second scalar) - tanp: Ratio of VEV between ¢ and X

Doublet-Singlet Model (1/2,1) + (0,0)

Ky = COS (¥ < K, < 1

2HDM (1/2,1) +(1/2,1) l

ky = sin Fcosa — cos fsina = sin(f — «)

Doublet-Triplet Model (Georgi-Machasek Model) (1/2,1) +(1,2) + (1,0) [ ]

Ky = sin fcosa — Qﬁcosﬁsina

L Ky >1is
Doublet-Septet Model (1/2,1) + (3, 4) p055|ble

Ky = sin 3 cosa — 4 cos 3 sin o




Fingerptinting the model (Exotics)

Universal Fermion
Coupling (k)

VS

hVV coupling (k)

Exotic models
predict k,> 1

We can discriminate
Exotic models

Ellipse = 68% CL

1.20 -
115}

105}

0.95F '

SK, K. Tsumura, K. Yagyu, H. Yokoya 2013

100F " 7,

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

f;
K tand =1 \

7 "f — ~ \‘

\ \
Doub/et Septet Model ]

0.903
0.85} A
- / :,r"' '
D4 LHC300‘ Georg/-Machacek Mode/
0.80 e v b 0 A s A R, STt ————————
0.80 0.85 0.90 095 100 105 110 145 120

KDV 86



Comparison of

1. 2HDM-I

2. Doublet-Singlet Model (HSM)
3. Inert Doublet Model (IDM)

Scan of inner parameters (mass, mixing
angles) under the theoretical conditions of
Perturbative unitarity

Vacuum stability

Condition for avoiding wrong vacuum (HSM)

These models may be distinguished,
as long as a deviation in k,
is detected

Ellipse, +10 at LHC3000 and ILC500

AX_ [%]

-20

95 0 5 0

20 T T T I T T T T T
- 2HDM(tanB=1.5)

10

AKZ [%]

| HSM Inert doublet model
O tanp=2

_5:_

1 IDM

11DM



S. K.

H-COUP s

A full set of Fortran Code for evaluating one-loop corrected
h(125) couplings in various 2" simplest Higgs models

Doublet-Singlet model .
SK, Kikuchi, Yagyu, 1511.06211, NPB to appear All couplings of h(125)

Two Higgs doublet models hyy, hyZ, hZZ, hWW,
(1,1, X,Y)

SK, Kikuchi, Yagyu, NPB896, 80 (2015) h tt' hb b’ h L,

SK, Kikuchi, Yagyu, PLB731, 27 (2014) hhh

Doublet-Triplet model lization d
Aoki, SK, Kikuchi, Yagyu, PRD87,015012(2013) Renormalization done

Inert Doublet/Singlet model in the modified
SK, Kikuchi, Sakurai, in preparation on-shell scheme

H-COUP (ver.1) is to be
in public in end of 2016




Slide by

EXtraCtion Of I!arameters Mariko Kikuchi

In the future,
how much precise can we extract values of inner parameters
by using LHC3000 and ILC500 data ?

03

Case A |c3000 1Lcs00 10 o2
Aity=-2.0 £2.0 +0.4%
Ak, =+5 4.0 +0.9% < 0---_--__ ; S- “73_----

§  Errors are from ILC(500) | R S R T R
in Snowmass 2014 Rep. ) f f : . .

Type-11 M Type I : Type X .
0 .

We survey parameter regions by o2 01
scanning inner parameters AK‘I:
x, tanpB, my, M ®=H"H,A 21/24




Extraction of parameters * =~

Errors are from Ay — Aicy = _tanB X

InPUt Snowmass 2014 Rep.

M?
Case A |hc3000 ILc500 ) 1, 0 o n=1-7z
ARy=-2.0 £2.0 +0.4% ARy ~ —=x= — A(mg, M~)
AR, =+5 +2.0 +1.9% 2 . T
AKy = +5 4.0 +0.9% | ‘4(772’(1)3 A[) — —— cop— Mg 1 — - i
‘ Errors are from ILC(500) 1672 6 3 v | mg )1

in Snowmass 2014 Rep. I

10_ I | T I T I I [T [
9 B i
oy B -
*= LHC3000 :
¢ ¢ ILC500 - i
S 5 —
4 B i
3 e _ e 1ot ha ]
L vacuum stability. " 7=, s e et T
“L B S .,& R SR NI UGN 4 T e AN, R e
[ I B R TN S N M O Y0 400 500 600 700 800 000 1000
355 02 0.5 L £0.25 02 015 . 0.1 -0.05 0 m,, [GeV]

New mass scale can be extracted!  m;<800GevV |

In addition to the type, parameters x and tan3 can be extracted !!



Ak, = - (1/2) x?

Deviation in hff

: If Ak,=-1%

Singlet

Ak =-(1/2) x3, Ak =-(1/2)x%, Ak, = -(1/2) x? 0(1) %
Type | 2HDM

Ak,=+cotBx, Axk;=+cotPfx, Ak, =+cotpx 0(10) %
Type X (Lepton Specific) 2HDM

Ak,=+cotBx, Axy=+cotPx, Ak, =-tanfx 0(10) %
MSSM (Type Il 2HDM)

Ak,=+cotBx, Ax,=-tanBx, Ak, =-tanfx 0(10) %
MCHM4

Ak =-(1/2) x3, Ak =-(1/2)x%, Ak, = -(1/2) x? 0(1) %
MCHM5

Ak, =-(3/2) x?, Ok, =-(3/2)x? Ak, = —(3/2) x? 0O(1) %

-



15%

—
o
32

1
2 2 9
X R R

Higgs Coupling Deviation from SM

-10%

-15%

Finger Printing

Supersymmetry
(MSSM)

MSSM (tang =5, M, =700 GeV)

T C YA W

ILC Projection [Ref. arXiv:1310.0763]
250 GeV, 1150 fb"' @ 500 GeV, 1600 b’

Higgs Coupling Deviation from SM

15%

10%

Composite Higgs
(MCHM5)

MCHMS5 (f = 1.5 TeV)

I ILC Projection [Ref. arXiv:1310.0763]
250 GeV, 1150 fb” @ 500 GeV, 1600 fb"

ILC 250+500 LumiUP



Higgs potential
and new physics

Although h(125) was found, we know nothing
about the structure of the Higgs potential yet



Higgs Self—Coupllng

hhh coupling = ; ‘e +&—ZHH - i
consequence of vacuum condensation 2 05F &l a3 WHH (Combined) .
p X. E 0.4 _ M(H) = 125 GeV  P(ee") = (-o.e,+o,3v):.;';_;;-i-_§
e , h v , h O " ' .
h s ,1 _ \\.:)f § 0.3 E_ _E
SN SN g 02 e E
. . p . S osk —
Challenging measurement because of: - 4'(')6' 600 ..... 8(')0 1'010(') : 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 ;
o(ZHH) 42.7% 42.7% 23.7% W
o (voHH) . . 26.3% 16.7% S AN
A 83% 46% 21% 13% T T

Ongoing analysis improvements towards O(10)% measurement

See J.Tian’s Poster
30



Higgs potential

To understand the essence of EWSB, we must know the
self-coupling in addition to the mass independently

{111 my()

1 1 1
21,2 3 4
Vnggs — 577?/;21]?/ + 3_'>\h,h,h,hf + Z/\h,h,h,hh + -
. . 1) N¢. N
Effective potential 1 (o) —_@p%r 0¢4+Z 647r2Cf i mg(y )
Renormalization Vo 2V . PVig
Conditions BN — O A2 = Mp, O3 — >\h,h,h,
99 = 99 p=v 99 p=1
" 2 |
SM Case SMioop _ 3m3 N.m;
/\hhh 1 — 2012 s 2 T
v 3mrevems

Non-decoupling effect

QQ

2

95



Case of Non-SUSY 2HDM

h
* Consider when the lightest h is SM-like |
sin(B-cu)=1] O A

* Attree, the hhh coupling takes the "

same form as in the SM ©=H A H
* At 1-loop, non-decoupling effect m*
(lf M < V) SK, Kiyoura, Okada,Selnlaha,l\(galn,l P‘LI‘35IS|81(2‘OIOI3)
V(') =450GeV My =W M

150 ¢

NE
ms M? mi .
1+ gyl (R sl Bt ool | B 100
12m=my myg, Tvtmy || s '

%)

m=120GeV

)

2
\2HDM Smy,
hhh — v

| 2 2
\Ng =2m,

sin'( oa-P)=1

hh

l;

Extra scalar Top loop = 50 | ;
2 2 2 S
mg = M=+ XNiv"  o0p

[\\
< ) e
> - —

(D =H, A, H) O
0 500 1000 1500 2000
= M (GeV) S B
Correction can be huge ~ 100% Non-decoupling effect Decoupling

96



An example: EW Baryogenesis

M~ e Foon/T (T < T)

Sakharov conditions: [~ oy T)* (T < T)
B Violation —> Sphaleron transition at high T
C and CP Violation — CP Phases in extended scalar sector
Departure from Equilibrium [— 15t Order EW Phase Transition

Expanding . ,QFf
Bubble Wall

of EW Phase { f

Vere(e, T)

e H(T,) T2
[ sph << ( c) c ] / [rssph S>> H(TC) Tc3]
7 « Decouple
Broken Phase Symmetric Phase
d=v, d=0

Quick sphaleron decoupling is required
to retain sufficient baryon number in ¥
Broken Phase

(Sphaleron Rate) < (Expansion Rate) » (pc/Tc >1

97




The SM cannot satisfy the condition

High Temperature Expansion (just for sketch)

A
Vet (9, T) ~ D(T2 — T()Q)gz)Q — ETgpg + %904 L.

Condition of Yo  2E
Strongly 1 OPT | T A,

C

> 1

However, the SM cannot realize the strongly 15t OPT
2
3 3 m

B~
12703

Yo 6myy, + 3m3, + - - -
Tc 3moms

<1 For m, = 125 GeV

We need a mechanism to enlarge ¢ /T, to realize strongly 15 OPT



15t OPT in extended Higgs sectors

High Temperature Expansion (just for sketch)

A
Vet (9, T) ~ D(T2 — TOQ)¢2 — ET@B + IT¢4 L.

Condition of 2F
¢ = > 1

Strongly 15t OPT T )‘Tc

The condition can be satisfied by thermal loop effects of
additional scalar bosons ® (® = H, A, H*,...) m§ ~ M?* + \;v°

Yo 1 3 3 3 M 2 3M
~ omy, + 3mo, + m 1l — — 1+
2 { W 4 ZI): N ( m% Qm% >1

Ic  3momg

In this case, large quantum effects also appear in the hhh coupling

3m? ma ma VEA
N h t ‘I’
Ahhh = =5 { +Z 127202m3 ( m%) } g AhhhSM

v 7" V2 77? h




Strong 15t OPT and the hhh coupling

SK, Y Okada, E Senaha (2005)
450 1 1 1 T T T T

Strongly 1t OPT
< Non-decoupling effect
< large deviation in hhh

-
-
-
-
-
-
P
-
-
-----
------

6 200 | _
S AXpn/ Annn = 107
. 150 -
At LHC, challenging to measure A,,,
100 [ sin(—a)=tanf =1 ]
s0 - 2HDM my, = 125 GeV |
ILC (1 TeV) can measure A,,, by 10 % Mg = My =M = My
0 ] | 1 1 | 1 |
K.Fujii et al., arXiv:1506.05992 [hep-ex] 0 20 40 60 80 100 120 140
M [GeV]

EW Baryogenesis can be tested at ILC! 100



GW :another probe of 15t OPT?

Gravitational Wave Experiments

aLIGO (USA), KAGRA (JPN), aVIRGO (ITA), ...
— Trial for first discovery of GWs (Recently LIGO did make it!)
— GWs from astronomical phenomena (binary of NSs, BHs, ...)

New era of GW astronomy has come ture!

Future exp: elLISA [EUR], DECIGO [JPN], ...
— GWs from early Universe (Inflation, 15t OPT, ...)

GWs may be used for exploration of the Higgs potential,
as a complementary mean with collider experiments.



BEAREE?

W HBERMDUS H 1
SR TEDO TG

Gravitational Waves

9 (T) = 1y + (7)) |y, | <1

Linearized Einstein Equation Dhm, =0

Wave equation
Sources of Gravitational Waves

Astrophysical Origins

= Binary Star system (Neutron stars, Black holes, etc)
= Supernovae explosion, ...

Target of ongoing ground-based experiments (aL/GO, KAGRA, aVirgo)

Cosmological Origins

*Cosmic Inflation

*First order phase transition (Electroweak, GUT, ...)

Proved by future space-based experiments (eLISA, DECIGO, BBO)

Abundance of relic GW 1 J . fab
Energy density Pcw — 327( ‘ab’® )

1 dpw
Qow (f) = —2

3H?
Pe din f Critical density Pe = L

887G




Laser Interferometer Space Antenna (LISA)

LISA project

JIIFFRREDASAR
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 Daughter S/C Daughter S/C

AEl Hannover

Mother S/C
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DECIGO
T il

7—.1Isf:1000 km
S5—EZE:1m
L—H—iF&K :532 nm
TZ4131X:10
L—H—/J—: 10 W
S5—EE:100 kg

FHHIAT
15525
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Landscape of relic GWs

=L T Ll I l Ll ) Ll I I‘l LA q Ll ) Ll L I ' Ll i Ll I 1 Ll Ll Ll I Ll Ll Ll
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N E / " I 1 I 0.9K .
C 1€ ; N " I Igladégody .
[ T .
5 e/ 'y '-'S'A: 1 ; Advanced -
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A~ L l: I ‘ql',"'-..l' Extended .
@\ N 1, l B ‘4 Infiation :
=< MBH-MBH w' o . R :
/N - narles 1} ' s ] . N
%'10 : . ' ‘I __
— | 11 ) ' 3
g - 1 '. \ , | 1stOrder .: i
- :COBE e EW Phase * ;
U e Glgbal ~11 ., Transitio?.' .
C 12 F strings 41 o
N—" - ' ..' ----- “‘ g -
(@) _ ’ i
— F SKA-PTA E
o0 E i
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— AL Slow-roll inflation - Upper Bound :
'CMB-POL :
-y Inflation y
46 F ' inflation o -
C \ a—=80 ]
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Kramer, Stappers (zozo)log 10 (f / HZ)

1 Current cosmological

constraints from

CMB and BBN:
Constraints on

extra radiation:
AN, <1
Q. rah® = 5.6 x 107°°AN,

Future GW observation
at space-based
interferometers:

Timeline
2025/26: Pre-DECIGO
Afterwards: DECIGO
2034 eLISA

Ando (2016 JPS Annual Meeting)



ILC vs LISA/DECIGO

Question:
Can future GW observation be used

to probe or distinguish models of particle physics
like collider experiments? How precisely?

We here discuss how future GW experiments can
distinguish models of the 15t order EW phase transition

107



Origin of GWs from 15t OPT

Expanding
babbles of the broken phase TO

ro: size of critical bubble

Bubble is spherical
No GW occurs

23



Origin of GWs from 15t OPT

C.Caprini et al., arXiv:1512.06239 [astro-ph.CO]
e {review)

Spherical symmetry is violated
by bubble collisions

*Typical radius of colliding bubbles: ( R) o< vy
“Transition time: 7 ~ ﬁ_l




“Magnetohydrodynamic
turbulence in the

¢
A

GWs from 15t OPT

/
7

) A

/\

“//  “Sound waves’ \

(Compressional plasma)

—

“Bubble Collision”

Envelope approximation)

C.Caprini et al., arXiv:1512.06239
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Spectra of GWs from Bubble collision

C.Caprini et al., arXiv:1512.06239
1. Sound wave (Compressional Plasma)

2 .
~ vy ( K(Up, )X .
Quwh? ~ 2.65 x 10762 (v, ) Fow 2 1.9 x 10-5112 2
B 1+« Up
2. Collision of the bubbles (envelop approximation)
5 p2 1.84 x 107 %} [ k(vp, @) ’ ) 5
env — o\ 29 1 fenv ~ 1.0 X 10~ °Hz 5
(0.42 +v;)B + « 1.8 — 0.1 + 07

3. Magnetohydrodynamic Plasma turbulence in the bubbles

~

3/2
)O‘) Fouen =~ 2.7 % 10-511, >

Qe h2 ~
turbh Up

9.35 x 10~ %0} (erﬁ;(fub,oz
0.00354v;, 3 + 32 1+«

The spectrum are evaluated by inputting the lattent heat o, variation
of the bubble nuclearation rate  and transition temperature T,



‘/eff(SO,T)__> 2 6

Profile of critical babbles

d’¢  2dp dVeg
b Wi —0
dr? i r dr dy > (P(I')

Transition Temperature

D(T) =~ The ~1" |
s |1 /s \? I
Ss(T) :/dr {5 (Vg)) —|—Veff(gp7T)} - N |
Condi.ti.on of . % ~1 N T 5 -
Transition Completion H* |, _ o B
INVie (o5 (T (I |
o= ‘ e(T) = —-AVeg(pp(T),T) + T i(ps(T)) |
10 rad T=T 8T —7r n v, . T
O of. U=—F+T(dF/dT) T,
Ldl d(Ss(1")/T
L dt t=ts - Ht ¢ dI’ T=T}




Higgs model with O(N) singlet fields

M.Kakizaki, S.Kanemura, T.Matsui, arXiv:1509.08394 [hep-ph]

N-scalar singlets St =(S,--,9n)

A
Vo= —2J0? + 255 52 1 2t + 25 st 4 Cjaf?s P

Mass of scalar fields: mz = uZ + -v

DO | O
)




Higgs model with O(N) singlet fields

N-scalar singlets St =(S,--,9n)

I A As c
Vo = —1°|®)° + > 1S|* + 5@\4 T Z’5|4 T 5\@\2\5\2

. C
Mass of scalar fields: mZ = us + §v2

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

1 2 \ 3,2
LACIPN Q{Gm%[/—I—SmBZwLNm%(lM—g) (14——'&‘3)} >1

T 3mom; myg

o Bmi [ mp o om0 Y
hhh = 2 7'('2’02777% 127T2f02mj}2Z m% > AhhhSM




Predictions on the hhh couplin

M.Kakizaki, S.Kanemura, T.Matsui, arXiv:1509.08394 [hep-ph

600
500
= 400
S
= 300
s
200
: vacuum stability bound § 7
0 50 100 150 200 250 300 7 4 o 24 60
us® [GeV] N

0(10)% deviations in hhh coupling



Properties of the representative eLISA configurations
C.Caprini et al., arXiv:1512.06239

Name C1 C2 C3 C4
Full name N2A5M5L6 | N2AIMS5L6 | N2A2M514 | 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

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

Important background
Extragalactic WD binaries (isotropic)

Oh?=1011-10"° f . =2x102 Hz
Schneider et al., 2005
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GW spectrum from 1t OPT

1073, — S— .
—SW
-6 cee €NV
10 — —turb
10—9 Sensitivities
c::: eLISA
E 10—12 arXiv:1512.06239
o DECIGO,
10_15 Class. Quant. Grav.
28, 094011 (2011)
10—18
10—21 1 1 1 1
1073 1073 107! 10!

Frequency [Hz _
equency [Hz] =1 4 60
M.Kakizaki, S.Kanemura, T.Matsui, arXiv:1509.08394 [hep-ph]



Dependences on (N, m )

For smaller my
@/T>1

For larger my
[/H*= 1 cannot be realized

50
cannot be satisfied 10

Q

—

106 T T T T T
w0 WL densitivities
135 ms[GeV] =98 Correlation I
172 3
1 cluster _LISA
arXiv:1512.06239

10* '
103 0 180 1
40190 ]

300 250\ 198
2 - ]

10 401 302 ==
C3 C4
sw (T; = 50 GeV)

101 1_2 '_1 10 | |
10 10 10 10

(07

M.Kakizaki, S.Kanemura, T.Matsui, arXiv:1509.08394 [hep-ph]



Fingerprinting models of 15t OPT

If spectrum of GW is measured precisely by
future GW interferometers (LISA, DECIGO, ... ),
details of the model of 15t OPT may be tested

(Ex.) Peak power and frequency = (N, my)

A simple example of the complementarity of

— measuring the hhh coupling at ILC
— measuring the GW spectrum at LISA/DECIGO.




Scale invariant N-scalar model

Coleman, Weinberg '73
EWSB can occur in CSI models Gildener, Weinberg '76

M?
3Tr (\[‘ 1‘)—m (A[} .,f)—ﬂ (\/4 Ms ﬂ
2

3T (My) — 4Tx (M) + T (M3)]

2 o
A= |

Q’ po ]
" G2

To satisfy m, =125 GeV, B must
contain additional scalar/vector field | ('-)Q‘LH

INh — )Yz

Q2,2 I AaPRVAY
= 8Bv® ~ (125GeV)

We consider the model with N
scalars with the common mass m

p=v
A 922 2 o 4 o4 4o
TrMg = 870 mj — 3m% — 6myy, + 12m

31 o 2
r('(‘[ — d ‘vlf — I, A)\hhh 2
hhh — 0 3 . ~U — | EndoSumino, 2015
i p=r ¢ 3 Fuyuto Senaha, 2015
)\hhh Hashino, SK, Orikasa, 2015

In scale invariant Higgs models, the hhh coupling is universally
predicted to be about 67% larger than the SM. (No (N, m ) depencence!)



Case of scale invariant models

1073,

1076

107°

10_21 "' ‘-. ‘

1073

—SW
o o o env
— — turd

1073 10-1 10!

Frequency [Hz]

m.. 7 2 2 p / . / . )
TrMg = 8z m3 — 3my — 6miyy + 12m;

104 T ‘ T T T T
DECIGO
Correlation | clu I
(Ns e
10°F A
(601 19 i
Scale invariant O(N) model
10% ]
sw (7} = 50 GeV)
10} =y 0 .}
10~ 10~ 10 10
0%

N =1,4,12, 60
There is (N, m;) dependence!



Complementarity

If the deviation in hhh is found to be about 60-70% at the ILC,
we can distinguish scale invariant models from usual models by the
precision measurement of GWs at future GW interferometers

o O(N) model WIth Mhhh//\hhhs"" 67%
ﬂ/lasswe) O(N) singlet model\
m

’/“Geq
A\ N
sf\L/lhh 1t s QS 2 (1_u_2> 10°
)‘hhh 12m2v*my mg
=10-150% 2

Scale invariant O(N) model

Scale Invariant O(N) singlet model 10%

ANunh
M =
Alhh | | | |
\\ / 10 1 0 1
102 10 10 10

2
g =67%




Complementarity

If the deviation in hhh is found to be about 60-70% at the ILC,
we can distinguish scale invariant models from usual models by the
precision measurement of GWs at future GW interferometers

O(N) model with AA,,,/A,, ™ = 67%

104
ﬂ/lassive) O(N) singlet model
3
Sy, (12|
ot 12m2v*my mg, 107}

=10-150 % Q.

Scale Invariant O(N) singlet model| 10?}

AA’W‘ ~ 2 =67%
oM 3 / sw (T, = 50 GeV)
101 ! \ AN . |
1072 1071 10° 101
(04

\\)\hhh




Summary

o Structure of the Higgs sector is directly connected to new physics
o Extended Higgs sectors can be tested by discovering the 2nd
Higgs bosons, or indirectly by measuring the couplings of h(125).
® Detecting a pattern of deviations in the h(125) couplings, we can
fingerprint a Higgs sector and further the direction of new physics
® The hhh coupling is a window for Higgs potential
Precision measurement of the hhh coupling can test 15t OPT,
which is required for successful electroweak baryogenesis

These things can only be done at lepton colliders



The precision study of the Higgs boson will be one of
the next great adventures in particle physics.

The Higgs boson has many secrets that are still hidden.
But it is within our power to find them out.

Michael Peskin
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We need LC
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Thank you very much!
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