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2-1 Motivation



Extended Higgs Sector

The “SM-like” does not necessarily
mean the SM.

Every extended Higgs sector can
contain the SM-like Higgs boson h in
its decoupling regime.



General Extended Higgs models

Multiplet Structure
D, +Singlet, @y, +Doublet (2HDM),
D, +Triplet, ..

Additional Symmetry
Discrete or Continuous?
Exact or Softly broken?

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




Multiplet Structure

If the Higgs sector contains more than one scalar
bosons, possibility would be

— SM + extra Singlets (NMSSM, B-L Higgs, 15t OPT, ...)

— SM + extra Doublets (MSSM, CPV, EW Baryogenesis,
15t OPT, Neutrino mass, ...)

— SM + extra Triplets (Type Il seesaw, LR models....)

Basic data which strongly constrain the shape of
extended Higgs sectors

— Electroweak rho parameter
— Flavor Changing Neutral Current (FCNC)



EW rho parameter
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EW rho parameter
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Possibility
1. p=1 at tree SM + doublets (}) (+ singlets(S)), ...

2. p=1 attree SM + Triplets (A) L4 2 203
i ~ 1 —
a) v,<<v, Puee = T 207 4vA o2
b) Combination of several representations
[ (ex) Georgi-Machasek Model]
Vy =V,

Multi-doublets (+singlets) seem the most natural choigey




2-2 Two Higgs doublet
models



Simplest extension

2 Higgs doublet model (2HDM)
qh:(%(w?h-l—izﬁ) (i: 172)

(V)
Sharing the VEV v =246 GeV = /07 + v2 tan 3 = v_2
1

<cosa —sina><H> 21\ [ cosf —sinf 2
sina cosa h < 29 ) B < sinff  cosf A
wli cosf} —sinf wt
CP-odd Charged ( wzi ) - < sinf  cosf ) < H* )
New Particles h H A H7T
™ \

|
Additional bosons

Field Mixing < Zl )
2

J Other three are unphysical
Nambu-Goldstone bosons

h(125)

Deviation in the coupolings of h(125)

SM 2HDM
hvv 1 - hVV sin(B-a)




2 Higgs Doublet Model
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Two Possibilities

A

N [ A |

A: Cutoff

M: Mass scale M —
irrelevant
2 2 2
to VEV My gt ™ M=+ v

cos(J—a)~0

M
gu ~ My, h gu ~ my, _|

2 ,02
»Ceff — »CSM + —0(6) [feff — LnonSl\/I + FO(@

Effective Theory is the SM Effective Theory is an extended Higgs sector
Non-decoupling effect



Gauge Couplings hVV

L = g,y sin(B-a) hVV + g, cos(B-a) HVV

* Changed by mixing with the other THDM

Inwv iy, |
scalars S = sin(f8 — a)
. 9hvv
e Sum-rule for a multi-doublet structure
2 2 — 2 .
9w T 9y’ = 9y SM-like case

sin?(B-a)=1

sin?(B-a)<1 © k2 =(g,/8 V)< 1

* Higgs sector with an exotic Higgs triplet model
representation Georgi-Machasek model

2 . . Models with a septet field, ...
K,“>1 is also possible!

15



Yukawa Coupling in Extended Higgs Sectors

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

Four Types of Yukawa coupling _ Barger, Hewett, Phillips
Classified by Z, charge assighment
u u u u
d e d e d e d e
Type-| Type-ll Type-X Type-Y
Neutrinophilic SUSY Radiative Seesaw 16

Inert Lepton specific



Type2-2HDM (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

Gauge coupling: N hVV HVV
pVV (V =2Z,W) sin(f—a), cos(f — a)

7 Hbb

Yukawa coupling: anf cosS o
@bb = cos 3’ cos 3
] htt HiT
ott = CoS sin o

sin 3 sin 8’



hVV HVV

SM-like regime sin(8 —a)  cos(f — a)

Sin(f —a) ~ 1

Only the lightest Higgs h couples to weak gauge bosons
h behaves like the SM Higgs

SM
anwv — 9evv 9guvy — 0
SM
Yntt = Yot Yui — 3/¢tt cot 3 %
- >M Yorr — Uoitan B L =
Ynob — Youb Hbb gbbb %
SM — tan
yhT T ?/¢7-7- yHTT beTT ﬁ <



Theoretical Constraints on extended
Higgs sectors

Unitarity bound
Vacuum Stability bound
Triviality bound

Wrong vacuum condition (singlet model)



Many Acouplings = mass prediction changed

Lightest Higgs mass

701% — 2

Additional Higgs masses

mé ~ M + N2

d
RGE 1672 p—
ap

SM
THDM -
effective SM THDM
@
h
1 >
My, M A
102 1019

A= 24)% —6y7 + AN, N, )



200

Mass of the lightest i Model-I
Higgs boson 150 L
S b S
SM ®
9/ 100
2HDM typel - o MSSM___
2HDM type 2 =
MSSM )
"/
50 /"
y
| 19
A=10"7 GeV
0O T l2(l)0l | l4(I)0I | I6(I)OI | l8(l)0l | I1OOO
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The predicted region of mass can
be differ even if all the other Kanemura, Kasai, Okada

1999
phenomena behave like the SM
in the low energy.



Higgs singlet extension (HSM)

A 2o Msea A
Vo= —3l@P + Aa|@* + pos|BS + T2 |02 + S + 287 + £IS° + s

G-I—
(I): ) S:U5‘|‘¢2
75V + ¢ +iG°)

Mass eigenstates and mixing angle

(¢1,92) > (h, H) with @

125GeV Higgs boson



Fingerprinting



\Al

Direct search and indirect tests %

._
* Direct searches of additional Higgs bosons —
h(125), H, A, H*, H**, ... Machine for discovery!
o Hadron Collider (LHC)
» . H, A, Runl 7-8 TeV  20fb!
Run2,3 13-14 TeV 300fb
HL-LHC 13-14 TeV 3000fb™

* |Indirect test by finding deviations from SM

EW parameters

my, S, T, U, Zff, Wff, WWV, ... e* :
Couplings of h(125) hWW, hZzZ, hyy, hff, hhh, ... c

Precision measurements!

Advantage for lepton colliders

Future International Collider (ILC), CEPC, FCCee,
E = 240-250 GeV, (500GeV, 1 TeV, ...)
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Coupling Measurements

ATLAS Preliminary
Vs=13TeV, 36.1 -79.8 fb’
my; =125.09 GeV, ly | <2.5

10 interval ===

2 o interval —

"
&
—sjgm—
-
e

B |I\‘v’S1 —"
Baoy >0 o [y

Kg

" 1— BRysy,
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Higgs Precision at HL-LHC, ILC250, ...

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

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

c 1 O [ n LHC 3000 tb™" & ILC 250 GeV, 2000 fb" =
ol @®ILC 500 GeV, 4000 fb™" @ 350 GeV, 200 b (Model Independent EFT fit)
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Future lepton colliders ILC, CEPC, FCCee, CLIC, ...



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

SM value |
KV =S|n(B—a) Deviation To.%
If a 3% deviation in k,, Ky ©

l 0.85

The second Higgs H should be
Iighter than 1200 GeV 085500 1000 1500 2000

m, (GeV)

Precision test has the similar power to the direct search



Mixing factor

Scaling factors . .

Type-I|cotS cotf  cotf

Ky = ghXX/ghXX

Type-II| cot 3 —tan — tan 3

2HDM :

Type-X| cot 5 cot3 —tanf

Type-Y| cot 3 —tan/3 cotf

Ky = sin(f — a)

K = sin(f — a) + gcos(f — a)
[(h = VV*)gx.

2

HSM : Ky = CoS [h—>VVsy
F(h - ff)EX ~K2

K = COS Tth- Py



Pattern of deviations

Gauge couplings Yukawa couplings

A
hvv "hrrt hbb  hcc! cos(B-a) < 0
Ky K Kp K.
Type-l g ¥ ¥ @
Type-ll @ ﬁ ﬁ @ Direction of
deviation in
Type-X @ ﬁ @ @ each coupling
Typey | & @& 4O @

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

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



Fingerprinting the 2HDM

— Yhvv(2HDM) .
Ky = = S1n -
v Ihvv(SM) (B )

x =cos(B-a)  SM-like: | x| <<1
k,=1- (1/2) x* +
When a Fermion couples to @,

=1+ cotBpx + -
and if it couples to @,

Ke=1—tanB x + -

K
mdeviation in k2, can be \ b

large enough to be detected
at future collider

)

4-models can be separated
by looking at deviations in

Y

\ukawa couplings K_, K,

20—

1.0

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

1.6

—a)<0

htt

cos(

thbb Vs

0.8} ,_. ~— 3]
i g 2 ]
AR Type-X|
F o« I / 1
ol itncdody /v —omums T
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Ellipse = 68.27% CL K.



Radiative Correction
Decoupling/Non-decoupling



m,., = 158 GoV

The mass is 125 GeV |
Spin/Parity O* 1

| Excluded ""n.

It couples to yy, ZZ, WW, bb, tr, ...

" Preliminary

100 300
m, [G

{

Higgs Mass indicated by LEP/SLC

8 2200

>
w

Measured couplings look
consistent with the SM Higgs

> 2400+

llJlIllllllIlLIllll

Data - Bkg
8

within the current errors o

X

ATLAS/CMS July 2012

1 1 1 1
100 110 120 *130 140 150

New Particle !

160
m,, [GeV]



Radiative Corrections

Rho parameter (unity in the SM) Pexp = 1.0008 00007
2
P = QM‘/Z (: 1)
M? cos? Oy — "
Loop corrections
Ap = 42Gr [IF(p* = 0) - 1IF (p* = 0)]
W, Z W, Z

Loop effect of m, and m,,
3G ma2
Ap ~ m? — MZ sin® 6y In —2-
= Vo ( ! z SinOw m2, >

Quadratic Logarithmic



Case of the top quark

Quadratic mass dep. in p
parameter (T parameter)

Forget about m because

We knew the mass before discovery!

it is only logarismic

LEP1 says m,=150-200GeV
Discovery at Tevatron

(about 175GeV)

LEP('96) + SLC('96) + L.ENN.C.

SM

")mt
o, o, free | ’ L 11V225
_003 1 $l|

[ 1]

5003

0 0 02 [}
» »\"|175

/' 90% CL mH‘@
99% CL

lllllllllllll‘lllll_
N mg=150 GeV
m=125GeV —

o

150 one doublet

1 39%cL E@ 125 (peskin-Takeuchi '92)—]

SU@)
SU(3)

SU(2)

Technicolor ]

1.0 05 0.0

S

0.5 1.0

Hagiwara. et al

3G

8v/272

F 'TTZ%I
Ap >~ m? — M7 sin® yy In 5

miy




Decoupling Theorem and its breaking

Low energy observable O

Renormalized quantity O is a function of M
via loop contributions, but it decouples in

the large mass limit

O(M)

.

Decoupling Theorem Y \

M - | New Particle

]

. A; @/

Ex) GUT scale (10'® GeV) physics does not affect TeV scale physics

Ex) Seesaw Mechanism (Dim 5) at the tree-level

L=2@D0®) g

H ¥ 2

X



QED | Example of decoupling theorem

One-loop contributions to the two point functions

Q0
MU‘(’( Qe eQ - 1 ) JV
2k“ I
04
17,2 2
e_zk _ Hnew(k ) M
Self-Energy N, (k?) has dim. 2, so that it can have M? or InM AV
dependence from power counting (non-decoupling effects) A¥
2
Thew(k*) = hew(0) + K°TT,,, (0) + - Y

However from U(1) gauge symmetry I_.,,(0)=0, and I’ ,,(0) is absorbed by renormalization

new

M 00 _ 00
(& = TV O ) K2 = ST () k2 = SETI(0) + -

(0) is dim. -2, so that at most 1/M?  (Decouple!)

37

Remaining M”

new



QED with spontaneously broken U(1)

1 QQ'

’_
~Q_L2_2
mA =k=—v

I‘I’(’(’ Qe

JH

Q0
e%kz o V2 _ Hnew(kz)

Self-Energy N, (k?) has dim. 2, so that it can have M? or InM Au
dependence from power counting (non-decoupling effects)

Mpew (k) = Tpew(0) + &°TT, (0) + -

This time, U(1) is spontaneously broken, so that 1, _,,(0) is non-zero.
But this time, N_.,,(0) and I’ _,(0) are absorbed by v (or m,) and e

M ~

new

QQ'

new

AV

Q'

M ~ . _
(— - 1L (0))k2 — (1 + Tew(0)) = ST, (0) + -+ Sk2 =02 -

new

Remaining IT”_. (0) is dim(-2), so that at most 1/M?

new

(/t) H// (O) + .

new

(Decouple!)
38



SM: Electroweak Theory with

Two point functions 6 nondec. d.o

W = MZ_ ., +p°ln NeW—I—
O R S

O = A+ p?In M 4.
V”WQWV = Mg +p'ln N"*W+

SSB
£ o ;
I} (%) = T3 07),
7 (p?) = eg; [ (07) = sty 9 (1)

Input parameters (a, G;, M,) can absorb
3 of 6 non-decoupling effects.

a,(0) = o[l + 62HbQ(0)]
1 4
Gp = - I1;1(0
! Vo V2l u(0)
2 6’3 v’ 62 2 4
my = -|- (Hg; 251130 + SOHQQ)|q2 —m2
5000 4 z

Still, there remain 3 non-vanishing
non-decoupling effects

T, U (Peskin-Takeuchi)

=16zl (3 =0) - Ty (* =0)],

1/2G 33 o —11, o
LMy (p? = 0) - Ty (p? = 0)],

T =
OEM

. 3 9 =11’ 5
U=16x[Il; (p*=0) -1} (p*=0)],




Non-decoupling effects

Non-decoupling effects on electroweak parameters

[, sinB,, my, p, .-
are all described by S, 7, U (at the leading level)

/ ¢ \ _k\, ‘ \
S =16x[ll;" (v* = 0) -y (p* =0)],

126G ¢

AEM

33, 4 —11, 4

T= Iy (p* = 0) ~ Iy (p* = 0)],

—11/

- . 33/ ) A ) .
U= lb'frmT (p=0)-1I; (p° = O)].

Ex)
Ap=p—1=aT

2 2 2
5 f Qac 1 ‘ c“ — S
myy = miy (ref) + 2 _ g2 <_—S +c*T + —U
C - S
40
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Non-decoupling effects

What kind of new physics can produce large
non-decoupling effects?

* Chiral Fermion Loop
m:=0 = me=y,v
* Higgs Loop
m,?=2 A v?
e Scalar Loop

2 — 2 2
me=Av-+M,



SU(2) doublet (N,E), hypercharge Y, masses my, mg

WO,MW

1 2
S = [1 ~Yln mg]
s my
1 2m3,m? m2
T: 2 2 N'"""F 1 N
167s2c?>m?, [mN Mg mi, — m% i m2,
1 5m‘}v—22m}2\,m%—l—5mf}3 mN—3mNmE—3mNmE-I-mE m‘]z\,
U= 6 | 3(m3;, — m3,)? (m% —m%)3 I m3
N FE N E FE
— 1
—|mN_mE|<<mN,mE S:a
T 1‘ | (Am)2
127s2c? m2Z
2
U — 2 (ATZ,)
157 my

my=mg —> T=U=0 Custodial Symmetric O(4) = SU(2), X SU(2)g

42



T

Effect of additional scalars in 2HDM

2
ST plot in the THDM N 1 1 mp +
0.25 ——— SCD ~ 12 n=2
NS mA—4OOGeV T T My
m,=200GeV _ o O‘
) JORCL V26 2
015 s 1 | Tp = > (mA — mHJ_r)
Ny fffff SO 68%C L. I2n*agy
0[ m,=300GeV Cowaey s rrrrrrr rrrrrrrrrrrr { my=my,sin(f-—a)=1
mp,= 117GeV —oNe: Do I'=Tsy + ch
005 - ************** ******* ********* ********* o F the effect of the THDM
ortf—=2  \e: | -
0 mh ZOOGeV m,+=300GeV, my, is varied from
015 —0 % J 1 200to 400 GeV.
m SOOGeV
02 s S S When m, = my = my+,
-0.2 -0.15-01 -0.05 0 0.05 0.1 0.15 0.2 0.25

S we obtain S = 0and Ty = 0.

arXiv: 1108.3297 43



Radiative corrections to
the Higgs boson couplings



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(125) couplings from the SM values!

Fingerprinting new physics models



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

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

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

c 1 O [ n LHC 3000 tb™" & ILC 250 GeV, 2000 fb" =
ol @®ILC 500 GeV, 4000 fb™" @ 350 GeV, 200 b (Model Independent EFT fit)

8 -

O 8 I W S S—— —
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0
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5
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O
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o

Vs ’%%* Ve, g e T Sy, Ty

Future lepton colliders ILC, CEPC, FCCee, CLIC, ... .



Radiative Corrections
Higgs couplings hyy, hgg, hWW, hZZ, htt, hbb, htt, ...

will be measured thoroughly in the future
Analyses with radiative corrections are A A U e W
\

necessary

(" Accurate Theory X Future Precision
Predictions Measurements
_ New Physics! D
H-COUP Project sk, kikuchi, Sakurai, Yagyu (2017) [ ‘;‘:gislc’(rl‘)a' Singlet
Full set of Fortran codes to systematically “ 2HDM (1)
calculate quantum corrections to Higgs s J 2HDM(X)
= 2HDM (Y)

couplings in various extended Higgs models
Program H-COUP ver. 1 completed and released
[Manual arXiv: 1710.04603]

Inert doublet/singlet
Triplet model,
— GM model




Non-decoupling effect on the Higgs
couplings

Top-loop contribution in the SM

o 2my, (1 5N, mtz)

g ~
hWWwW V

V2m (1 N, m?)

R Y
i1 1272 12

U

How about the new physics loop contributions?

48



For example: renormailzed htt coupling

O«

tree level 1-loop level counter term
&y = sin(f — a) + cotfcos(B — @)
tree Mg -y
level -, Sh a : mixing angle for CP-even Higgs H,h

B : mixing angle for CP-odd Higgs A, G°

<
S t V F
1-loop ____ -- F + --- S S
level S ; V F

counter ""@< _ 'Sh [Smt Sv + %5Zh + 67, + 55}1 + $H (6Ch + da)]

term 'fh

counter term parameters:  §my, v, da, 8¢y, 62y, 6Z, 6Chy

these are determined by relevant renormalization conditions. 49



Scale Factors (1-loop level) in 2HDM

Mixing parameter X =cos(p-a) [sin([)’ —a)=1-L | SM-like

2 X <<1
Scale Factor AKy=Kyx—1
of the hVV Couplings . 1
PN A/{V ~ ——SL‘Q — A(mgb ]V[Q)
2 /
mixing loop
Loop Effect
1 M2\* 2 =2 + A, V2
A(me, M) = BZ mI < ‘ 2) My~ =M*"+A; v
7 M (Ob=H"AH)
where 1 ]
un? [« 7= (M>>Vv) pecoupling
mé (1 — W) - ¢
" |« mi (M~v) Non-decoupling




% H-CcouP X

& C | O www-het.phys.sci.osaka-u.ac.jp/~kanemu/HCOUP_HP1013/HCOUP_HP.htm| Q W ‘ :

H-COUP Website of

H-COUP

You can download
the program
and the manual

H-COUP is a calculation tool composed of a set of Fortran codes to compute the renormalized Higgs boson couplings with radiative corrections in various
non-minimal Higgs models, such as the Higgs singlet model, four types of two Higgs doublet models and the inert doublet model. The impolved on-shell
renormalization scheme is adopted, where the gauge depdence is eliminated.

-
b
0
i
1
1
=
1
1
.
.
D
>
i
I
0
0
I
~
AR N

f W,z N h

Authors: Shinya Kanemura, Mariko Kikuchi, Kodai Sakurai and Kei Yagyu

The manual for H-COUP version 1.0 can be taken on arXiv:1710.04603 [hep-phl.

Downloads

» H-COUP version 1.0 : [HCOUP-1.0.zip] [The manual is here]

In order to run H-COUP version 1.0, you need to install LoopTools (www.feynarts.de/looptools/).
History

P~



Example for the application of H-COUP

H-COUP:
provides the EW (and Higgs) one-loop correction to the

Higgs vertex functions in various extended Higgs sectors

Using H-COUP,

the decay rates of the SM-like Higgs boson

with EW (Higgs) and QCD corrections are
Calculated in the HSM and 2HDM (type |, II, X, Y)

[(h— ff), [(h = 22" > Zff), T(h = yy), T(h = Zy), T(h - gg)
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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
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By Production and Decay

®  Several possible choices for model
parameters allowed to account for SM
deviations in combinations

® Ratios of cross sections and branching
ratios cancel out some uncertainties
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Another example of non-
decoupling effects

Higgs potential



Self-Coupling Constant

It is very important to know hhh coupling to reconstruct
the Higgs potential

1 1 1
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3m;
/lhhh -

Vo

Tree level coupling

Effective Potential

Vet (90) — Vtree(‘p) +

Mi(p))? 3
NN (— 1M [ (( ©) —-)]

6472 0> 7

\tSO
V2

Expand the V « by h © =V + h

Top quark effect M, =

iy | N. v (h Th* 13K
Vet = —70’0 + h) + Z/l(vo + /1,)4 v 2’ g( R
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2
Renormalization 8_V -0 oV —,
. O ’ Oh2 my,
conditions @ ly=y o=v
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Case of Non-SUSY 2HDM

* Consider when the lightest h is SM-lik ? i
[sin(B—a)=1] [O N
N h

* At tree, the hhh coupling takes the "’

o — =+
same form as in the SM O=H A H
* At 1-loop, non-decoupling effect m*
(lf M < V) SK, Kiyoura%kada, Senaha, Yuan, PLB558 (2003)
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Partll Summary

A Higgs boson was found, but the Higgs sector
remains unknown

Possibility of Extended Higgs sectors
Direct Searches at LHC

ndirect test of the Higgs sector via precision
measurements for couplings of h(125) at future
lepton colliders (ILC, CEPC, FCCee, CLIC, ...)

Study with radiative corrections is important
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Slide by K. Sakurai

Numerical calculations

We discuss a possibility of discrimination among various extended
Higgs models with the deviations from the SM in the decay width.

« Model
, THDM Type-l, THDM Type-Il, THDM Type-X, THDM Type-Y

« Scan region of input parameter in the THDMs

09<sin(f—a)<1, 1<tanf <3,

me = 300,500,700,1000 GeV, 0 < M? < my, ME =MA =Mmy+
(d=H,A HY)

« Constraint
Pertabative unitarity, Vacuum stability,
Wrong vacuum condition (for HSM),

S, T parameters
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Allowed regions under theoretical constraints
vi: A >0, v2: A,>0, v3: sqrt(k k2)+k +MIN(0,A +A A, ~A)>0

v2 only .
@  Unitarity only | =
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Unitarity in Non-SUSY 2HDM

In Higgs Singlet model (P+S)

K,? =c0s%0

Singlet

c.=3
1
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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
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Higgs Coupling Deviation from SM

Fingerprinting SUSY model
and Composite Higgs models
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ILC Projection [Ref. arXiv.1310.0763)
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ILC Projection [Ref. arXiv:1310.0763]
250 GeV, 1150 o' ® 500 GaV, 1600 b’

Fingerprinting models by precision study at ILC



Complementarity

Direct detection of the Type-ll 2HDM
heavier Higgs boson H at LHC 900 B L e |
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SK, Tsumura, Yagyu, Yokoya, 2014



Complementarity

Direct detection of the Type-ll 2HDM
heavier Higgs boson H at LHC 900 NS B R e B |
- Indirect limits allowed
¢ 800 by tree unitarity m
» --H . when |
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SK, Tsumura, Yagyu, Yokoya, 2014




Fingerptinting the model (Exotics)

Universal Fermion
Coupling (k;)

VS

hVV coupling (k)

Exotic models
predict k,> 1

We can discriminate
Exotic models

Ellipse = 68.27% CL
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It was repeated for Higgs at LEP2

_ Ap ~ \jg”) ( m? — M3 sin? Oy In ,'l':jH_ ) o i
Case of Higgs boson i i NN Z A
* Now we know top mass T °[ ' LA
* Rhois a funcution of only m, 1\
* Precision measurement at

LEP2 o

° 114G eV< mH <150 GeV! 5‘- %3 —3,0?;5:10.60035

e |_HC found new boson at i
126GeV (Higgs boson!) _

"-. .'-_ »== incl. low Q7 data

g5 —

Az
Victory of precision I _
measurements and theory JExcutes No ' rriminary
calculations - - 30

m,, [GeV]

(VIVA! SM)

LEP Electroweak Working Group 2010



Deviation in hff

Singlet, Exotics,
Ak,=-(1/2) x3, Ak =-(1/2)x%, Ak, = -(1/2) x?

Type | 2HDM
Ak,=- cotB |x|, Aky=-cotP |x|, Ak, =-cotp |x]

Type X (Lepton Specific) 2HDM
Ak,=-cotP |x|, Aky=-cotP |x|, Ak, =+tanP |x|

MSSM (Type Il 2HDM)
Ak,=+cotB |x|, Aky=-tanf |x|, Ak, =-tanf |x]

MCHM4
Ak,=-(1/2) x3, Ak =-(1/2)x%, Ak, = -(1/2) x?

MCHM5
Ak =-(3/2) x?, ADky=-(3/2)x? Ak, = -(3/2) x?

If Ak, =1%
O(1) %

0(10) %

0(10) %

0(10) %

O(1) %

O(1) %



