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Thank you very much for giving me a chance to give a seminar.
My name is Mariko Kikuchi.
I’m in University of Toyama now,
And I will move to National Taiwan University from this August.

This is Yuki-no-otani in Tateyama in Toyama. 
This is the main street in NTU.
The climate is drastically changed.

OK.
Today, I’m going to talk about ….
Let me start.
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Current data of the Higgs boson h125

Mass ≃ 125 GeV ☞

Phys. Rev. Lett. 114 (2015) 191803

Spin parity : 0+

☜ Strength of interaction

LHC data are consistent with the 
predictions of the SM Higgs boson.

ATLAS ePrint:1507.04548
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As everyone already know, the Higgs boson was discovered in 2012 at the LHC. 
The current data tell us that 
The mass is about 125 GeV.
Spin parity is 0+.
And the points of all measured particles are on this line within the measurement error range. 
Namely, the LHC data of the Higgs boson are consistent with the predictions of the SM Higgs boson.   



Mysteries in the Higgs sector

𝜇𝜇2 < 0

 # of scalar multiplets, their representations

 Negative mass term in the SM Higgs potential

 Hierarchy problem

 Elemental scalar? or Composite scalar? 

 …

We don’t know the true Higgs sector! 
We should consider not only the minimal one but also extended Higgs 
sectors.
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But, the discovery of the SM-like Higgs boson does not mean the end of elementary particle physics, 
Because we have many phenomenological and theoretical problems in the SM. 

Even if we concentrate on the Higgs sector, there has remained many mysteries. 
For example, why is the sign of mass term in the Higgs potential negative ?
What is the essence of the Higgs field? Elemental scalar? Or Composite scalar?
And we don’t know the number of scalar fields and their representations.

Namely, we don’t know the true Higgs sector.
There is a possibility the Higgs sector to be extended from the minimal-one. 
We should consider not only the minimal one but also extended Higgs sectors.

In particular, in this time we concentrate to solve the question “what shape is the Higgs sector?” 



New physics via the Higgs sector

New physics 
models

Higgs sector 

require determine

MSSM, Inert DM, loop induce mν, CPV, 
Strong 1st order phase transition, B-L Gauge,
Type-II seesaw、 LR model、…

Φ + 
S (singlet)

Φ + 
Φ (doublet)

Φ +
Δ (triplet)

Φ: Isospin doublet

If we know the true Higgs sector, 
we can determine the direction of new physics   
To clarify the structure of the Higgs sector is one of the most important 
study of NP !

Experimentation

Bottom up
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Direct searches of second 
Higgs boson
H, A, H+, H++,…

Precision 
measurements of 

h
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We would like to pay attention to the relation between the Higgs sector and new physics. 
There are many models to explain phenomena beyond the SM and to solve theoretical problems like these.

OK. Let us rearrange these models under the types of Higgs sectors. 
Although there are many new physics models, each model has characteristic Higgs sector.

If we determine the structure of the Higgs sector by bottom up approach experimentally, we can narrow down candidate of the new physics theory. 
We can determine the direct of the new physics. 
To clarify the structure of the Higgs sector is one of the most important study of NP ! 

So, we investigate the structure of not only the minimal Higgs sector but also extended Higgs sector. 
Then, we study how we can determine the true Higgs sector by the bottom up approach.




Indirect tests of extended 
Higgs models by precision 

measurements of the Higgs 
boson couplings
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Extended Higgs sectors

We investigate the possibility the Higgs sector is 
2nd Simplest. 

 Renormalizeble theory

 General models → There are many models. 

 2nd Simplest Higgs sector → The number is not so much.

 The model with the 2nd simplest can be the effective 
theory of the genera extended Higgs models. 
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2nd Simplest Higgs 
model may be the 
effective theory.

We focus on general extended Higgs sectors !

Φ1(I=1/2, Y=1/2) + Φ2 (I, Y)
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First of all, we should consider models which are investigated.

We can point out roughly three kinds of models.

The first one is to introduce new conceptions. 
For example, the supersymmetry, Composite Higgs theory, the extra dimension and so on.
They are useful as benchmarks.
They are based on their beliefs and this is the top down approaches.

The second one is effective theory approaches with higher dimmention operators.
This method is a more general approach. 
Although in general we presume that the low energy effective theory is the SM, 
There is a possibility in which the effective theory is the non-minimal theory beyond the SM.

The third one is the approach to investigate non-minimal Higgs model.
They are renormaliable theory.
There are infinaite kinds of models. 
But, the number of simplest extended Higgs models are not too many.
Detailed explanations for simplest extended Higgs models will be given at the next slide. 
Theories whose the Higgs sector is the simplest extended Higgs sectors are effective theories of those theories. 
We investigate the possibility the Higgs sector is the 2nd Simplest. 






– Useful
as
benchmarks
– Based
on
each
belief



Second simplest Higgs sectors

Φ + S (I=0, Y=0)

Φ + Φ’(I=1/2, Y=1/2)

Φ + Δ (I=1, Y=1)

2HDM

HSM

HTM

Φ=
ω+

( h+v+iz )
𝟏𝟏
𝟐𝟐

I=1/2, Y=1/2

Softly broken Z2 sym. → 4 types models 

Unbroken Z2 sym. IDM

+ additional Higgs field
φ

× New 
symmetries
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Φ + Φ’(I=1/2, Y=1/2, Z2-odd)

Φ + Δ’ (I=1, Y=0)
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What structure of the Higgs sector can we consider as the second simplest structure? 

The Higgs sector is charactarised by the number of Higgs field and their representations and symmetries.

We need at least one isospin doublet field with hypercharge Y=one half. 

We consider the following Higgs sextors.

The model with an additional isospin singlet field with the hypercharge 0, where it is called HSM.

Two Higgs doublet models. 
In general, if the structure of the Higgs sector is the multi-doublet, 
Flaver changing neutral current processes appear at the tree level. 
In order to avoid the FCNCs at the tree level, we introduce a discrete Z2 symmetry. 
The additional doublet scalar field is assign to be Z2 odd.
If the Z2 symmetry is presumed to be softly broken, there are 4 types models with different Yukawa interaction types.
We call..
The model with the unbroken Z2 symmetry is called the IDM. 

We also the model with complex isospin triplet Higgs field.
In this model, the neutrino mass can be generated by the type-II seesaw.   




2 Higgs doublet models (2HDM)

M2 = m3
2

sinβcosβ

Softly broken Z2 sym., CP invariance 

 Field mixing

ℎ1
ℎ2

= cos𝛼𝛼 − sin𝛼𝛼
sin𝛼𝛼 cos𝛼𝛼

𝐻𝐻
ℎ

𝑧𝑧1
𝑧𝑧2 = cos𝛽𝛽 − sin𝛽𝛽

sin𝛽𝛽 cos𝛽𝛽
𝐺𝐺0
𝐴𝐴

Φ𝑖𝑖 =
𝜔𝜔𝑖𝑖
+

1
2

(ℎ𝑖𝑖 + 𝑣𝑣𝑖𝑖 + 𝑖𝑖𝑍𝑍𝑖𝑖)

Isospin state Mass eigenstate

CP-odd component tanβ = 𝑣𝑣2
𝑣𝑣1

v2 = v1
2+v2

2 ～ (246GeV)2
𝜔𝜔1+

𝜔𝜔2+
= cos𝛽𝛽 − sin𝛽𝛽

sin𝛽𝛽 cos𝛽𝛽
𝐺𝐺+
𝐻𝐻+Charged component 

CP-even component 

𝑚𝑚Φ
2 ≅ 𝜆𝜆′𝑣𝑣2 + 𝑀𝑀2

( Φ : H, A, H± ) Mass

 Parameters (8)
mh v  mH mA mH+ α β   M2
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h : SM-like Higgs 
(125 GeV)
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In the following, we explain the detail character of the extended Higgs sector. 
I’d like to review the 2HDM with the softly broken Z2 sym and the CP invariance as an example. 
The Higgs potential is given by this. 
There are 8 parameters. 
M3 imply the softly broken scale of the Z2 sym. 

After the electroweak symmetry breaking, the each isospin state mix, then these field can expressed in the mass eigenstates. 
There are 5 mass eigenstates, two CP-even states, one CP-odd state, and a pair of singly charged states.

We here assume h is the discovered Higgs boson with the mass is 125 GeV.

Masses of these additional Higgs bosons can be approximately expressed like these in the large mass limit. 
Lambda prime is the linear combination of lambda couplings.
The definition of M is this.
We chose input parameter the following 8 parameters.





Higgs singlet model (HSM)

 Mass eigenstates

CP-even states : h, H
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h,    H
SM-like Higgs boson Extra Higgs boson

�𝑀𝑀2 = 2𝑚𝑚𝑆𝑆
2 +12𝜆𝜆𝑆𝑆𝑣𝑣𝑆𝑆2 + 6𝑣𝑣𝑆𝑆𝜇𝜇𝑆𝑆

 Mass formulae

 Parameters (8)

mh v  mH α µS λΦS λS vS



 Wrong vacuum conditions

Extrema except EW vacuum

These extrema must be higher than 
EW vacuum !

 Perturbative unitarity

 Vacuum stability

Chen, Dawson, Lewis (2015)

Theoretical constraints  12

EW vacuum Other extrema<

𝑎𝑎0 𝑊𝑊𝐿𝐿
+𝑊𝑊𝐿𝐿

− → 𝑊𝑊𝐿𝐿
+𝑊𝑊𝐿𝐿

− < 1/2
Kanemura, Kubota, Takasugi (1993), 
Akeroyd, Arhrib, Naimi (2000).
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We should take into account some theoretical constraint. 

The coupling constants lambda are constrained by the requirement of perturbative unitarity, which is described by the condition on the S-wave amplitudes for the elastic scattering of
Scalar fields.

As conditions of vacuum stability, we require the value of the potential to be positive at large scalar fields. 

In the HSM, we have to consider the wrong vacuum condition. 
There are 5 extrema except the EW vacuum in the Higgs potential. 
We have to require these 5 extrema to be higher than the EW vacuum. 
This is the wrong vacuum condition.
 




Test at collider experiments

Direct search : 

Precision measurements of 125GeV Higgs 
boson couplings

 Higgs boson coupling can deviate 
from the SM values.

 The deviation pattern depend on 
the Higgs sector.

q

q

H+

H－

Indirect search :

hZZ, hWW, hγγ, hgg, hγZ, hbb, hττ, htt, hhh, …
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Extended Higgs sectors are typically tested by collider experiments. 

→ We may discriminate extended models by using such 
characteristic deviation patterns.

We focus on the indirect search by the fingerprinting of the Higgs 
boson couplings !!
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There are two kinds of tests for extended Higgs models at the collider experiences.
The direct search of the extra Higgs boson can provide a clear evidence to a non-minimal Higgs sector.
We directly produce extra Higgs bosons via these processes, then we detect decays processes of these new particles by detectors.
Each model is tested by comparing predictions of cross sections of these event processes with those of experimental values. 

But, new physics models have also been indirectly tested by precision measurements of various physics observables.
In particular, we focus on indirect search through coupling constants of 125 GeV Higgs boson. 
In general, if the Higgs sector is extended, couplings with the Higgs boson can be deviate from the SM predictions via the tree level mixing effects and new particles loop contributions.
Namely, if deviations on the Higgs coupling are detected at future collider experiences, we obtain information of newprticle indirectly.
Moreover, the deviations pattern in the Higgs couplings depends on the structure of the Higgs sector.
So, by evaluating the deviations pattern in each model, we may discriminate models with different Higgs sectors.

Our work is the study of this indirect search through the discovered Higgs boson couplings.



 Gauge couplings（hWW, hZZ）

v2 = v1
2+a2v2

2 + …   (v≃246 GeV)
Field mixing VEV sharing

 Yukawa couplings（hｔｔ, hbb, hττ, …）

Pattern of deviations strongly depends on Higgs sector
• Representations (Φ, Δ, S, …)
• Number of Higgs fields
• Additional symmetries

Higgs couplings @ tree level 

𝜅𝜅𝑉𝑉 = sin(β - α) → 1
Alignment limit

2HDMs

𝜅𝜅𝑉𝑉 = cosα → 1 HSM

2HDM

HSM

κf = sin(β−α) + cotβ cos(β−α)

If f couples to Φ1 κf =  sin(β－α) − tanβ cos(β−α)
If f couples to Φ2 

𝜅𝜅𝑓𝑓 = 𝜅𝜅𝑉𝑉 = cosα → 1 
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The Pattern of deviations strongly depends in the Higgs sector 
Such as representation of Higgs fields and the number of Higgs fields, and additional symmetries.

As I mentioned before, CP-even Higgs fields mix each other. 
And the electroweak vacuums is composed of vevs of Higgs fields.   

For example, for couplings with weak gauge bosons, 
Couplings with weak gauge bosons are composed of these terms. 
Field mixing effects and VEV sharing effects appear in these parts, respectively.
In the 2HDM, the scaling factor of hVV couplings is sinb-a.
In the HSM, the scaling factor is cosa.
The limit where kappa_V approaches to 1, is regarded as the alignment limit. 

In the case where a fermion couples with one-doublet, 
The Yukawa coupling can be expressed by like this.
Interacting scalar field is determined by symmetries and their charge assignment. 

In the 2HDMs with the soft broken Z2 symmetry, the Higgs field interacting with a fermion is determined by the charge assignment of the Z2 symmetry.
The form of the Yukawa coupling depends on interacting scalar field. 
If a fermion couples to phi_2, 
If    



∆𝜅𝜅𝑎𝑎 = 𝜅𝜅𝑎𝑎－1

Φ＋S

Type I 2HDM

Type X 2HDM

Δκu Δκd Δκe

－(1/2) x2 －(1/2) x2 －(1/2) x2

－ cotβ |x| － cotβ |x| － cotβ |x|

－ cotβ |x| + tanβ |x|－ cotβ |x|

If ΔκV= -1 %

-1 %

-O(10) %

O(10) %

O(10) %

↑Larger or ↓ Smaller than SM values

MSSM (Type II 2HDM) － cotβ |x| + tanβ |x| + tanβ |x|

ΔκV =－(1/2) x2     (x<<1)

( x < 0 )

In the SM like limit,

We can discriminate models by pattern of deviations in hXX couplings 
except in decoupling limit. 
→ We need to evaluate all measurable couplings of the Higgs boson.

Pattern of Higgs couplings  15
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Let me show the pattern of tree level scaling factors in various extended Higgs sectors such as HSM, Type I THDM, Type X THDM and MSSM. 
In the SM like limit, in the following models, deviation of kappa_V from 1 can be expressed by using a parameter x. 
This table shows formulae of scaling factors of Yukawa Higgs boson couplings. 
And colors indicate "whether each Higgs coupling becomes greater than that of the SM, or is smaller.“ 
In the HSM, hVV and hff couplings are reduced than values of the SM with the same ratio. 
On the other hand, in THDMs, magnitudes of the deviations are different for each
the Higgs boson coupling. 
The hff couplings tend to largely deviate from the SM values than the hVV couplings. 
If delta kappa_V is 1%, kappa of the Yukawa couplings are about O(10)%. 
Because formulae of scaling factors of the Yukawa couplings depend on the Higgs field interacting with the fermion field, deviation patterns in hff couplings are different among four types.

As I showed, we can discriminate models by pattern of deviations in hXX couplings except in decoupling limit. 




16Coupling measurements

Current data

SM prediction

Consistent with those of 
the SM within the 2σ 
uncertainties.
（accuracy:10%, 68%CL）

ATLAS-CONF-2015-044 
CMS-PAS-HIG-15-002 
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Current data of the scaling factors are in agreement with those of the SM within the 2-sigma uncertainties of the current data（accuracy:10%、68%CL）。
The current 1-σ uncertainties of the scaling factors are typically of O(10 %).





Most of the Higgs 
couplings will be 
measured more 
precise accuracy 
at future 
colliders!!  
Snowmass Higgs Working 
Group Report (1310.8361)

Future prospect
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We should investigate these couplings with higher 
order corrections in several extended Higgs sectors 
now !

Coupling measurements
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Current data of the scaling factors are in agreement with those of the SM within the 2-sigma uncertainties of the current data（accuracy:10%、68%CL）。
The current 1-σ uncertainties of the scaling factors are typically of O(10 %).

On the other hand, how about future prospect.
Measurement accuracy of Higgs couplings will be improved at the future collider experiment.
For example, at the ILC with the center of mass energy is 500GeV stage, 
Most of the Higgs couplings are expected to be measured with typically 1% or better.
In order to compare these future precision measurements, we should consider not only tree level effects but also higher order corrections.




 We calculate a full set of 125 GeV Higgs boson couplings with 
radiative corrections in the 7 models. (Without QCD corrections) 

We make the program code group of the calculation for the 
1-loop corrected Higgs boson couplings.  
We will publish the 1-loop calculation codes named H-COUP. 

hZZ, hWW, hɤɤ, hgg, 
hɤZ, hbb, hττ, htt, hhh,…

Radiative corrections

Precision 
measurements× Determination of 

the Higgs sector !!

 Our purpose ; To determine the Higgs sector by comparing future 
precision data of various Higgs couplings with the precise 
calculations including one-loop corrections. 

Our project Kanemura,
Kikuchi, Yagyu
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HSM, 2HDMs, IDM, HTM × hZZ, hWW, hbb, hττ, htt, 
hcc, hγγ, hγZ，hgg, hhh
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Kanemura, MK, Yagyu, arXiv:1511.06211(2015)

Kanemura, MK, Yagyu, NPB 896,80(2015)
Kanemura, MK, Yagyu, PLB731 (2014)27

Kanemura, MK, Sakurai, in preparation

Kanemura, MK Yagyu, PRD87, 015012(2013)

Calculations have been almost done .



Radiative corrections to 
the Higgs boson couplings
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One-loop corrected h-couplings 21

hZZ, hWW, hbb, hττ, htt, hcc, hγγ, hγZ，hgg, hhh

We calculate 1-loop corrected Higgs couplings by on-shell scheme,
(EW corrections + scalar sector corrections)

hff

hVV

hhh



ΔκX＝κX－1 （1-loop level）

∝

∝

(M>>v)

(M～ v)

Decoupling!

Non-decoupling!

22

Approximate formulae (SM like limit) x << 1

Loop effects
mixing Loop 

( η → 0 )

( η → 1 )

Decoupling property :

Approximate formulae
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We here give approximate formulae of the renormalized scale factors because it is useful for understanding our numerical results. 
This is the approximate formula of deviations in gauge coupling scaling factor from the unity at one loop level.   
The contribution comes from this diagram.
It can be both decoupling loop effects and non-decoupling loop effects depending on the valance between the magnitude of M2
and that of v2. 
We here introduce eta parameter defined like this.
It indicate decoupling property.
If the magnitude of M2 is comparable to that of v2, eta is order 1 and 
the contributions give the quadratic power of the mass of additional Higgs bosons.
On the other hand, if M2 is much larger than v2, eta approaches to zero and 
the amount of this loop effect is reduced as inverse squire of the mass of extra Higgs bosons
 according to the decoupling theorem [14]. 
Δkappaf  have same loop contributions because the wave functions renormalizations
appear in all renoramalized Higgs couplings. 
For Δb and Δt, because there are other non-negligible loop corrections
which come from top quark loop diagrams, their approximate formula are not simple as those of Δ .





Decoupling Non-decoupling

mA
2 = M2 + (300GeV)2

mΦ
2〜λiv2 + M2

allowed

allowed Unitarity
Bound
(tanβ=1)

Unitarity
Bound
(tanβ=3)

hVV
hVV hVV

hVV

(M>>v) (M～v)

Kanemura, Okada, 
Senaha, Yuan (2002),
Kanemura, MK, Yagyu

sin(β－α)＝1
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THDMs

Numerical calculation
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We can confirm the decoupling and non-decoupling effects of the loop contributions in numerical calculations.
These two Figure are deviations in gauge couplings from the SM predictions Delta Gamma as a function of the mass of extra Higgs bosons.
In the left figure, if the mass of extra Higgs bosons become larger, M also become larger.
Namely, at the large mass regions, M is much larger the VEV.
So, we can confirm the decoupling behavior.

On the other hand, in the right figure, we fix M to be zero and 100GeV.
Namely, M is comparable to the vacuum expectation value.
Then,  if the mass of extra Higgs boson becomes large, delta gamma of the hZZ coupling also becomes large via non-decoupling effect.
Of course, in this case, from the constraint of perturbative unitarity, 
The right region from these dash lines are excluded. 



HSM
We scan inner parameters : 

100 GeV < 𝑚𝑚𝐻𝐻< 10 TeV, cosα < 1, −𝑚𝑚𝐻𝐻
2 ≤ �𝑀𝑀2 ≤ 𝑚𝑚𝐻𝐻

2

Relation between ΔκV and mH , sinα 

• Non-zero negative value of ΔκZ ⇒ Upper bound on 𝑚𝑚𝐻𝐻
• The maximal value of the one-loop corrections (at most -1% or maximally less 

than -2%) is realized in alpha ≃ 0.

24Numerical calculation
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These figures are for the numerical results of the HSM. 

We investigated relation between delta_kappa_V and mH and sin_alpha by scanning inner parameter with the following range. 
Blue region show the result calculated by using one-loop level formula.
Brown region show the result calculated by using tree level formula.

We can see the decoupling behavior from this figure. 
For a nonzero negative value of delta_kappa_Z there is an upper bound on mH. 
The upper bound evaluated at the one-loop level is almost the same as that at the tree level for each value of negative Z. 
If by future precision measurements delta_kappa_Z is determined as delta_kappa_Z is 2%, the upper bound on mH is obtained to be about 4 TeV.

And from the right figure, the maximal value of the one-loop corrections is realized around alpha is zero.
And the magnitude of the maximal one-loop corrections can be at most 1% or maximally less than 2 %.



HSM 2HDM(Type I) IDMDiscrimination of 

< Parameter range in HSM >
300GeV < mH < 1000GeV, 
0.80 < cos α < 1,  
−15 < λΦS < 15,  −15 < λS < 15, −2000GeV < μS < 2000GeV.
< Parameter range in 2HDM >
300GeV < mH (= mA = mH±) < 1000GeV,  
0 < M^2< (1000GeV)^2,
0.80 < sin(β − α) < 1.
< Parameter range in IDM>
300GeV < mH (= mA = mH±) < 1000GeV, 
0 < μ2^2 < (1000GeV)^2
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Inner parameters h125 couplings, 
κX, ΔκXmΦ , mixing parameters, …

We investigate how large h couplings deviate from the SM predictions at 1-
loop level by scanning inner parameters

Can these extended Higgs models be discriminated by 
the deviation patterns of the Higgs boson couplings ? 
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We would like to discuss the discriminations of Higgs sectors whose yukawa coupling predictions are universal at the tree level. 
We focus on the Higgs singlet model, Type I THDM and Inert doublet model.


We evaluate correlations between delta_kappa_Z and delta_kappa_kappa_b under the constraints from perturbative unitarity, vacuum stability and wrong vacuum conditions.
We scan inner parameters such as masses of extra Higgs bosons.  

Red regions are predictions of the HSM.
Black regions are those of the IDM.
Brown, blue, cyan, green and orange regions are those of Type I THDM for different values of tanbeta.




ΔκZ VS ΔκbHSM
2HDM(Type I)
IDM

26

ΔκZ VS Δκɤ

LHC Run-I Data (ATLAS + CMS)
ATLAS-CONF-2015-044 

2σ

2σ

Scaling factors of all Yukawa couplings 
are Universal.
( κt = κb ＝κτ @ tree level )

LHC Run-I Data (ATLAS + CMS)
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Our numerical results are these.
We evaluate correlation between delta kappa_Z and delta kappa b and delta kappa gamma.

Red region, …

In the HSM, hZZ and hbb deviate with the same ratio. 
Although the 2HDM prediction are spread all over,
As the value of tan β become large, the ΔκZ and Δκb plane prediction approximates the line of 1 : 1.




Next, I’d like to discuss discriminating the HSM, Type-I THDM and the IDM. 
In these models, scaling factors of all Yukawa couplings are Universal at the tree level. 
So, we focus on the correlation between the gauge coupling and the Yukawa coupling.

This is the plane of delta kappa_Z and delta_kappa_b. 
The red region is the result of the HSM and this black line is the result of the IDM. 
Brown, blue, scian, green and orange regions are results of Type-I THDM for tanbeta=1.5,…..

In the HSM, ΔκZ and Δκb take a common form at the tree level.
So, hZZ and hbb deviate to the directions with the rate 1 : 1 by the mixing effect.
The small width of the line of 1 : 1 is made by the one-loop contributions.

In the THDM, 
In the case for low tanbeta, large radiative corrections can be realized because the constraints of pertabative unitarity is relaxed.
As the value of tan β become large, the ΔκZ and Δκb plane prediction approximates the line of 1 : 1.

In the IDM, 
ΔκZ and Δκb move with same ratio as well as that of the HSM. 
The deviations in the couplings are producted via pure one loop corrections because there is no mixing.
Because of constraints from perturbative unitarity, the deviations can not be larger than about 2 %.

The lower figure is the plane of delta kappa Z and delta kappa gamma. 
Definitions of colors are the same as the upper figure. 

In the HSM, there are no charged new particles. 
So, deviations of hgg are made by the mixing effects.

In the THDM, delta kappa gamma also depends on the sing of con(b-a). 
This region is the result for con(b-a) is negative. 











ΔκZ VS ΔκbHSM
2HDM(Type I)
IDM

Scaling factor of all Yukawa couplings are 
Universal.

ΔκZ VS Δκɤ

Ellipses : 
±２σ at HL-LHC, ILC500

Characteristic pattern of Δκ

These models may be distinguished,
as long as  ΔκZ is detected at ILC500.

( κt = κb ＝κτ @ tree level )
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This cian and mazenda ellipses are expended measurements uncertainties of HL-LHC and ILC500. 

We found that if delta kappa Z is detected at ILC500, Type-I THDMs may be distinguished from HSM and ILC. 
Moreover, the HSM and the IDM may be discriminated by using precision measurements of hgg at the HL-LHC. 
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Case A Type Y Type II

Type XType IType-II

x, tanβ, mΦ, M

LHC3000 ILC500
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1σ

SM

Φ = H+, H, A

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

Extraction of parameters

We survey parameter regions by 
scanning inner parameters
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Finally, we simulate that how much precise we can extract values of inner parameters by using LHC3000 and ILC500 data.

Let us suppose that ΔκV , Δκτ and Δκb are measured at the HL-LHC and the ILC500. 
We consider a benchmark set for the central values of (ΔκV ,Δκτ ,Δκb) as….

This bench mark point indicate that the Type is Type-II.

We survey parameter regions in which values of κ’s are predicted around
the central values within the 1-σ uncertainty in each experiments by scanning the inner parameters
x, tanβ, mΦ (= mH± = mA = mH) and M2 in the Type-II THDM.

We also take into account
the constraints from vacuum stability and perturbative unitarity to constraint the parameter space.



Parameter extraction

𝛥𝛥𝜅̂𝜅𝜏𝜏 ー 𝛥𝛥𝜅̂𝜅𝑉𝑉 ≃ －tanβ x
• At LHC3000, x→0 (tanβ→∞) is allowed because value of 

hVV includes SM limit within measurement uncertainties 
（x, tanβ can not be determined precisely.）

Extraction of upper value of mΦ

At ILC, x and tanβ can be extracted more 
precise.
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𝜟𝜟�𝜿𝜿𝝉𝝉＝+5 ±2.0 ±1.9%
𝜟𝜟�𝜿𝜿𝒃𝒃＝+5 ±4.0 ±0.9%

mΦ <  800 GeV 

Kanemura, MK, 
Yagyu (2015)

m
Φ

η
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]

η

P. U. : Perturbative unitarity boundvacuum stability  
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η

-0.075 <  x < -0.05, 1 < tanβ <1.7

LHC3000
ILC500

v P. U.  
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The simulation results are these.
The first figure shows x and tanbeta regions allowed by values of delta_kappa. 
Blue points indicate the arrowed regions by delta_kappa within uncertainties at the HL-LHC (ILC500). 
Red points are cases using delta_kappa within uncertainties at the ILC500.
We can understand the behaviors from the approximate formula of the difference between delta_kappa_V and delta_kappa_tau.
Because values are assigned in delta_kappa_V and delta_kappa_tau , 
x is inversely proportional to tanbeta.
As you can see, points follow the inversely proportional relation. 
At the LH-LHC, the arrowed regions of delta_kappa_V is −4% < ΔV < 0%, where includes the SM limit. 
Because the data of delta_kappa_V includes the SM-like limit, the limit x → 0 is still allowed. 
It means that values of mixing angles can not be determined with precisely at the HL-LHC. 
On the other hand, at the ILC500, delta_kappa_V can be constrained to more narrow regions such as −2:4% < ΔV < −1:6%. 
At the ILC, x and tanbeta can be extracted more precise.

The second figure shows relation between x and m_phi times eta. 
At the ILC500, non-zero non-decoupling effects appear.
The reason is that.
Regions around 0 are excluded for x.
It is impossible to keep the values of Δ(b) by only just tree level mixing effects.
So non-zero loop corrections are required.
On the other hand, at the HL-LHC, Δ(b) can be taken the values −5% by only mixing effect.
because the large value of tan  are arrowed. Therefore, zero limit of loop contributions are still allowed.

We discuss the behavior of the third panel which show the mass of extra Higgs boson and eta plane. 
We can obtain the upper limit of the mass of extra Higgs bosons.
From the bench mark set, the mass of extra Higgs boson is smaller than 800 GeV at the ILC500.
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 Our purpose is to determine the Higgs sector by comparing 
future precision data of the Higgs boson couplings with the 
precise predictions with radiative corrections in various models. 

 Future work
 Calculation of signal strength
 Incorporating QCD corrections
 ・・・

HSM, 2HDMs, IDM, HTM × hZZ, hWW, hbb, hττ, htt, 
hcc, hγγ, hγZ，hgg, hhh

hZZ, hWW, hγγ, hgg, 
hγZ, hbb, hττ, htt, hhh,…

Radiative corrections

Precision 
measurements× Determination of 

the Higgs sector !!

We may determine the structure of the Higgs sector by 
fingerprinting of the Higgs boson couplings even if additional 
Higgs bosons do not discovered directly.

We will publish the 1-loop calculation codes named H-COUP. 
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