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NEW ERA COMES !

Higgs sector is a window to the BSM.

• What derives μ2 to be negative ?
• What stablizes the radiative

correction to μ2 ?
• Higgs doublet is only one or 

more?
• Higgs fields are only SU(2) 

doublet?

These questions are linked to the 
BSM@TeVs.
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Supersymmetric models

Exotic models

Dark matter models

Origin of 
neutrino masses

Electroweak 
baryogenesis

NP searches
@ LHC
(Nojiri)

Elucidation of 
EW vacuum and 

Generation 
(B02)

Innovative Areas 
“New expansion of 
particle physics of post-
Higgs era by LHC revealing 
the vacuum and space-

time structure”

Many collaborators and associate researchers 4



Precision studies 
of the Higgs coupling 
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Precision studies of the Higgs coupling is coming

arXiv:1606.02266

Higgs couplings will be measured at LHC with precision 
• 3-5% for W, Z and gamma
• ~7 % for muon
• 5-10 % for t, b, and tau.
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κV < 1

Non-univ.

ΔκF

Universal 

ΔκF

ΔκV ≠ ΔκF

ΔκV ≃ ΔκF

(Δκe, Δκd)= (+,+)

(Δκe, Δκd)= (+,－)

(Δκe, Δκd)= (－,+)

(Δκu < 0 )

Type-Ｙ 2HDM

Type-Ｘ 2HDM

Type-II 2HDM

Type-I 2HDM

w/o large tanβ

HSM or Type-I

w/ large tanβ

If  κV > 1, exotics (triplet, septet, …)

Once κV ≠1 is detected we can separate models
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Predictions on the Higgs couplings 
in various Higgs models

Region forbidden
by perturbative
unitaitity

mH (GeV)

Kanemura, Yagyu, 2015

κV
2 =sin2(β−α)

Scale factor for the Higgs coupling 
with weak bosonsThe deviation in Higgs couplings 

= Upper bound on the mass of the second 
Higgs SM value

Precision calculation of Higgs couplings 
with one-loop corrections in various 
extended Higgs sectors    
H-COUP Projects （Kanemura et al)

Prediction on Higgs couplings in various 
Higgs models 
→ Fingerprinting models by precision tests  
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H-COUP Project
Kanemura, 
Kikuchi, Yagyu,
Sakurai

Doublet-Singlet model  
SK, Kikuchi, Yagyu, NPB907 (2016) ,
arXiv:1608.01582

2HDMs (I, II, X, Y)
SK, Kikuchi, Yagyu, 
PLB731, 27 (2014) ,  NPB896, 80 (2015)
SK, Okada, Senaha, Yuan, PRD70 (2004)

Doublet-Triplet model
Aoki, SK, Kikuchi, Yagyu, 
PLB714 (2012) , PRD87 (2013)

Inert Doublet/Singlet model
SK, Kikuchi, Sakurai, arXiv:1605.01582

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

h(125)-couplings  

hgg, hγγ, hγZ, 
hZZ, hWW, 
htt, hbb, hττ, 
Hhh, and S, T, U, …

Renormalization in the modified on-shell scheme

H-COUP (ver.1) is released 
in the near future 

★ The gauge dependence in the h couplings from C.T. of mixing angles is removed.        
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Comparison of 
1. 2HDM-I
2. Doublet-Singlet Model (HSM) 
3. Inert Doublet Model (IDM)

These models may be distinguished,
as long as a deviation in κZ

is detected

IDM

IDM

Scan of inner parameters (mass, mixing 
angles) under the theoretical conditions of
Perturbative unitarity
Vacuum stability
Condition for avoiding wrong vacuum (HSM)

Ellipse, ±1σ at LHC3000 and ILC500

Kanemura, Kikuhci, Yagyu, 2015

Example of the results by H-COUP
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Electroweak Phase Transition, LHC 
and Gravitational Waves

Higgs coupling κ will be measured 
more precisely at (HL-) LHC

LISA has been approved and the experiment 
will start in 2028.  (before ILC)

Higgs potential is the last unknown part in the SM

Can we test the scenario of 1st OPT 
by using LHC and future gravitation waves?

Dynamics of EWSB
EW phase transition (1st or 2nd)

1st OPT is required for successful EW baryogenesis

which affects the Higgs couplings and 
causes Gravitational Waves  

We may be able to test the 1st OPT in a class of models 
by the synergy of Higgs couplings measurements at
the LHC and the GW measurement at LISA/DECIGO 11



Strongly 1st OPT (EW Baryogenesis)

Sakharov conditions:
B Violation                               → Sphaleron transition at high T
C and CP Violation                   → New CP Phases
Departure from Equilibrium  → 1st Order EW Phase Transition

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

12
(Sphaleron Rate) <  (Expansion Rate) φc/Tc > 1



Measuring hVV and hff couplings at LHC 
(and the self-coupling hhh at HL-LHC),  
a class of models for electroweak 
Baryogenesis of 1st OPT can be tested

In the future, by a combined study with the 
measurement of the GW spectrum at LISA, 
such models for electroweak baryogenesis
may be well identified

Higgs singlet model 

The mixing between doublet and singlet 
scalars causes deviation in κ and hhh couplings, 
and also cause GWs if 1st OPT 

Hashino, Kakizaki, Kanemura, Ko, Matsui, 2016
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EW baryogenesis and EDMs

Electroweak baryogenesis needs new CP 
violation, which induces EDMs of electron, 
neutrons and atoms.

Introduction of  non-colored extra fermions 
with CP violating coupling with Higgs fields.

(ex., doublet (     ) and signlet fermions (     ))

Electroweak baryogeneis is high-temperature 
phenomena, and we need to evaluate baryon 
number in the original theory (not effective 
one including High-D op.) in order to correctly 
incorporate the resonant enhancement in 
thermal bath.
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FIG. 1. A representat ive scat tering process of ψi with the
Higgs bubble walls, which leads to a dominant CP-violat ing

source term for the BAU.

inately exists in the model. However, there is a case
in which a BAU-unrelated CP violat ion, if it exists, al-
ters the int imateconnect ion between theBAU and EDM,
which makes it difficult to test EWBG via the elect ron
EDM experiment only. Nevertheless, such a specific case
is possible only in the case that the doublet -singlet Higgs
boson mixing exists, which is needed for a tree-potent ial-
driven strong first -order EWPT, and thus st ill testable
in combinat ion with Higgs physics.

I I . G EN ER A L A SPECT S OF C P-V I OL AT I N G
EFF EC T S ON T H E B A U A N D ED M S

Before going to present our model, we here give a sim-
ple but rather generic argument about the relat ionship
between the BAU-related CP violat ion and EDM. For il-
lust rat ive purposes, we consider the framework in which
two Higgs doublets and two species of EW-interact ing
fermions (denoted as ψi , j ) are present . For definite,
ψi is assumed to be Dirac fermion and ψj Majorana
fermion. This setup applies to the bino-driven EWBG
in the MSSM [7], the singlino-driven EWBG in the next-
to-MSSM [8] and the Z ′ ino-driven EWBG in the U(1) ′ -
MSSM [9] in proper limits. We expect that the following
discussion would hold in other cases by making an ap-
propriate t ranslat ion.

Let us parameterize the relevant interact ions as

L =
1
√

2
ψ̄i cL vaPL + cR vbPR ψj + h.c., (2)

where va,b (a, b = 1, 2) denote the Higgs vacuum expec-
tat ion values (VEVs), and cL ,R are the complex parame-
ters. With this Lagrangian, we evaluate the source terms
in thediffusion equat ion of ψi in theclosed-t ime-path for-
malism [6]. The vector current of ψi has the form

∂µ j
µ
ψi

= Sψ i
, (3)

where only the CP-violat ing source term is shown on the
right -hand side. In a VEV insert ion approximat ion [6],
Sψi

to leading order is induced by the process shown in
Fig. 1, which is cast into the form

Sψi
(X ) = κS · 2m i m j Im(cL c∗R )v2(X )β̇(X )I

f
j i

≡ CBA U Im(cL c∗R ), (4)

where κS = + 1 for (a, b) = (2, 1), κS = − 1 for
(a, b) = (1, 2) and κS = 0 for (a, b) = (1, 1), (2, 2). m i , j

are the masses of ψi , j , β̇(X ) is the t ime derivat ive of

β(X ) = tan− 1(v2(X )/ v1(X )), and I
f
j i denotes a ther-

mal funct ion as will be given below. One can see that
Sψi

(X ) would vanish not only for Im(cL c∗R ) = 0 but also
the cases in which one of the following condit ion is ful-

filled: v(X ) = 0, β̇(X ) = 0 and I
f
j i = 0. Since the

EWPT is of first order, the Higgs VEVs depend on a
spacet ime variable X , and the profiles of which can be
determined by stat ic bubble configurat ions at a nucle-
at ion temperature. In most cases, the shapes of v(X )
and β(X ) would be approximated by kink-type config-

urat ions, so the β̇(X ) is proport ional to a variat ion of
β(X ) along the line connect ing broken and symmetric

phases. In the MSSM, β̇(X ) roughly scales as 1/ m2
A [10],

wheremA is theCP-odd Higgsboson mass, which implies
that Sψ i

(X ) in Eq. (4) would completely disappear if the
Higgs sector is composed of only one Higgs doublet , as
already indicated in the case of κS = 0. From this argu-
ment , it is expected that the presence of the extra Higgs
boson with a nonzero VEV may be essent ial for success-
ful EWBG, regardless of the strong first -order EWPT
realizat ion. Here, it should be reminded that there is an-
other type of the source term that is not suppressed in
the large mA limit , which may appear as a higher order
correct ion to the approximat ion we have made here (see,
e.g., Refs. [11, 12]). As long as the BAU is explained
by a resonant enhancement , which is indeed the case in
our analysis, such a source term would not play a central
role.

The behavior of the thermal funct ion I
f
j i is somewhat

complicated, and in some specific region it is st rongly
governed by the finite temperature physics. The explicit

form of I
f
j i is [6]

I
f
j i =

k

k2

ωj ωi

1− 2Re(n i ) I j i + (i ↔ j )

− 2 Im(n j ) + Im(n i ) Gj i , (5)

where
k

=
∞

0
dk/ (4π2), n i = 1/ (e(ωi − i Γ i ) / T + 1), ωi =

k2 + m2
i , with Γ i being the thermal widths of ψi . Here,

I i j and Gi j are respect ively expressed by

I i j = Γ+

ω+

(ω2
+ + Γ2

+ )2
+

ω−

(ω2
− + Γ2

+ )2
, (6)

Gi j =
1

2

ω2
+ − Γ2

+

(ω2
+ + Γ2

+ )2
−

ω2
− − Γ2

+

(ω2
− + Γ2

+ )2
, (7)

whereω± = ωi ± ωj and Γ+ = Γ i + Γ j . One can see that

I
f
j i vanishes if Γ i = Γ j = 0. Since Γ i , j ≃ gT , where g

represents a typical coupling in a model and T a temper-
ature, Sψ i

(X ) first emerges to order of O(g4) assuming
|cL | = |cR | ≃ g.

As is well known, Sψ i
has a resonant enhancement at

m i = mj , the behavior of which comes from Gi j . Since

Interaction of extra fermion 
with BG Higgs fields
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FIG. 2. Two-loop Barr-Zee diagrams induced by the BAU-

related CP violat ion (Left ) and the BAU-unrelated one
(Right ). The blobs indicate the mass insert ions. Here, h and
hS are the Higgs bosons coming from the doublet and sin-

glet , respect ively. The size of the h-hS mixing is int imately
related to st rength of the st rong first -order EWPT in the t ree
potent ial driven scenario.

ωi , j ≫ Γ i , j , one may approximate Gi j as

Gi j ≃ −
1

2

ω2
− − Γ2

+

(ω2
− + Γ2

+ )2
+ O

1

ω2
+

. (8)

One can see that Gi j has a peak at ω− = 0, which can
yield the dominant source for the BAU.

We now study the impact of Im(cL c∗R ) on the EDM.
Since the new fermions have the EW charges, the follow-
ing interact ions exist .

L =
g2
√

2
ψ+ γµψi W

+
µ + ψi γ

µψ+ W −
µ − eψ+ γµψ+ Aµ ,

(9)

where ψ± denote elect rically charged members in the
SU(2)L mult iplet fermion. We assume that ψi is the
neutral member of the same mult iplet . In this case, the
WW -mediated Barr-Zee diagram is induced, as shown
in Fig. 2. 1 The EDM of a fermion f using the mass
insert ion method is given by

dW W
f

e
= ∓

α2
em

64π2s4
W

mf mψ± m j vavb

m4
W

Im(cL c∗R )FW W

≡ CW W
ED M Im(cL c∗R ). (10)

where the negat ive (posit ive) sign is the case that f is
up-type (down-type) fermion, FW W = (f W W (r i , r + ) −
f W W (r j , r+ ))/ (m2

i − m2
j ) with r i = m2

i / m2
W , r j =

m2
j / m2

W and r± = m2
ψ± / m2

W . The explicit form of f W W

is given in Ref. [14]. We emphasize that unlike Sψi
(X )

in Eq. (4), Eq. (10) does not vanish for (a, b) = (1, 1) or

1 Barr-Zee diagrams involving the heavy Higgs bosons are also

generated. Here, we assume that t hose Higgs bosons are heavy

enough not to alter the following discussion drast ically. T he case
without this assumpt ion wil l be given in [13].

FIG. 3. S̄ψ i
as a funct ion of m i with a fixed m j and the other

away around. We set tan β = 1 and the fixed mass is 500
GeV.

(2, 2), in addit ion, dW W
f / e is not enhanced at m i = mj ,

which are the prominent differences between the two
CP-violat ing quant it ies. One may find that dW W

f / e ∝

mf mj / m3
i for m i ≫ mj and dW W

f / e ∝ mf / (mi mj ) for
m j ≫ mi , which signifies another dist inct feature of the
EDM as discussed below. In what follows, we confine
ourself to the cases of (a, b) = (2, 1) and (1, 2).

It is worth making a comment on that the mass in-
sert ion method used in Eq. (10) not only makes it easy
to see the relat ionship between the CP-violat ing source
term and the EDM but also gives the numerically good
approximat ion.

Eliminat ing Im(cL c∗R ) in Eq. (4) using Eq. (10), one
finds

Sψ i
=

CBA U

CW W
ED M

dW W
f

e
. (11)

In order to see the correlat ion between Sψ i
and dW W

f / e
in more detail, we define

S̄ψi
=

CBA U

v2(X )β̇(X )CW W
ED M

·
dW W

f

e
EX P

. (12)

In what follows, we consider the elect ron EDM as
the experimental const raint , i.e., |dexp

e | = 8.7 ×

10− 29 e · cm [15]. Here, we get rid of v2(X )β̇(x) in CBA U

since it is rather model dependent .
In Fig. 3, S̄ψ i

is plot ted as a funct ion of m i with a
fixed m j or the other away around. As an example, we
take tanβ = 1, and the fixed mass is set to 500 GeV. As
explained above CBA U has a peak at m i = m j . However,
the decoupling behaviors in the largemass limits aresub-
stant ially different from each other. For the varying m j

case, S̄ψ i
becomes more or less flat in the large mass re-

gion while it grows for the varying m i case. The lat ter
is due to the rapid suppression of CW W

ED M that scales as
m j / m3

i as ment ioned above. Note that Im(cL c∗R ) >
∼ 1 for

m i
>
∼ 1 TeV since dW W

f / e is fixed.
Now we move on to discuss a possibility that the afore-

ment ioned correlat ion between the CP-violat ing source

Barr-Zee diagrams for 
EDMs
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EW baryogenesis and EDMs

Electron EDM bound from ACME 
experiment (2013):

|de|<8.7×10-29 e cm (ThO) 

Neutron and proton EDMs are 
around ~10-28 e cm. Their 
measurements are 
complimentary to electron one 
since accidental cancelation 
may suppress them.
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Doublet fermion mass (GeV)

Fuyuto, JH, Senaha,  2015
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Higgs mass in SUSY SM

SUSY SM gives a chance to understand questions,
• what derives μ2 to be negative ?
• what stablizes the radiative correction to μ2 ?
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125 GeV Higgs mass in the MSSM

17

Tree level

Large log correction Finite correction

One-loop correction

• Large stop mass (                )
• Large At term (                       ) 
• New interaction (New Yukawa, U(1)’, NMSSM, …)



Effects on Higgs mass from extra matters

Assumption:

Soft scalar masses for squarks and sleptons in SUSY SM, including A 
terms, are zero @ GUT scale (gaugino mediation).

0.  If extra matter have Yukawa coupling with Higgs, additional 
radiative correction to mh appears. (Moroi and Okada) 

1.   If  N5=3,4 (N5: number of pair of SU(5) 5 and 5*), large At is 
radiatively derived since SU(3)C is asymmetric non-free. (Moroi, Yanagida, 
Yokozaki, 2013/16) 

2.   If extra scalars have soft mass much larger than gaugino masses, 
large At is effectively derived since stop masses are radiatvely
reduced. (JH, Kuwahara, &Kuramoto, 2016)  
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Large At due to N5=3,4

Gluino can be lighter than ~3TeV. LSP depend on models.

(Moroi, Yanagida, Yokozaki 2016) 
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Large At due to large soft mass (N5=1)

• Stop can be around 1 TeV.

• Stau LSP is strongly constrained. R-parity breaking or axino LSP ?

• Wino or Higgsino LSP are possible , depending on the BCs.

(JH, Kuwahara, 
Kuramoto, 2016)  
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Tools of analysis for searches for NP
@ LHC

• NLO calculation
• gluon-quark separation
• Photon jets  
•

Anomalies are chances to develop methods for analysis.

22



Degenerate Heavy colored fermion coupled 
with DM  

Heavy colored fermion was motivated from 750 GeV diphoton excess. 

Degeneracy between heavy colored fermion and DM are favored 
from DM abundance due to coannihilation.

Limits are sensitive to NLO correction. Now they are working on BSM 
NLO generators.

Systematic 
uncertainty is 
assumed 16%.

(Han, Ichikawa, Matsumoto, 
Nojiri, Takeuchi 2016)
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>2 σ excess in stop search with l+jets+ET
Miss channel  

Simplified model  (stop→Bino) is almost excluded due to CMS 
boosted top search, while  decay pattern 
stop→Higgsino→Bino+W(→l) is allowed.

Simplified model may not capture the feature of the original 
model. How to express “signature” ?

(Han, Nojiri, Takeuchi, Yangida, 2016)
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Application of q-g discrimination:
Search for gluino pair production 

Quark and gluon initiated jets are different. In parton shower, 
quark split into hard q and soft g, and gluon split into two g’s more 
equally.

Constraint from search
BG: Z+more gluons 

(Bhattacherjee, Mukhopadhyay, 
Nojiri, Sakaki, Webber, 2016)

Improvement of S/N leads to 
discovery up to kinematic 
endpoint. 
The discrimination is important 
when systematics is dominant 
factor.
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Summary

Supersymmetric	models	

Exo c	models	

Dark	ma er	models	

						Origin	of		
neutrino	masses	

Electroweak		
baryogenesis	

NP	searches	
@	LHC	
(Nojiri)	

Elucida on	of		
EW	vacuum	and		
Genera on		

(B02)	

	Innova ve	Areas		
“New	expansion	of	
par cle	physics	of	post-	
Higgs	era	by	LHC	revealing	
the	vacuum	and	space-
me	structure”	

Many	collaborators	and	associate	researchers		

Elucidation of EW vacuum and Generation, which is target of B02, 
is now one of most important subjects.

We need your contribution and supports on the researches.  
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