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(b) q̃q̃, decoupled g̃
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(c) q̃q̃, mg̃ = 4.5 TeV

Figure 9: Expected 95% CL exclusion contours (dashed) and 5� discovery contours (solid) for Lint =

300fb�1 (black) and 3000fb�1 (red) for gluino and squark pair-production. For squark pair-production,
the gluino mass is either (b) decoupled or (c) set to 4.5 TeV. The bands reflect the 1� uncertainty on the
production cross-section. The stepping along the diagonal in the top left figure is a non-physical e↵ect
caused by the granularity of the grid.
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, �̃0

1 mass plane assuming t̃ ! t + �̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the �̃0
2�̃
±
1 simplified model studied in this note. The �̃±1 is assumed

to decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 as �̃0
2 ! Z(⇤) �̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the �̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or �̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.
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Exclude gluino mass up to 3TeV and  
degenerate case LSP mass up to 1.5TeV  

scalar top up to 1.4TeV 

Collider Energy Luminosity Cross Section Mass

LHC8 8 TeV 20.5 fb−1 10 fb 650 GeV
LHC 14 TeV 300 fb−1 3.5 fb 1.0 GeV

HL LHC 14 TeV 3 ab−1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab−1 91 ab 3.0 TeV
VLHC 100 TeV 1 ab−1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC [7]. The remaining lines give
the estimated 5σ discovery reach in stop pair production cross section and mass for different future
hadron collider runs.

2.1 Signal Efficiency

We use top tagging [12, 13, 14, 2, 15, 16, 17] to distinguish signal from background. For more
Snowmass studies on top quark reconstruction see [18]. The general idea is to look for fat jets
which exhibit substructure which is more like a hadronic top quark than various backgrounds. This
is applied to stop searches in [2, 3, 4, 5, 6]. Top tagging has been used at both CMS [19] and
ATLAS [20] in other types of searches, and from the CMS search we take the efficiency of top tagging
to be 50% for tops with pT > 500 GeV. From the same search we take the fake rate to be 5% for
the same pT range. There is very little data for pT > 800 GeV, but we will use these efficiencies
throughout out study, even at very high energy. The HPTTopTagger [17] study focuses on pT > 1
TeV and finds lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

• Require both tops decay hadronically (46%)

• Require one b-tag (70%) [21, 22]

• Require both tops pass a top tagger (25%).

We also simulate pair production of 1 TeV stops decaying to a nearly massless (1 GeV) neutralino.
The simulation is done at parton level with MadGraph 5 [11] and is used to compute the efficiency
for the following two cuts:

• Require that both tops have pT > 500 GeV (19%)

• Require missing transverse energy bigger than 600 GeV (34%).

The first cut justifies the efficiency of the top tagger cut from above. The efficiency of the second
cut is computed after the first cut is applied. In Figure 1 we show the missing energy distribution
of the signal and dominant backgrounds, and we see the large missing energy cut is very effective in
distinguishing the rapidly falling backgrounds from the relatively flat signal.

From these cuts we estimate the total signal efficiency for stops with mass around 1 TeV to be
0.52%. Moving in the mt̃ −mχ plane will change the efficiency of these cuts, but our results will be
applicable for stop masses around 1 TeV with very light neutralinos.

For the High Luminosity LHC run, there will be significant pileup in each event with an expected
average of 140 interactions per crossing. This could cause significant difficulties for both of our major
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If we do not find “anything”  
at LHC, HL-LHC 

Should we build e+ e- collider?   

New channel: Higgs production and decay.  

 How  much we can learn by looking into 
Higgs sector in SUSY, MCHM,….  

New: CCB constraint and Higgs decays



SUSY Higgs sector 
Type II   model 

SUSY: 4point Higgs coupling~ gauge 
coupling 

Radiative correction from top sector 
Higgs mass ⇆ SUSY scale and stop 

mixing
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Figure 8: The values of the stop mass, m2
t̃

= mQ3mU3 and stop mixing, Xt, that lead to
mh = 125 GeV, with tan � = 50. The red band shows the uncertainty coming from the top
mass, mt = 173.2 ± 0.9 GeV. Here the Higgs mass is calculated at 1-loop, using a numerical
code [37] that allows for heavy stops by re-summing log(mt̃/mZ).

We have seen that mh ⇡ 125 GeV potentially allows for very heavy scalars for special, large,

values of At. In this part of parameter space, the large At leads to the presence of a lower

energy charge and color breaking vacuum [41], and our vacuum is metastable. The criterion for

global stability is A2
t + 3µ2 < 3(m2

Q3
+ m2

U3
) [42]. If we take mQ3 = mU3 = mt̃ and assume that

µ ⌧ At, mt̃, then metastability corresponds precisely to Xt past maximal mixing, |Xt| &
p

6 mt̃,

where we have used that Xt ⇡ At at large tan �. Splitting mQ3 from mU3 , while keeping the

Higgs mass fixed, has the e↵ect of increasing the globally stable region. For Xt past maximal

mixing, one must check whether or not the lifetime of our vacuum is long enough to support

the present Age of the Universe. The numerical analysis of Ref. [43] found that our vacuum is

su�ciently long-lived for A2
t + 3µ2 . 7.5(m2

Q3
+ m2

U3
). For degenerate mQ3 and mU3 , this would

correspond to Xt/mt̃ .
p

15, or mt̃ . 54 TeV for mh = 125 GeV. Unfortunately, the numerical

analysis of Ref. [43] was only performed for mt̃ . 2 TeV and needs to be extended to include

the part of parameter space relevant for mh ⇡ 125 GeV. We leave this for future work, and for

now we tentatively consider the entire parameter space that gives mh = 125 GeV.

We show our primary result in figure 9: the SUSY parameter space that allows for precise

b/⌧ unification. As discussed above, we have related mt̃ and At by imposing mh ⇡ 125 GeV.

For simplicity, we take degenerate stops and sbottoms (we will relax this assumption below),
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leading Higgs mass  ~ one loop correction  
Yt

4, Xt
4 dependent Large correction  

(NLO, yukawa and QCD correction)  

from Gilly Elor et al 1206.5301  

that are taken into account in our analysis. Then, in Section 3, we calculate the partial
decay widths of the lightest Higgs boson in the MSSM and discuss how large the deviation
from the SM prediction can be. Section 4 is devoted for conclusions and discussion.

2 The MSSM: Brief Overview

2.1 Higgs sector of the MSSM

We review some of the important properties of the Higgs sector in the MSSM. There are
two Higgs doublets, Hu and Hd. As the neutral components acquire VEVs, the electroweak
symmetry breaking (EWSB) occurs. The ratio of the two Higgs VEVs is parameterized by
tan β ≡ ⟨H0

u⟩/⟨H0
d⟩. Assuming no CP violation in the Higgs potential, there are five mass

eigenstates: lighter and heavier CP-even Higgs bosons (denoted as h and H, respectively),
CP-odd (pseudo-scalar) Higgs A, and charged Higgs H±. In the following, we concentrate
on the case where the masses of heavier Higgses (H, A, and H±) are much larger than the
electroweak scale. Then, the lightest Higgs boson h should be identified as the one observed
by LHC. On the other hand, the masses of heavier Higgses are almost degenerate. We
parameterize the heavier Higgs masses using the pseudo-scalar mass mA.

At the tree level, the lightest Higgs mass is predicted to be smaller than the Z-boson
mass, while it is significantly pushed up by radiative corrections [3, 4, 5]. The mass matrix
of the neutral CP-even Higgs bosons is denoted as

M2
h =

[
m2

Z cos2 β +m2
A sin2 β + δM2

11 −(m2
Z +m2

A) cos β sin β + δM2
12

−(m2
Z +m2

A) cos β sin β + δM2
12 m2

Z sin2 β +m2
A cos2 β + δM2

22

]
, (2.1)

where δM2
ij represents radiative corrections.

At the one-loop level, the top-stop contribution dominates the radiative correction to the
lightest Higgs boson mass, and is approximated as

δm2
h ≃ 3m4

t

2π2v2

[
log

m2
t̃

m2
t

+
X2

t

m2
t̃

(
1− X2

t

12m2
t̃

)]
, (2.2)

where v ≃ 246GeV is the SM Higgs VEV, mt is the top-quark mass, m2
t̃
≡ mt̃1mt̃2 (with

mt̃1 and mt̃2 being the lighter and heavier stop masses, respectively), and Xt = At − µ cot β
(with At and µ being the tri-linear scalar couplings for stop and the SUSY invariant Higgsino
mass parameter, respectively).#1 The top-stop contribution can significantly enhance the
lightest Higgs mass. On the other hand, the bottom-sbottom contribution to the lightest
Higgs boson mass becomes effective when the bottom Yukawa coupling is large. It is likely
to decrease the lightest Higgs mass.

Given stop masses of ∼ 1TeV, there are up to four solutions for At to realize the observed
value of the Higgs mass mh, for which we use mh = 125.7GeV [7]. Let us call these four
solutions as
#1In this paper, we adopt the convention of the SLHA format [6].
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Connection to Higgs Sector  
Bottom Yukawa  coupling in MSSM(At and μ)  
Non-holomorphic terms in the Yukawa coupling 
enhanced by tanβ, non-decoupling 

Large correction to the bottom Yukawa coupling if μ<0  
and At large, but suppressed by mA

-2
   decoupling 

• NS: negative At with smaller |At|,

• NL: negative At with larger |At|,

• PS: positive At with smaller |At|,

• PL: positive At with larger |At|.

Assuming universal sfermion masses at the SUSY scale, the value of |At| is typically a few
times larger than the stop mass for NL and PL cases. Such a large value of |At| has significant
phenomenological implications, as we will discuss in the next section.

Since the one-loop correction to the Higgs mass is comparable to the tree-level value,
higher order corrections are necessary to obtain reliable results. In particular, QCD correc-
tion, which appears at the two-loop level, and a large hierarchy between the SUSY scale and
the electroweak scale require the resummation of the leading and sub-leading logarithms.
We use FeynHiggs 2.10.2 [8] for the precise evaluation of the Higgs boson masses (as well as
the mixing parameters and the decay widths of h).

At the tree level, Hu (Hd) couples only to up-type quarks (down-type quarks as well as
leptons). However, this is not the case once radiative corrections due to superparticles are
taken into account. Then, the Higgs coupling to the bottom quark and the tau lepton can
involve sizable corrections even when SUSY breaking scale is very large in contrast to the
other Yukawa couplings. Let us parameterize the effective hb̄b and ht̄t vertices including
radiative corrections as

−Leff = yb ϵij b̄RH i
dQ

j
L + ∆yb b̄RQk

LHk∗
u + yt ϵij t̄RQi

LHj
u + ∆yt t̄RQk

LHk∗
d + h.c., (2.3)

where ∆yb and ∆yt are non-holomorphic radiative corrections to the Yukawa coupling
constants. Here, bR, tR, and QL are right-handed bottom, right-handed top, and third-
generation quark-doublets, respectively. In addition, i, j and k are SU(2)L indices, while
the color indices are omitted for simplicity.

After the electroweak symmetry breaking, the Yukawa couplings are related to the quark
masses as#2

mb =
yb√
2
v cos β

(
1 +

∆yb

yb
tan β

)
≡ yb√

2
v cos β(1 + ∆b), (2.4)

mt =
yt√
2
v sin β

(
1 +

∆yt

yt
cot β

)
≡ yt√

2
v sin β(1 + ∆t), (2.5)

where, at the leading order in the mass-insertion approximation, ∆f is given by

∆b ≃
[
2αs

3π
M3µ I(m2

b̃1
,m2

b̃2
,M2

3 ) +
y2

t

16π2
µAt I(m2

t̃1
,m2

t̃2
, µ2)

]
tan β, (2.6)

#2These relations hold at the SUSY breaking scale. Thus, the quark masses and Yukawa couplings in the
formula should be understood as the running parameters at the scale.
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∆t ≃
[
2αs

3π
M3µ I(m2

t̃1
,m2

t̃2
,M2

3 ) +
y2

b

16π2
µAb I(m2

b̃1
,m2

b̃2
, µ2)

]
cot β, (2.7)

with M3 being the gluino mass. The loop integral is defined as

I(a, b, c) =
ab ln a/b + bc ln b/c + ca ln c/a

(a − b)(b − c)(a − c)
. (2.8)

Notice that ∆b is enhanced when tan β is large, while ∆t is suppressed by cot β.
Now we discuss the interactions of the lightest Higgs boson h with SM particles. The

mass eigenstates are given by linear combinations of Hu and Hd. The CP-even parts of their
neutral components are related to the mass eigenstates as

Re(H0
u) =

1√
2
(v sin β + h cos α + H sin α), (2.9)

Re(H0
d) =

1√
2
(v cos β − h sin α + H cos α). (2.10)

The mixing angle α depends on the pseudo-scalar mass mA, and shows a decoupling be-
haviour, i.e., cos(β − α) → 0 as mA → ∞. In this limit, h behaves as the SM Higgs boson.
Using Eq. (2.1), we obtain [9]

cos(β − α) =
m2

Z sin 4β

2m2
A

(
1 +

δM2
11 − δM2

22

2m2
Z cos 2β

− δM2
12

m2
Z sin 2β

)
+ O

(
m4

Z

m4
A

)
. (2.11)

In Fig. 1, we show the behavior of cos(β − α) as a function of mA with the masses of
superparticles being fixed. Here, all the sfermion mass parameters, mQ̃, mŨ , mD̃, mL̃,
and mẼ, are taken to be universal at the SUSY scale MSUSY, where these mass parame-
ters are soft SUSY breaking masses of sfermions with gauge quantum numbers of (3,2, 1

6),
(3̄,1,−2

3), (3̄,1, 1
3), (1,2,−1

2), and (1,1, 1), respectively, with the numbers in the paren-
thesis being quantum numbers for SU(3)C , SU(2)L, and U(1)Y . Throughout our study, we
take MSUSY = (mQ̃mŨ)1/2. In addition, the sfermion masses are assumed to be universal
in generation indices. We can see that radiative corrections can enhance cos(β − α) by an
order of magnitude when At is large, while it remains close to the tree-level value with the
smaller |At| solutions.

Denoting hf̄f coupling (with f being the SM fermions) as

−Lhf̄f ≡ ghf̄fhf̄f, (2.12)

we obtain the hb̄b coupling constant as

ghb̄b = −
(

sin α

cos β

)
1 − ∆b cot α cot β

1 + ∆b
g(SM)

hb̄b

=

[
sin(β − α) − tan β − ∆b cot β

1 + ∆b
cos(β − α)

]
g(SM)

hb̄b
, (2.13)

4

• NS: negative At with smaller |At|,

• NL: negative At with larger |At|,

• PS: positive At with smaller |At|,

• PL: positive At with larger |At|.

Assuming universal sfermion masses at the SUSY scale, the value of |At| is typically a few
times larger than the stop mass for NL and PL cases. Such a large value of |At| has significant
phenomenological implications, as we will discuss in the next section.

Since the one-loop correction to the Higgs mass is comparable to the tree-level value,
higher order corrections are necessary to obtain reliable results. In particular, QCD correc-
tion, which appears at the two-loop level, and a large hierarchy between the SUSY scale and
the electroweak scale require the resummation of the leading and sub-leading logarithms.
We use FeynHiggs 2.10.2 [8] for the precise evaluation of the Higgs boson masses (as well as
the mixing parameters and the decay widths of h).

At the tree level, Hu (Hd) couples only to up-type quarks (down-type quarks as well as
leptons). However, this is not the case once radiative corrections due to superparticles are
taken into account. Then, the Higgs coupling to the bottom quark and the tau lepton can
involve sizable corrections even when SUSY breaking scale is very large in contrast to the
other Yukawa couplings. Let us parameterize the effective hb̄b and ht̄t vertices including
radiative corrections as

−Leff = yb ϵij b̄RH i
dQ

j
L + ∆yb b̄RQk

LHk∗
u + yt ϵij t̄RQi

LHj
u + ∆yt t̄RQk

LHk∗
d + h.c., (2.3)

where ∆yb and ∆yt are non-holomorphic radiative corrections to the Yukawa coupling
constants. Here, bR, tR, and QL are right-handed bottom, right-handed top, and third-
generation quark-doublets, respectively. In addition, i, j and k are SU(2)L indices, while
the color indices are omitted for simplicity.

After the electroweak symmetry breaking, the Yukawa couplings are related to the quark
masses as#2

mb =
yb√
2
v cos β

(
1 +

∆yb

yb
tan β

)
≡ yb√

2
v cos β(1 + ∆b), (2.4)

mt =
yt√
2
v sin β

(
1 +

∆yt

yt
cot β

)
≡ yt√

2
v sin β(1 + ∆t), (2.5)

where, at the leading order in the mass-insertion approximation, ∆f is given by

∆b ≃
[
2αs

3π
M3µ I(m2

b̃1
,m2

b̃2
,M2

3 ) +
y2

t

16π2
µAt I(m2

t̃1
,m2

t̃2
, µ2)

]
tan β, (2.6)

#2These relations hold at the SUSY breaking scale. Thus, the quark masses and Yukawa couplings in the
formula should be understood as the running parameters at the scale.

3

effective Lagrangian 

effective Yukawa 

yb(MSSM) 

-15

-10

-5

 0

 5

 10

 15

 1000  2000  3000  4000  5000

m     [GeV]A

S  =400E

S  =300E

m  =m  =5TeV, tan =20, PSQ U~ ~

-15

-10

-5

 0

 5

 10

 15

 1000  2000  3000  4000  5000

m     [GeV]A

S  =400E

S  =300E

m  =m  =5TeV, tan =20, PLQ U~ ~

Figure 2: Contours of SE = 300 and 400 on mA vs. µ plane for the PS and PL solutions of
At. Here, mQ̃ = mŨ = M3 = 5TeV, mD̃ = mL̃ = mẼ = max(mŨ , |µ|), and tan β = 20.

is already excluded by the other constraints discussed in this section. Therefore we do not
consider the constraint coming from the CCB vacuum involving the sbottom sector in this
paper.

2.2.3 Bottom Yukawa coupling

When tan β is very large, the bottom Yukawa coupling is sizable. We can impose an up-
per bound on tan β by requiring perturbativity of the Yukawa coupling constants up to,
for instance, the GUT scale. In the MSSM, the bottom Yukawa coupling constant yb is
proportional to (1 + ∆b)−1, and hence, yb is enhanced when ∆b is negative (see Eq. (2.4)).
Consequently, the bound on tanβ is more severe when ∆b < 0.

In our numerical analysis, we estimate the bottom Yukawa coupling constant using the
following relation:#6

yb(MSUSY) ≃
√
2mb(MSUSY)

v cos β(1 +∆b)
. (2.31)

Then, we follow the evolutions of coupling constants by solving the renormalization group
equations at the one-loop level and impose a condition that the bottom Yukawa coupling is
perturbative up to the grand-unified-theory (GUT) scale MGUT. Numerically, we require

|yb(MGUT)| < 1, (2.32)
#6In discussing the perturbative bound, we neglect holomorphic corrections to the Yukawa coupling con-

stant, which are orders-of-magnitude smaller than the tree-level value of the Yukawa coupling constant for
tanβ ≫ 1.
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Higgs branch and b-> s transition 

minimal non minimimal 

H→bb 

b→s transition 

non decoupling for fixed mA 

matrix element. In the above expression, C10, CQ1 and CQ2 are the Wilson coefficients of the
effective operators, Oi ∝ (s̄γµPLb)(ℓ̄γµγ5ℓ), (s̄PRb)(ℓ̄ℓ), and (s̄PRb)(ℓ̄γ5ℓ), respectively, while
C ′

i are obtained by flipping chiralities, R ↔ L. Among them, the SM contribution appears
only in C10. Including higher order contributions and taking account of effects of the Bs-B̄s

oscillation, the SM prediction becomes [19]

Br(Bs → µ+µ−)SM = (3.65± 0.23)× 10−9. (2.18)

This can be compared with the LHCb measurements [20]

Br(Bs → µ+µ−)LHCb = (2.8+0.7
−0.6)× 10−9. (2.19)

Defining ∆Br(Bs → µ+µ−) ≡ Br(Bs → µ+µ−)−Br(Bs → µ+µ−)SM, where the first term in
the right-hand side includes both the SUSY and SM contributions, the 95% C.L. bound is
estimated as

−2.3× 10−9 < ∆Br(Bs → µ+µ−) < 0.6× 10−9. (2.20)

We will adopt this constraint in our numerical analysis.
Even when superparticles are heavy, they affect the branching ratio through non-holomorphic

contributions to the heavy Higgs couplings. Including radiative corrections and diagonaliz-
ing the quark mass matrices, effective couplings of the heavy Higgs bosons to the down-type
fermions become [13, 14]

Leff ≃ gmb√
2mW cos β

∆FC

(1 +∆b)(1 +∆0)
VtbV

∗
ts (s̄LbR) (H + iA)

+
gmℓ√

2mW cos β

1

1 +∆ℓ
(ℓ̄LℓR) (H + iA) + h.c., (2.21)

where ∆0 = ∆b −∆FC. The flavor-changing coupling is induced by ∆FC as

∆FC =
y2t

16π2
µAt tan β I(m2

t̃1
,m2

t̃2
, µ2). (2.22)

Here, soft scalar masses are assumed to be universal in generation, and ∆ℓ is obtained by
substituting τ̃ → ℓ̃ in Eq. (2.14). Then, the Wilson coefficients receive Higgs-mediated
contributions,

CQ1 ≃ −CQ2 ≃ − m2
tmbmµ

4 sin2 θWm2
Wm2

A

tan3 β

(1 +∆b)2
µAt

m2
t̃

xt̃µI(xt̃µ, xt̃µ, 1), (2.23)

where mb is the bottom-quark mass, θW is the Weinberg angle, and xt̃µ ≡ m2
t̃
/µ2. The

non-holomorphic correction ∆FC as well as ∆b does not decouple even for very heavy super-
particles. We will see later that the corrections to Br(Bs → µ+µ−) can be sizable and that
the constraint excludes some part of the parameter space of our interest.
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CCB vacuum 
Higgs-stop-sbottom potential can have minimum deeper than EW vacuum.  ( …
Casas, Lleyda and Munoz ‘96) 

Sufficiently small transition rate needed  (Coleman, Callan Coleman ’77) 

Previously  AtHutLtR term is considered but  μHd tL tR  term can be same order  
→upper bound to the mu parameter for given squark mass and mA.  
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Figure 2: Contours of SE = 300 and 400 on mA vs. µ plane for the PS and PL solutions of
At. Here, mQ̃ = mŨ = M3 = 5 TeV, mD̃ = mL̃ = mẼ = max(mŨ , |µ|), and tan β = 20.

is already excluded by the other constraints discussed in this section. Therefore we do not
consider the constraint coming from the CCB vacuum involving the sbottom sector in this
paper.

2.2.3 Bottom Yukawa coupling

When tan β is very large, the bottom Yukawa coupling is sizable. We can impose an up-
per bound on tan β by requiring perturbativity of the Yukawa coupling constants up to,
for instance, the GUT scale. In the MSSM, the bottom Yukawa coupling constant yb is
proportional to (1 + ∆b)−1, and hence, yb is enhanced when ∆b is negative (see Eq. (2.4)).
Consequently, the bound on tan β is more severe when ∆b < 0.

In our numerical analysis, we estimate the bottom Yukawa coupling constant using the
following relation:#6

yb(MSUSY) ≃
√

2mb(MSUSY)

v cos β(1 + ∆b)
. (2.31)

Then, we follow the evolutions of coupling constants by solving the renormalization group
equations at the one-loop level and impose a condition that the bottom Yukawa coupling is
perturbative up to the grand-unified-theory (GUT) scale MGUT. Numerically, we require

|yb(MGUT)| < 1, (2.32)

#6In discussing the perturbative bound, we neglect holomorphic corrections to the Yukawa coupling con-
stant, which are orders-of-magnitude smaller than the tree-level value of the Yukawa coupling constant for
tanβ ≫ 1.
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small  A solution Large A solution 

The branching ratio of the inclusive decay of b → sγ may also be sensitive to the non-
decoupling contributions to the (charged) Higgs boson. In the numerical analysis, defining
∆Br(b → sγ) ≡ Br(b → sγ) − Br(b → sγ)SM, we adopt the 95% C.L. bound,

−3.6 × 10−5 < ∆Br(b → sγ) < 9.2 × 10−5. (2.24)

where the experimental value Br(b → sγ)exp = (3.43 ± 0.21 ± 0.07) × 10−4 [21] and the SM
prediction Br(b → sγ)SM = (3.15±0.23)×10−4 [22] are combined. At the current accuracies,
Bs → µ+µ− imposes more stringent bound on the parameter space than b → sγ except when
superparticles are light.

In the numerical analysis, SuperIso 3.4 [23] is used for evaluating the SUSY contributions
to the branching ratios as well as the SM predictions. In our analysis, we assume that the
squark masses are universal in generations. If the squark masses are non-universal, there
are extra contributions to ∆FC, and the flavor constraints are affected (see e.g., Ref. [24]).
Such a non-universality is expected even in the model with the universal scalar masses at
the GUT scale. Thus, it should be noted that the flavor constraints that we will show below
are just for a particular choice of the squark-mass parameters and may change if the squark
mass matrices have non-universal structures.

2.2.2 Vacuum stability

With sufficiently large |At|, CCB vacua arise, and the minimum of the scalar potential with
the correct EWSB becomes a false vacuum. When |µ| ≪ |At|, stop and up-type Higgs fields
acquire large VEVs at the CCB vacua, while the VEVs of other fields are relatively small.
Recently, the decay rate of the SM-like vacuum has been studied in detail for such a case
[25, 26, 27, 28]. On the other hand, if µ is as large as the stop masses, the down-type Higgs
boson also has a large VEV at the CCB vacua due to the tri-linear scalar coupling among
stops and down-type Higgs, which is proportional to ytµ. The vacuum stability condition is
important in such a case because significant deviations of the Higgs partial widths from the
SM prediction may occur. In order to study the SM-like vacuum stability, we consider the
tree-level scalar potential in the field space involving t̃L, t̃R, hu and hd (which are canonically
normalized scalar fields embedded in the left-handed stop, right-handed stop, up-type Higgs
and down-type Higgs, respectively).

The relevant part of the potential is given by

V =
1

2
m2

11 h2
d +

1

2
m2

22 h2
u − m2

12 hdhu +
1

2
m2

Q̃
t̃2L +

1

2
m2

Ũ
t̃2R

+
1√
2
yt(Athu − µhd)t̃Lt̃R +

1

4
y2

t (t̃
2
Lt̃2R + t̃2Lh2

u + t̃2Rh2
u)

+
1

24
g2
3(t̃

2
L − t̃2R)2 +

1

32
g2
2(h

2
u − h2

d − t̃2L)2 +
1

32
g2

Y

(
h2

u − h2
d +

1

3
t̃2L − 4

3
t̃2R

)2

, (2.25)

where

m2
11 = m2

A sin2 β − 1

2
m2

Z cos 2β, (2.26)
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Ũ
t̃2R

+
1√
2
yt(Athu − µhd)t̃Lt̃R +

1

4
y2

t (t̃
2
Lt̃2R + t̃2Lh2

u + t̃2Rh2
u)

+
1

24
g2
3(t̃

2
L − t̃2R)2 +

1

32
g2
2(h

2
u − h2

d − t̃2L)2 +
1

32
g2

Y

(
h2

u − h2
d +

1

3
t̃2L − 4

3
t̃2R

)2

, (2.25)

where

m2
11 = m2

A sin2 β − 1

2
m2

Z cos 2β, (2.26)

8

….

excluded 

excluded

soft susy

contraint on μ!

The CCB vacuum is studied in  
Camrgo-Molina  et 1309.7212 
Chowdhury et al 1310.1932 

Blinov et al 1310.4174 
in different constraint. 

numerical calculation  
cosmoTransition 2.0a1  

Endo Moroi Nojiri to appear 



a parameter scan 
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Figure 4: Contours of Rb̄b − 1 are shown for the PS, NS, PL, and NL solutions of At. Here,
all the sfermion masses, M3, and |µ| are taken to be 5 TeV, and the sign of µ is set to be
negative. The left regions of the blue lines are excluded by Br(Bs → µ+µ−), while those of
the green solid (dashed) lines are constrained by the vacuum stability condition, SE > 400
(360). The bottom Yukawa coupling becomes non-perturbative below the GUT scale in the
region above the red line.
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M3=-μ=m(sfermion) …….=5TeV 
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full parameter scan 

LHC [32] ILC [33] TLEP [32]√
s [GeV] 1400 1400 250 500 1000 240 350∫
dtL [ fb−1] 300 3000 250 500 1000 2500 10000 +2600

γγ 10 – 14 4 – 10 38 17 5.8 3.8 3.4 3.0
gg 12 – 16 6 – 10 12 4.0 1.6 1.2 2.2 1.6
bb 20 – 26 8 – 14 9.4 1.9 0.78 0.64 1.8 0.84
ττ 12 – 16 4 – 10 10 3.8 1.6 1.3 1.9 1.1

Table 1: Expected accuracies of the determinations of the partial decay widths of Higgs
boson in units of percents [32, 33]. The accuracies of the widths are assumed to be twice
the accuracies of the determinations of couplings.

colliders ultimately. Therefore, it is found that, even if the superparticles are kinematically
unaccessible at the LHC, we may observe the MSSM signal by studying the partial decay
widths of h in detail.

For the PL solution, it is also found that the partial width of h → b̄b can deviate from the
SM prediction by about 2% even for mA = 6TeV. On the other hand, we checked that Rτ̄ τ

is smaller by about 1% than Rb̄b at the same parameter point, because the non-holomorphic
correction |∆b| is bigger than |∆τ | at this model point. When tan β is smaller, the difference
between Rb̄b and Rτ̄ τ decreases, since ∆b is approximately proportional to tanβ; in such a
case both Rb̄b and Rτ̄ τ are well approximated by (sinα/ cos β)2.

In order to see how much Rb̄b and Rτ̄ τ can change in the parameter space consistent with
the phenomenological constraints, we have performed the parameter scan. We have scanned
the following parameter space of the MSSM:

• mQ̃ = mŨ = M3 = 2, 3, 4, and 5TeV,

• mD̃ = mL̃ = mẼ = max(mŨ , |µ|),

• At = A(NS)
t , A(NL)

t , A(PS)
t , A(PL)

t ,

• 0.8TeV < mA < 6TeV,

• −5 < µ/mŨ < −0.5, or 0.5 < µ/mŨ < 5,

• 5 < tan β < 50.

Here, At is determined to satisfy the correct value of the lightest Higgs mass. Other tri-linear
couplings (e.g., Ab and Aτ ) are assumed to be equal to At; we checked that our numerical
results are insensitive to this assumption. We take mQ̃ = mŨ = M3, while sfermion masses
other than mQ̃ and mŨ are set to be equal to max(mŨ , |µ|). We have checked that Rb̄b and
Rτ̄ τ are almost insensitive to these scalar masses unless they are very small. However, when
|µ| is much larger than mD̃, mL̃, and mẼ, bottom and stau mixings become sizable which
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scan over all four At solution 

taken Universal because we are using SuperISO 

does not matter except h→gg  

Extensive Modification of FeynHiggs to assure decoupling limit　
including some bug fix+choice of wave function renormalization  

 (at p2 =0) in higgs decay.  
Our calculate include re-summation, higher order QCD 

    (Hope this will be one of official options of FeynHiggs) 
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If no deeper minimum required  
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Upper limit of deviations  
and large At solutions 

small AT solutions All solutions 

Figure 5: The ranges of Rb̄b (blue) and Rτ̄ τ (red) with small |At| solutions (i.e, the PS and
NS solutions for At). We take mQ̃ = mŨ = M3 = 2, 3, 4 and 5TeV. Other sfermion masses
are set to be max(mQ̃, |µ|). The branching fractions are constrained by Br(Bs → µ+µ−),
the vacuum stability condition (SE > 400), and the perturbativity of the bottom Yukawa
coupling (|yb(GUT)| < 1). The black region corresponds to the tree-level prediction for
tan β = 5–50. The black dashed line is the SM prediction.

15

Figure 6: Same as Fig. 5, but with all the solutions of At.
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Summary 
MSSM Higgs sector is more constrained after Higgs discovery.  
Mh=fixed A  

control parameter　Δ b →At, μ,   

B decay and CCB contraint ( fragile) 

 Bs→μμ sensitive for non-universal squark mass  

CCB vacua →tree level calculation. Inclusion of leading 
SUSY  QCD correction is important.   

Need to pay attention if public packages are doing right job in 
several TeV  range, and O(1%) deviation.  



Minimal Composite Higgs Model 

where Aa
µ, Bµ are SU(2)L × U(1)Y gauge bosons and Ĥ is defined as

Ĥ =
1

h

⎛

⎝h1 − ih2

h3 − ih4

⎞

⎠ . (13)

The Ĥ t = (0, 1) when the Higgs vev is aligned along the h3 direction by a SO(4) rotation.

When we expand the form factors at small momenta and use Eq. 11, the effective Lagrangian

is given by

Lgauge
eff =

1

2
P µν
T

[1
2

(f 2 sin2(⟨H⟩/f)
4

)
(BµBν +W 3

µW
3
ν − 2W 3

µBν)

+
(f 2 sin2(⟨H⟩/f)

4

)
W+

µ W−
ν

+
p2

2
[Π′

0(0)W
a
µW

a
ν + (Π′

0(0) + ΠX
0

′
(0))BµBν ] + ...

]
.

(14)

Therefore, relations among the form factors and the gauge couplings are given by

1

g2
= −Π′

0(0),
1

g′2
= −(Π′

0(0) + ΠX
0

′
(0)). (15)

.

The Higgs bosons kinetic terms for canonical normalization of gauge boson given by

LHiggs
kin =

f 2

2
(DµΣ)(D

µΣ)T (16)

=
1

2
∂µH∂

µH +
g2f 2

4
sin(H/f)(W+

µ W µ− +
1

2 cos2 θW
ZµZ

µ). (17)

When we expand the Higgs boson around the vev H → ⟨H⟩+H, the Higgs vev is given by

v = f sin
⟨H⟩
f

= 246 GeV, (18)

and the Higgs couplings to the gauge bosons V = W,Z are given by

gHV V = gSMHV V

√
1− ξ gHHV V = gSMHHV V

√
1− 2ξ, (19)

where ξ = v2/f 2. Therefore, deviations of the Higgs coupling with the SM massive gauge

bosons depend on only the strong breaking scale f .

First, we consider the 5 (fundamental) representation model of SO(5). This model is

called the MCHM5. The 5 representation is written 5 = 4 ⊕ 1 by in the SO(4) language.

In the MCHM5 we can not simultaneously generate bottom and top quark masses by one

7

Composite Higgs: Reach 
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ILC 

Complementary approaches to probe composite Higgs models 
•  Direct search for heavy resonances at the LHC 
•  Indirect search via Higgs couplings at the ILC 
Comparison depends on the coupling strength (g*) 

H
ig

gs
 C

ou
pl

in
gs
 

Direct Search 

HL-LHC (approx.) �$�

Higgs boson from SO(5)→SO(4)  

Higgs boson～ PNG boson. Mass of the Higgs boson arise from loop 

correction of elementary sector.  

Robust Correction to H→ ZZ



Origin of Yukawa coupling 

field T 3
L T 3

R X Y = T 3
R +X QEM = T 3

L + Y

Xu 1/2 1/2 2/3 7/6 5/3

Uu −1/2 1/2 2/3 7/6 2/3

Tu 1/2 −1/2 2/3 1/6 2/3

Bu −1/2 −1/2 2/3 1/6 −1/3

T̃u 0 0 2/3 2/3 2/3

Xd 1/2 1/2 −1/3 1/6 2/3

Ud −1/2 1/2 −1/3 1/6 −1/3

Td 1/2 −1/2 −1/3 −5/6 −1/3

Bd −1/2 −1/2 −1/3 −5/6 −4/3

T̃d 0 0 −1/3 −1/3 −1/3

TABLE I: Quantum numbers of the fermionic resonances in the ψ5
u (X = 2/3) and ψ5

d (X = −1/3).

−1/3). The ψ5
u and ψ5

d are written by

ψ5
u =

1√
2

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

Bu −Xu

−i(Bu +Xu)

Tu + Uu

i(Tu − Uu)
√
2T̃u

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

, ψ5
d =

1√
2

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

Bd −Xd

−i(Bd +Xd)

Td + Ud

i(Td − Ud)
√
2T̃d

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (91)

where quantum numbers of the resonances are given in Table I.

The 5 representation is decomposed in 5 = 4 ⊕ 1 in SO(4). The ψ5
u (X = 2/3) and

ψ5
d (X = −1/3) can be written by

ψ5
u =

⎛

⎝Q̃u

T̃u

⎞

⎠ , ψ5
d =

⎛

⎝Q̃d

T̃d

⎞

⎠ , (92)

where the Q̃u = (Q7/6
u = (Xu, Uu), Q

1/6
u = (Tu, Bu)) and Q̃d = (Q1/6

d = (Xd, Ud), Q
−5/6
d =

(Td, Bd)) form a bi-doublets (2, 2) under the SU(2)L×SU(2)R. The T̃u,d are SO(4) singlets.

The SU(2)L doublets (Tu, Bu) and (Xd, Bd) couple to the elementary SU(2)L field qL. The

singlet field T̃u couples to the right-handed elementary top quark tR while the T̃d couples to

the right-handed elementary bottom quark bR. The mixing terms between the elementary

25

and composite fields are given by

L5
mix = y5uLf(Q̄

5
uL)

IUIJψ
5
uR

J
+ y5uRf(T̄

5
R)

IUIJψ
5
uL

J

+ y5dLf(Q̄
5
dL)

IUIJψ
5
dR

J
+ y5dRf(B̄

5
R)

IUIJψ
5
dL

J
+ h.c,

(93)

where

Q5
uL =

1√
2

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

bL

−ibL

TL

iTL

0

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

, T 5
R =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

0

0

0

0

tR

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

, Q5
dL =

1√
2

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

−tL

−itL

bL

−ibL

0

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

, B5
R =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

0

0

0

0

bR

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (94)

The elementary fields qL = (tL, bL) and tR are embedded into the 52/3 multiplets Q5
uL and

T 5
R of the SO(5)×U(1)X . Similarly, the elementary fields qL = (tL, bL) and bR are embedded

into the 5−1/3 multiplets Q5
dL and B5

R. The mixings terms represent the idea of the partial

compositeness and the coefficients y5uL,uR,dL,dR correspond to the size of the compositeness

of the elementary fields.

In the model we consider SO(4) vector mass terms and we obtain

L5
mass = −M5

Qu

¯̃QuQ̃u −M5
Tu

¯̃TuT̃u −M5
Qd

¯̃QdQ̃d −M5
Td

¯̃TdT̃d + h.c. (95)

The mass matrices of charge eigenstates are given by

L5
mt

=

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

tL

TuL

UuL

T̃uL

XdL

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

0
y5uLf
2 + 1

2y
5
uLfch −y5uLf

2 + 1
2y

5
uLfch

1√
2
y5uLfsh y5dLf

− 1√
2
y5uRfsh M5

Qu
0 0 0

− 1√
2
y5uRfsh 0 M5

Qu
0 0

y5uRfch 0 0 M5
Tu

0

0 0 0 0 M5
Qd

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

tR

TuR

UuR

T̃uR

XdR

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

+ h.c,

L5
mb

=

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

bL

BuL

TdL

UdL

T̃dL

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 y5uLf −y5dLf

2 + 1
2y

5
dLfch

y5dLf

2 + 1
2y

5
uLfch

1√
2
y5dLfsh

0 M5
Qu

0 0 0

− 1√
2
y5dRfsh 0 M5

Qd
0 0

− 1√
2
y5dRfsh 0 0 M5

Qd
0

y5dRfch 0 0 0 M5
Td

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

bR

BuL

TdR

UdR

T̃dR

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

+ h.c,

L5
Xu

= X̄uLM
5
Qu

XuR + h.c,

L5
Bd

= B̄dLM
5
Qd
BdR + h.c,

(96)
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and composite fields are given by

L5
mix = y5uLf(Q̄

5
uL)

IUIJψ
5
uR

J
+ y5uRf(T̄

5
R)

IUIJψ
5
uL

J

+ y5dLf(Q̄
5
dL)

IUIJψ
5
dR

J
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5
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IUIJψ
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dL

J
+ h.c,

(93)
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0
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dL =
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2

⎛
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0

⎞
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⎛
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0

0

0

0
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. (94)

The elementary fields qL = (tL, bL) and tR are embedded into the 52/3 multiplets Q5
uL and

T 5
R of the SO(5)×U(1)X . Similarly, the elementary fields qL = (tL, bL) and bR are embedded
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5
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2
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FIG. 1: Conceptual figure of the two site model. The first site has the SO(5)L global symmetry

and GSM = SU(2)L × U(1)Y ⊂ SO(5)L is gauged. The elementary fields live in the first site and

correspond to the zero modes of KK towers in the 5D model. The second site has the SO(5)R

global symmetry and SO(4) ⊂ SO(5)R is gauged. The composite fields live in the second site and

correspond to the first level of the KK towers.

B. Matter sector of 4D model

In the composite Higgs model, the elementary sector and the composite sector is mixed

by the linear mixing which is called the partial compositeness. In the two site model, we

consider one composite fermion multiplet ψ. The ψ transform 5 and 10 under the SO(5)R

symmetry. The elementary fermions qL = (uL, dL), uR and dR are embed into SO(5)L

multiplets, QL, TR and BR. A general form of the mixing terms are given by

Lmix = yqLfQ̄
I
LUIJψ

J + yuRfT̄
I
TUIJψ

J + ydRfB̄
I
RUIJψ

J + h.c, (88)

where yqL, y
u
R and ydR are mixing parameters between the elementary fields and the composite

fields. The difference among these couplings make the hierarchies of fermion masses. They

corresponds to the fifth dimensional wavefunctions of the bulk fermions in the 5D Adsmodel.

In the model the covariant derivatives of the elementary and composite fermions are given
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Composite mass 

break the SO(4) to the SU(2)L. The Q1/6
u,d , T̃u and T̃d couple to the elementary fermions

qL, tR and bR. The masses of SU(2)L multiplets before the EWSB are given by
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(102)

where the masses of the non-mixing resonances are equal to the diagonal masses. After the

EWSB (v ̸= 0), the masses of the two fields in the SU(2)L doublets split. These deviations

are given by ∼ (y5uLv)
2, (y5dLv)

2, (y5uRv)
2 and (y5dRv)

2. Effects of the EWSB transmit through

the elementary-composite mixing, therefore the fermions of the exotic charges 5/3,−4/3 do

not receive this correction. The lightest resonance is the exotic charge fermions Bd, χ or the

singlets T̃u,d.
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FIG. 3: The relations among masses of the fermion resonances in the 5 representation model

Finally, we redefine gauge interaction matrices in the matter fermions as

LZ = (ψ̄5
Q(L,R))

i(N5,Q
L,R)ij(ψ

5
Q(L,R))

jZµ, LW = (ψ̄5
Q(L,R))

i(C5,Q
L,R)ij(ψ

5
(Q−1)(L,R))

jW+
µ . (103)

These interaction matrices in the current base are listed in App. A.
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where by large N expansion the form factors under the SO(4) symmetry are given by
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The mu,d

Q
(n)
4,1

is fermion resonance masses and the f q1,q2
Q4,1

, fu,d
Q4,1

corresponds to elementary-

composite mixing mass parameters. We take into account only the lightest resonances in

each representation of SO(4), mu,d
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= y5dRf . These notations will be used in the

following discussions of phenomenology. Then, deviations of the yukawa couplings are given
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The deviations of the yukawa couplings in the first order is given by

2

f tan(2v/f)
=

1− 2ξ√
1− ξ

. (27)

The contributions from the second order can be large in typical relations among the

elementary-composite mixing parameters and resonance masses. The deviation from the

first order approximation may be measured at the ILC. I discuss about the yukawa cou-

plings more precisely in the following sections. In the following section, we discuss phe-

nomenology of the MCHM5 in detail with the explicit SO(4) fermion resonances and the

elementary-composite mixings.

Finally, we consider the 10 (anti-symmetric) representation model. This model is called

the MCHM10. In the SO(4), the 10 representation is written by 10 = 4⊕6. In the MCHM10

the masses of the up-type quark and bottom-type quark can be simultaneously generated

9

the lightest top partner mass

(Γ(h → tt̄)/Γ(h → tt̄)SM )/((1− 2ξ)2/(1− ξ))

the lightest bottom partner mass

(Γ(h → bb̄)/Γ(h → bb̄)SM )/((1− 2ξ)2/(1− ξ))

the lightest top partner mass

(Γ(h → tt̄)/Γ(h → tt̄)SM )/((1− 2ξ)2/(1− ξ))

the lightest bottom partner mass

(Γ(h → bb̄)/Γ(h → bb̄)SM )/((1− 2ξ)2/(1− ξ))

FIG. 7: Relation between the ratio of top (Left) and bottom (Right) yukawa couplings and low

energy theorem (1− 2ξ)2/(1− ξ) and the lightest partner mass in the 5 representation model(top

figures) and 10(bottom figures)

measured until 1 TeV ILC. In the 10 representation the hgg coupling can enhance from the

SM. The deviation of the hγγ coupling can be larger than that of 5 representation case and

may be measured except 1 TeV ILC.

The contributions from the top quark and the top partners approximately depend on

only ξ due to the low energy theorem. The loop functions are A1/2(τti) → 1. Therefore,

the contributions from the top sector are approximately given by formula of the low energy

theorem,
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, (125)

whereMt is a mass matrix of top partners. The contributions of the top sector approximately

depend only on the ξ and the hgg coupling is suppressed. The contributions from the top

sector is usually dominant. However, the hgg coupling can deviate from the prediction of

the low energy theorem when contributions from the bottom sector is large.
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where by large N expansion the form factors under the SO(4) symmetry are given by
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The deviations of the yukawa couplings in the first order is given by
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The contributions from the second order can be large in typical relations among the

elementary-composite mixing parameters and resonance masses. The deviation from the

first order approximation may be measured at the ILC. I discuss about the yukawa cou-

plings more precisely in the following sections. In the following section, we discuss phe-

nomenology of the MCHM5 in detail with the explicit SO(4) fermion resonances and the

elementary-composite mixings.

Finally, we consider the 10 (anti-symmetric) representation model. This model is called

the MCHM10. In the SO(4), the 10 representation is written by 10 = 4⊕6. In the MCHM10

the masses of the up-type quark and bottom-type quark can be simultaneously generated
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FIG. 7: Relation between the ratio of top (Left) and bottom (Right) yukawa couplings and low

energy theorem (1− 2ξ)2/(1− ξ) and the lightest partner mass in the 5 representation model(top

figures) and 10(bottom figures)

measured until 1 TeV ILC. In the 10 representation the hgg coupling can enhance from the

SM. The deviation of the hγγ coupling can be larger than that of 5 representation case and

may be measured except 1 TeV ILC.

The contributions from the top quark and the top partners approximately depend on

only ξ due to the low energy theorem. The loop functions are A1/2(τti) → 1. Therefore,

the contributions from the top sector are approximately given by formula of the low energy

theorem,

v2

∣∣∣∣∣
∑

i

(Yt)ii
mti

∣∣∣∣∣

2

= v2
∣∣∣∣
∂ log(detMt)

∂v

∣∣∣∣
2

=
(1− 2ξ)2

1− ξ
, (125)

whereMt is a mass matrix of top partners. The contributions of the top sector approximately

depend only on the ξ and the hgg coupling is suppressed. The contributions from the top

sector is usually dominant. However, the hgg coupling can deviate from the prediction of

the low energy theorem when contributions from the bottom sector is large.
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The deviations of the yukawa couplings in the first order is given by
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The contributions from the second order can be large in typical relations among the

elementary-composite mixing parameters and resonance masses. The deviation from the

first order approximation may be measured at the ILC. I discuss about the yukawa cou-

plings more precisely in the following sections. In the following section, we discuss phe-

nomenology of the MCHM5 in detail with the explicit SO(4) fermion resonances and the

elementary-composite mixings.

Finally, we consider the 10 (anti-symmetric) representation model. This model is called

the MCHM10. In the SO(4), the 10 representation is written by 10 = 4⊕6. In the MCHM10

the masses of the up-type quark and bottom-type quark can be simultaneously generated
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FIG. 7: Relation between the ratio of top (Left) and bottom (Right) yukawa couplings and low

energy theorem (1− 2ξ)2/(1− ξ) and the lightest partner mass in the 5 representation model(top

figures) and 10(bottom figures)

measured until 1 TeV ILC. In the 10 representation the hgg coupling can enhance from the

SM. The deviation of the hγγ coupling can be larger than that of 5 representation case and

may be measured except 1 TeV ILC.

The contributions from the top quark and the top partners approximately depend on

only ξ due to the low energy theorem. The loop functions are A1/2(τti) → 1. Therefore,

the contributions from the top sector are approximately given by formula of the low energy

theorem,
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whereMt is a mass matrix of top partners. The contributions of the top sector approximately

depend only on the ξ and the hgg coupling is suppressed. The contributions from the top

sector is usually dominant. However, the hgg coupling can deviate from the prediction of

the low energy theorem when contributions from the bottom sector is large.
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FIG. 20: Relations between strong breaking scale f and the lightest top partner mass in the 5

representation model(top figures) and 10 representation model (bottom figures) under constraints

from ∆χ2 > 4 with the errors at the HL-LHC (left) and 1 TeV ILC (right).

boson contribution in comparison to the hgg coupling. The contributions from fermions and

gauge bosons are tend to cancel each other. Therefore, the correction is relatively small.

Especially in the 5 representation model the deviation can not be measured until 1 TeV

ILC. The hZγ coupling depends on off-diagonal couplings of the composite fermion to the

Z boson. Large deviation may be necessary to measure the deviation of the hZγ coupling.

The deviation of yukawa couplings depend only on the non-linearity of the Higgs bo-

son and suppressed by (1 − 2ξ)/
√
1− ξ in first order approximation. In second order the

deviations depend on elementary-composite mixing and fermion resonance masses. The

elementary-composite mixing of the top and bottom quarks can be large. The deviation is

accessible even if the breaking scale f is very large for the bottom quark but difficult for top

quark. Especially in the 10 representation model, composite particle mass up to the 4 TeV

is accessible.
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FIG. 6: Relation between the deviations of the top and bottom yukawa couplings and the lightest

top and bottom partner mass in 5 representation model(top figures) and textbf10 (bottom figures).

Horizontal lines are the error of the bottom yukawa coupling at future colliders. The error of the

top yukawa coupling is ∼ 4% level.

A1(τ) = −τ 2[2τ−2 + 3τ−1 + 3(2τ−1 − 1)f(τ)],

A1/2(τ) = 2τ 2[τ−1 + (τ−1 − 1)f(τ)],
(123)

f(τ) =

⎧
⎨

⎩
arcsin2

√
1/τ τ > 1

−1
4(log

1+
√
1−τ

1−
√
1−τ

− iπ)2 τ < 1.
(124)

Fig 8 show relations between deviations of the hgg and hγγ couplings and the lightest top

partner mass in the 5 and 10 representation. In the 5 representation both of the hgg and

hγγ couplings are suppressed from the SM. The deviation of the hγγ coupling is relatively

small < 2% by the contribution of W boson loop. Therefore, the deviation can not be
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FIG. 12: Relation between the Left and Right handed Ztt̄ coupling and the lightest top partner

mass in the 5 representation model (top figures) and 10 (bottom figures).

E. Collider phenomenology

From now on, we discuss collider phenomenology of the Higgs boson at the future colliders.

Fig. 13 shows relations between DR(ZZ,WW ) and DR(γγ). The DR(γγ) is approximately

equal to the DR(ZZ) in 5 and 10 representation. In the composite Higgs model total width

of the Higgs boson is suppressed from that of the SM because hbb̄ coupling is suppressed

from the SM. Therefore, there is enhanced region in the DR(ZZ,WW, γγ) from the SM. In

the 10 the detection ratios can be larger than 5 representation case since hgg coupling can

enhance from the SM. From table. III errors of signal strength are about 4 ∼ 5% level a the

HL-LHC. Therefore, the deviation of detection ratios may be measured. At the HL-LHC,

the ratio of h → ZZ and h → γγ channels may be measured precisely and error of the ratio

is 3.6% [8]. Fig. 14 show relation between deviations of the ratio of DR(ZZ) and DR(γγ)

and the lightest top partner mass. Since almost model points are in the 2% deviation, it is
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FIG. 7: Distributions of our model points in DRhm(γγ)-d(A) plane, where d(A) is (a) d(g), (b)

d(f,W,Z), (c) d(γ) with d(γ) > 0 and (d) d(γ) with d(γ) < 0. Expected 1σ sensitivity of the each

coupling is also shown in the figure(see text).

point mrm ξ FKK
u FKK

l d(γ)(%) d(Z)(%) d(g)(%) DRhm(γγ) DRhm(ZZ)

I 252 0.55 0.043 0.025 2.9 −0.18 −6.0 0.94 0.89

II 246 1.5 0.037 0.014 0.1 −2.1 −5.0 0.94 0.90

III 187 1.2 0.025 0.013 2.3 −3.5 −2.4 0.95 0.97

TABLE III: The model parameters of Points I, II and III.

d(γ), there are contributions of the KK W bosons which is of the order of 1% even if the

contribution from FKK
q,l ’s are small. This will allow us to access most of the model parameter

regions. The deviation of the d(f,W,Z) is expected to be small except for the model points

with small mrm . However the expected sensitivity to d(W ) is also very good, so that a

significant parameter space can be covered by the ILC.

In this section, we study the parameter determination of the RS model at the future

colliders. For this purpose, we choose three model points which are allowed under the
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FIG. 4: The maximal deviations of d(A), where d(A) is (a) d(γ) > 0, (b) d(g), (c) d(γ) and (a)

d(f,W,Z) vs Λφ at DRhm(γγ) = 0.7, 0.8, 0.9, 1.0.

KK contribution and will be discussed in Section V. We consider the hm → γγ channel.

In Table. II, the error of g(hγγ) is ∼ 4% at the LHC 14 TeV. At the ILC only, the error

of g(hγγ) is limited by statistics. When combined with Br(hm → γγ) /Br(hm → ZZ)

measurements at the LHC, the sensitivity of the coupling could go down to 1.8% at the

ILC500up and less than 1% at the ILC1000up. When DRhm(γγ) = 0.9, which is within a

2σ deviation from the SM at the HL-LHC, there are model points where deviation of d(γ)

exceeds the experimental sensitivity of the ILC500 for Λφ < 50 TeV. When DRhm(γγ)=1.0,

the upper limit of the accessible scale becomes 20 TeV. The model points where the expected

deviation is comparable to the errors at LHC1000up exist even at 50 TeV. The error of the

coupling measurements is 4%(2%, 0.56%) for g(hgg) and 5%(0.5%, 0.21%) for g(hZZ) at

the LHC 300 fb−1 (ILC500, 1000up). For DRhm(γγ) ∼ 0.9, there are model points with the

deviation comparable to the experimental sensitivity exists up to Λφ = 50 TeV for d(g) and
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