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⚪ A major theme in particle physics is to discover  
new phenomena or principles which can explain  

1). EWSB filling the Higgs field in the vacuum, 
2). A dark matter candidate  
3). matter-antimatter asymmetry  
… neutrino mass … fine tuning  
Standard Model can not explain these facts.

After the Discovery of the Higgs Boson

©PHD Comics

https://www.symmetrymagazine.org/article/december-2013/four-things-you-might-not-know-about-dark-matter

The Higgs boson is a window to new physics beyond the SM. 
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Required Higgs Precision
⚪ Expected deviations for typical BSM scenarios.         

Phys. Rev. D 86, 095001 (2012) 

Mixing with  
 a singlet scalar

Composite Higgs:

Super Symmetry:

⚪ Predicted deviations are small, a few % ~ 10 % level.

O(1%) precision (model independent)  
is needed to see the deviations.

mA : CP-odd Higgs A0 

f : a compositeness scale  

ILC-Technical Design Repor
arXiv1306.6352 [hep-ex]

Chapter 2. Higgs Boson

to loop contributions from the top-partners. These e�ective couplings are typically also modified by
shifts in the tree-level couplings of h to tt and WW .

The Littlest Higgs model [22, 23] gives a concrete example. In this model, the one-loop Higgs
mass quadratic divergences from top, gauge, and Higgs loops are cancelled by loop diagrams involving
a new vector-like fermionic top-partner, new W Õ and Z Õ gauge bosons, and a triplet scalar. For a
top-partner mass of 1 TeV, the new particles in the loop together with tree-level coupling modifications
combine to give [24]

ghgg

ghSMgg
= 1 ≠ (5% ≥ 9%)

gh““

ghSM““
= 1 ≠ (5% ≥ 6%), (2.19)

where the ranges correspond to varying the gauge- and Higgs-sector model parameters. Note that the
Higgs coupling to ““ is also a�ected by the heavy W Õ and triplet scalars running in the loop. The
tree-level Higgs couplings to tt and WW are also modified by the higher-dimension operators arising
from the nonlinear sigma model structure of the theory.

2.2.4 Composite Higgs

Another approach to solve the hierarchy problem makes the Higgs a composite bound state of
fundamental fermions with a compositeness scale around the TeV scale. Such models generically
predict deviations in the Higgs couplings compared to the SM due to higher-dimension operators
involving the Higgs suppressed by the compositeness scale. This leads to Higgs couplings to gauge
bosons and fermions of order

ghxx

ghSMxx
ƒ 1 ± O(v2/f2), (2.20)

where f is the compositeness scale.
As an example, the Minimal Composite Higgs model [25] predicts [26]

a © ghV V

ghSMV V
=


1 ≠ ›

c © ghff

ghSMff
=

I Ô
1 ≠ › (MCHM4)

(1 ≠ 2›)/
Ô

1 ≠ › (MCHM5),
(2.21)

with › = v2/f2. Here MCHM4 refers to the fermion content of the original model of Ref. [25], while
MCHM5 refers to an alternate fermion embedding [27]. Again, naturalness favors f ≥ TeV, leading to

ghV V

ghSMV V
ƒ 1 ≠ 3%(1 TeV/f)2

ghff

ghSMff
ƒ

I
1 ≠ 3%(1 TeV/f)2 (MCHM4)
1 ≠ 9%(1 TeV/f)2 (MCHM5).

(2.22)

2.2.5 Mixing of the Higgs with an electroweak-singlet scalar

If the SM Higgs mixes with an electroweak-singlet scalar, all Higgs couplings become modified by the
same factor,

ghV V

ghSMV V
= ghff

ghSMff
= cos ◊ ƒ 1 ≠ ”2

2 , (2.23)

where h = h
SM

cos ◊ + S sin ◊, S is the singlet, and the last approximation holds when ” © sin ◊ π 1.
The orthogonal state, H = ≠H

SM

sin ◊ + S cos ◊, has couplings to SM particles proportional to
≠ sin ◊.

When H is heavy, the size of sin ◊ is constrained by precision electroweak data (assuming no
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2.2.2 Additional Higgs bosons

If there is one doublet of Higgs field that breaks the electroweak gauge symmetry, there could well be
more. Models that give mechanisms of electroweak symmetry breaking often require more than one
Higgs field doublet. A prominent example is supersymmetry, which requires one Higgs doublet to give
mass to the up-type fermions and a di�erent Higgs doublet to give mass to the down-type fermions.
Any enlargement of the Higgs sector has visible e�ects on the couplings of the lightest Higgs boson.

We can explore this in the case of the model with two Higgs doublets. Both doublets contribute
to the W and Z masses. If fermions acquire masses from one or the other doublet, their couplings to
the lightest Higgs boson are modified according to the Higgs sector mixing angles – and —. For the
Higgs structure of the Minimal Supersymmetric Standard Model (MSSM), the couplings of the light
SM-like Higgs boson h are modified at tree level to

ghV V

ghSMV V
= sin(— ≠ –)

ghtt

ghSMtt
= ghcc

ghSMcc
= sin(— ≠ –) + cot — cos(— ≠ –)

ghbb

ghSMbb
= gh··

ghSM··
= sin(— ≠ –) ≠ tan — cos(— ≠ –). (2.11)

The constrained form of the MSSM Higgs potential lets us express the couplings in terms of the mass
MA of the CP-odd Higgs boson A0 (for large MA, the other Higgs states H0 and H± are nearly
degenerate with A0). For tan — larger than a few, this yields [29]

ghV V

ghSMV V
ƒ 1 ≠ 2c2m4

Z cot2 —

m4

A

ghtt

ghSMtt
= ghcc

ghSMcc
ƒ 1 ≠ 2cm2

Z cot2 —

m2

A

ghbb

ghSMbb
= gh··

ghSM··
ƒ 1 + 2cm2

Z

m2

A

, (2.12)

where the coe�cient c denotes the SUSY radiative corrections to the CP-even Higgs mass matrix.

We will review the LHC capabilities for detecting the heavy Higgs states in Section 6. The reach
depends strongly on tan —, but for moderate values of tan — it will be very di�cult for the LHC to
observe these states if their masses are 200 GeV. If we choose this value as a reference point, then,
for tan — = 5 and taking c ƒ 1, the h0 couplings are approximately given by

ghV V

ghSMV V
ƒ 1 ≠ 0.3%

3
200 GeV

mA

4
4

ghtt

ghSMtt
= ghcc

ghSMcc
ƒ 1 ≠ 1.7%

3
200 GeV

mA

4
2

ghbb

ghSMbb
= gh··

ghSM··
ƒ 1 + 40%

3
200 GeV

mA

4
2

. (2.13)

At the lower end of the range, the LHC experiments should see the deviation in the hbb or h··

coupling. However, the heavy MSSM Higgs bosons can easily be as heavy as 1 TeV without fine
tuning of parameters. In this case, the deviations of the gauge and up-type fermion couplings are well
below the percent level, while those of the Higgs couplings to b and · are at the percent level,

ghbb

ghSMbb
= gh··

ghSM··
ƒ 1 + 1.7%

3
1 TeV
mA

4
2

. (2.14)
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The ILC250 has the capability 
  to tell the nature of the BSM 
      from its deviation patterns ! 

Fingerprinting BSM models 

⚪ Different BSM models predict different deviation patterns.

The precision electroweak inputs to our fit are shown
in Table VIII. For most of the entries, we have
assumed the current uncertainties, from the Particle
Data Group compilation [65]. For three of the values,
we have assumed improvements in uncertainties:
for the W mass, from LHC [66], for the Higgs boson
mass, from ILC [47], and, for the W width, from
ΓW ¼ ΓðW → lνÞ/BRðW → lνÞ, using the theoretical
value of ΓðW → lνÞ from our fit and the value of
BRðW → lνÞ that will be measured at the ILC at
250 GeV with 107 W pair events.
We have input the following errors on ratios of branching

ratios from the LHC, as described in Sec. III:

δðBRðh → ZZ$Þ/BRðh → γγÞÞ ¼ 2%

δðBRðh → ZγÞ/BRðh → γγÞÞ ¼ 31%

δðBRðh → μþμ−Þ/BRðh → γγÞÞ ¼ 12%: ðA1Þ

The full set of linear relations given in used in the fits and
the final 22 × 22 covariance matrices for the fit parameters
produced by the ILC 250 fit and the full ILC fit are
presented in the files CandV250.txt and CandV500.txt
provided in the Supplemental Material [68].
Though we used existing experimental results for the fit,

it is worth emphasizing that the fit can benefit from several
additional important measurements for which full simu-
lation studies are not yet complete. First, we plan to
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FIG. 3. Visualization of the deviations of Higgs couplings from the SM for the new physics models 1–6 discussed in Sec. VII,
compared to the uncertainties in the measurements expected from a fit to ILC data at 250 and 500 GeV.
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The precision electroweak inputs to our fit are shown
in Table VIII. For most of the entries, we have
assumed the current uncertainties, from the Particle
Data Group compilation [65]. For three of the values,
we have assumed improvements in uncertainties:
for the W mass, from LHC [66], for the Higgs boson
mass, from ILC [47], and, for the W width, from
ΓW ¼ ΓðW → lνÞ/BRðW → lνÞ, using the theoretical
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Composite Higgs ( f =1.2 TeV )

model prediction

model prediction

ILC expected precision 

ILC expected precision 
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Figure 2: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from Ref. [1].

only via collisions of left-handed electrons with right-handed positrons. As a conse-
quence, its cross section can be enhanced by a factor of about 2 with the polarized
electron and positron beams available at the ILC. Figure 2 plots the cross sections
for the single Higgs boson production at the ILC with the left-handed polarization
combinations: P (e�, e+) = (�0.8,+0.3). The figure tells us that at a center of mass
energy of 250 GeV the higgsstrahlung process attains its maximum cross section,
providing about 160,000 Higgs events for an integrated luminosity of 500 fb�1. At
500 GeV, a sample of 500 fb�1 gives another 125,000 Higgs events, of which 60% are
from the W fusion process [14]. With these samples of Higgs events, we can measure
the rates for Higgs production and decay for all of the major Higgs decay modes.

The higgstrahlung process e+e� ! Zh o↵ers another special advantage. By identi-
fying the Z boson at a well-defined laboratory energy corresponding to the kinematics
of recoil against the 125GeV Higgs boson, it is possible to identify a Higgs event with-
out looking at the Higgs decay at all. This has three important consequences. First,
as we will describe below, it gives us a way to determine the total width of the Higgs
boson and the absolute normalization of the Higgs couplings. Second, it allows us to
observe Higgs decays to invisible or exotic modes. Decays of the Higgs boson to dark
matter, or to other long-lived particles that do not couple to the Standard Model
interactions, can be detected down to branching ratios below 1%.

6

5

The ILC250 Higgs production

⚪ The Higgs-strahlung production
     is maximum at √" = 250 GeV.

⚪ Accumulate data for 10 years, 2000 fb-1.
   

⚪ Beam Polarization is available. 

ILC-Technical Design Repor
arXiv1306.6352 [hep-ex]

Zh     : ~ 500 K Higgs boson.  
WW-f  :  ~   15 K Higgs boson.

Pol(e-,e+)=(-80%,+30%) & (+80%,-30%)
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The ILC250 key measurement σzh

 Recoil mass method 

inc.

Phys. Rev. D 94, 113002 (2016)
Eur. Phys. J. C (2016) 76:72

→ A key for determining 
Higgs couplings model independently.

leptonic & hadronic

- without looking at Higgs
- detectable for invisible decay 

⚪ Unique measurement at lepton colliders is absolute σzh.

Δmh = 14MeV , ��Zh

�Zh
= 0.7% 

ILC250 with 2000fb-1

which indicates that the possible relative bias on σZH
can be estimated as εmax−εmin

εmaxþεmin
. This scenario is based

on a considerably conservative assumption.
(iii) scenario C: Bi is known for some of the decay

modes. Here, it is assumed that the decay modes

i ¼ 1 to nwith a total branching ratio of B0 ¼ Σ
n

i¼1
Bi

are known, and that the modes from i ¼ nþ 1with a
total branching ratio of Bx ¼ Σ

i¼nþ1
Bi are unknown.

In this case, we would know the efficiency of the

known modes as ε0 ¼
Σ
n

i¼1
Biεi

B0
. Meanwhile the effi-

ciency for each unknown mode can be expressed as
εi ¼ ε0 þ δεi, where δεi is the deviation in effi-
ciency for each unknown mode i from ε0. We can
then write ε̄ as

ε̄¼ Σ
n

i¼1
Biεiþ Σ

i¼nþ1
Biεi¼B0ε0þBxε0þ Σ

i¼nþ1
Biδεi

¼ ε0þ Σ
i¼nþ1

Biδεi: ð9Þ
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FIG. 13. For the case of the μþμ−H channel and e−Le
þ
R atffiffiffi

s
p

¼ 250 GeV, in the region 110–155 GeV: Top: The Mrec
spectra of the signal MC events used in analysis plotted together
with the kernel function. Center: The Mrec spectrum of toy MC
events corresponding to the top plot. Bottom: Toy MC events
used for extracting σZH andMH and their statistical uncertainties,
which are generated using the function which fitted the top plot as
input. The legend is the same as in Fig. 10.

TABLE VI. The model independent statistical uncertainties on
σZH obtained by combining the results of ΔσZH=σZH in Table V
with those of the invisible Higgs decay analysis, assuming for
each beam polarization a total integrated luminosity of 250 fb−1,
333 fb−1, and 500 fb−1 for

ffiffiffi
s

p
¼ 250, 350, and 500 GeV,

respectively.

Pol.
ffiffiffi
s

p
250 GeV 350 GeV 500 GeV

e−Le
þ
R ΔσZH=σZH 2.5% 3.2% 5.1%

e−Re
þ
L ΔσZH=σZH 2.9% 3.6% 5.6%

TABLE V. The statistical uncertainties on σZH and ΔMH,
assuming for each beam polarization a total integrated luminosity
of 250 fb−1, 333 fb−1, and 500 fb−1 for

ffiffiffi
s

p
¼ 250, 350, and

500 GeV, respectively. The results are given in the form of
separate and combined results of the μþμ−X and eþe−X
channels.

250 GeV 350 GeV 500 GeVffiffiffi
s

p ΔσZH=σZH ΔσZH=σZH ΔσZH=σZH
e−Le

þ
R μþμ−H 3.2% 3.9% 6.9%

eþe−H 4.0% 5.3% 7.2%

combined 2.5% 3.1% 5.0%

e−Re
þ
L μþμ−H 3.6% 4.5% 8.1%

eþe−H 4.7% 6.1% 7.5%
combined 2.9% 3.6% 5.5%

250 GeV 350 GeV 500 GeVffiffiffi
s

p ΔMH (MeV) ΔMH (MeV) ΔMH (MeV)

e−Le
þ
R μþμ−H 39 103 592

eþe−H 121 450 1160

combined 37 100 527

e−Re
þ
L μþμ−H 43 120 660

eþe−H 149 502 1190
combined 41 117 577

MEASUREMENT OF THE HIGGS BOSON MASS AND … PHYSICAL REVIEW D 94, 113002 (2016)

113002-13
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σZH

σZH×Br(H—>bb), σννH×Br(H—>bb)
σZH×Br(H—>cc)
σZH×Br(H—>gg)
σZH×Br(H—>WW*)
σZH×Br(H—>ZZ*)
σZH×Br(H—>ττ)
σZH×Br(H—>γγ)
σZH×Br(H—>&&)
σZH×Br(H—>Invisible)

+ dσ/dΩ

7

Other direct Higgs Observables at the ILC250

memo 

: Observation is difficult at LHC 

+ Differential cross-section  

just flush  

*all the observables are estimated based on full detector simulation of ILD & SiD 

(H—>exotic) 
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Higgs couplings in κ-formalism at the ILC250

�h ·BR(h ! XX) = �(h ! XX) / g2hXX

→ SM values are put  
      with a scaling factor “κ”.

ぎて不可能である。そこで、ヒッグス粒子の全崩壊幅の決定は間接的なものにならざるを得ず、よっ
てその決定には理論的な枠組みが必要になる。

電子・陽電子コライダーにおけるヒッグス粒子測定に関するこれまでのほとんどの文献において、
ヒッグス粒子の全崩壊幅は、κ パラメータを使った形式：

Γ(h → ZZ∗)

SM
= κ2Z ,

σ(e+e− → Zh)

SM
= κ2Z (2)

を用いて決定する方法が採用されていた。ここで SM は標準理論の予言値である。電子・陽電子衝
突実験の環境下では、関連する全ての κA パラメータを決定するに十分な数の測定が可能である。特
に、以下の比：

σ(e+e− → Zh)/BR(h → ZZ∗) (3)

は、 κZ に依存せず、ヒッグス粒子の全崩壊幅と直接関連付けることが可能である。しかしながら、
250GeV ILC においては、たとえ 2 ab−1 のデータを収集したとしても、 BR(h → ZZ∗) の測定の
精度は、この崩壊の分岐比が小さいことによる統計誤差で制限されてしまい、その結果、全崩壊幅の
決定精度も統計誤差で制限されたものにならざるを得ない。

κ 形式にはもっと深刻な問題がある。実は、κ 形式は、理論モデルに依存するのである。原理的に
ヒッグス粒子と ZZ の結合には次式右辺の二項に対応する二つの構造があり得る。

δL =
m2

Z

v
(1 + ηZ)hZµZ

µ + ζZ
1

v
hZµνZ

µν (4)

ここで、係数 ηZ、ζZ は、新しい物理の影響による独立な補正に対応する∗。ヒッグス粒子の WW へ
の結合定数も同様な構造を持ち、パラメータ ηW、ζW で表せる。κ 形式では、ζZ、 ζW はゼロだと
仮定されている。ζZ の項は運動量に依存し、よってこの項の寄与はベクトル粒子対（ZZ）の運動量
配位に依存する。実際、125GeV ヒッグス粒子に対し、√

s = 250 GeV では、

Γ(h → ZZ∗)/SM = (1 + 2ηZ − 0.50ζZ)

σ(e+e− → Zh)/SM = (1 + 2ηZ + 5.7ζZ) (5)

となる。かくして、ヒッグス粒子の Z 粒子への結合に依存する部分は式 (3) の中で相殺せず、よって
この比を使ってヒッグス粒子の全崩壊幅を曖昧さなしに決めることはできないのである。

この問題には、魅力的な解決策がある。LHC 実験で未だ標準理論を超える物理に伴う新粒子が発
見されていない事実は、これらの新粒子が存在するにせよ重いこと、つまり、電弱相互作用でのみ生
成されるような新粒子に関しては 500GeV 以上、強い相互作用をする新粒子については 1TeV 以
上の質量を持つことを示唆している。もし、これらの新粒子が実際そのように十分重いのであれば、
125GeV ヒッグス粒子の物理は、ラグランジアンに含まれる新粒子の自由度を積分して消してしま
い、それらの新粒子の効果を標準理論の粒子場のみからなる演算子によって級数展開することで得ら
れるはずである。標準理論自体、標準理論の粒子場のみからなる次元が最大 4 までの演算子からな
る、最も一般的なゲージ不変ラグランジアンで与えられる。標準理論への補正は、この標準理論ラグ
ランジアンに対する次元 6 あるいはそれより高い次元の演算子からなる付加項として記述されること
になる。仮に新粒子の中で最も軽いものの質量を M とすると、次元 6 演算子の係数は m2

h/M
2 に比

例する。これは、m2
h/M

2 による級数展開の最初のオーダーの寄与に対応する。次元 8 あるいはそれ
より高い次元の演算子は、さらに m2

h/M
2 の因子が追加で掛け算されるため、高次補正に対応する。

∗原理的には、 ηZ や ζZ を運動量の関数とするようなさらなる別の構造も存在しうる。しかし、(4) は、標準理論への
摂動を次元 6 演算子による摂動に限った場合の最も一般的な形であり、以下の議論は、この制限下で行うものとする。
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e.g.  hZZ :

⚪ Determination of total width:
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detectors and its performance, technologies for construction, are summarized. Details of
the ILC are summarized in the ILC TDR, and will discuss in Chapter 3. In this section,
we will focus on the Higgs boson physics at the ILC.

1.3 Higgs Production at the ILC

The cross section of the Higgs production as a function of
√
s is shown in Figure 1.3.1.

The major diagrams of Higgs production are shown in Figure 1.3.2.

Figure 1.3.1: Cross sections of Higgs production processes as a function of
√
s [25]. A

Higgs mass of 125 GeV and a beam polarization combination of P (e−, e+) = (−0.8,+0.3)
are assumed in this plot.

Figure 1.3.2: The diagrams of Higgs production processes. Left: e+e− → Zh (Higgs-
strahlung), middle: e+e− → νeνeh (WW -fusion), right: e+e− → e+e−h (ZZ-fusion).

Measurements of the Higgs boson coupling constants with fermions and gauge bosons
can be performed via Higgs-strahlung process at

√
s = 250 GeV, while the contributions

from W and Z boson fusion processes is not large enough for the measurements. At
√
s =

500 GeV, the WW -fusion process is the most dominant Higgs production process.
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BR(h→ ZZ)=O(1%) gives 
statistical limit for δBRZZ   

�h =
�ZZ

BRZZ

⇣
=

�WW

BRWW

⌘

Small σννh @ 250GeV gives 
statistical limit for δΓh   

⚪ Total width necessary to extract Higgs couplings from BRs

 κ-formalism 

ZZ and WW 
are independent
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κ-formalism to EFT-formalism Phys. Rev. D 97, 053004 (2018) 

Higher dimensional operators (gauge invariant) are possible 
to induce new structures in hZZ.

SM structure   

⚪ A problem of the κ-formalism

Under the κ-formalism → ζZ is assumed to be 0    → model dependent ! 

�L =
m2

Z

v
(1 + ⌘Z)hZµZ

µ +
1

2v
⇣ZhZµ⌫Z

µ⌫

New structure   
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κ-formalism to EFT-formalism

→ κ-formalism does not satisfy 
                  the model independence

は各々独立に決定されなければならないというものであった。 

→ ζZ term is composed field strength tensors:  

• σ(e+e- ->Zh)  κ2(hZZ) Γ(h->ZZ*) not any more: 
EFT is more general than kappa-framework

50

Z

Z
He+

e−

Z

Z
H

e +

e −

Z

Z
H

e +

e −

�=

answer to Q2:
• σ(e+e- ->Zh)  κ2(hZZ) Γ(h->ZZ*) not any more: 

EFT is more general than kappa-framework
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answer to Q2:

√" = 250 GeV
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電子・陽電子コライダーにおけるヒッグス粒子測定に関するこれまでのほとんどの文献において、
ヒッグス粒子の全崩壊幅は、κ パラメータを使った形式：

Γ(h → ZZ∗)

SM
= κ2Z ,

σ(e+e− → Zh)

SM
= κ2Z (2)

を用いて決定する方法が採用されていた。ここで SM は標準理論の予言値である。電子・陽電子衝
突実験の環境下では、関連する全ての κA パラメータを決定するに十分な数の測定が可能である。特
に、以下の比：

σ(e+e− → Zh)/BR(h → ZZ∗) (3)

は、 κZ に依存せず、ヒッグス粒子の全崩壊幅と直接関連付けることが可能である。しかしながら、
250GeV ILC においては、たとえ 2 ab−1 のデータを収集したとしても、 BR(h → ZZ∗) の測定の
精度は、この崩壊の分岐比が小さいことによる統計誤差で制限されてしまい、その結果、全崩壊幅の
決定精度も統計誤差で制限されたものにならざるを得ない。

κ 形式にはもっと深刻な問題がある。実は、κ 形式は、理論モデルに依存するのである。原理的に
ヒッグス粒子と ZZ の結合には次式右辺の二項に対応する二つの構造があり得る。

δL =
m2

Z

v
(1 + ηZ)hZµZ

µ + ζZ
1

v
hZµνZ

µν (4)

ここで、係数 ηZ、ζZ は、新しい物理の影響による独立な補正に対応する∗。ヒッグス粒子の WW へ
の結合定数も同様な構造を持ち、パラメータ ηW、ζW で表せる。κ 形式では、ζZ、 ζW はゼロだと
仮定されている。ζZ の項は運動量に依存し、よってこの項の寄与はベクトル粒子対（ZZ）の運動量
配位に依存する。実際、125GeV ヒッグス粒子に対し、√

s = 250 GeV では、

Γ(h → ZZ∗)/SM = (1 + 2ηZ − 0.50ζZ)

σ(e+e− → Zh)/SM = (1 + 2ηZ + 5.7ζZ) (5)

となる。かくして、ヒッグス粒子の Z 粒子への結合に依存する部分は式 (3) の中で相殺せず、よって
この比を使ってヒッグス粒子の全崩壊幅を曖昧さなしに決めることはできないのである。

この問題には、魅力的な解決策がある。LHC 実験で未だ標準理論を超える物理に伴う新粒子が発
見されていない事実は、これらの新粒子が存在するにせよ重いこと、つまり、電弱相互作用でのみ生
成されるような新粒子に関しては 500GeV 以上、強い相互作用をする新粒子については 1TeV 以
上の質量を持つことを示唆している。もし、これらの新粒子が実際そのように十分重いのであれば、
125GeV ヒッグス粒子の物理は、ラグランジアンに含まれる新粒子の自由度を積分して消してしま
い、それらの新粒子の効果を標準理論の粒子場のみからなる演算子によって級数展開することで得ら
れるはずである。標準理論自体、標準理論の粒子場のみからなる次元が最大 4 までの演算子からな
る、最も一般的なゲージ不変ラグランジアンで与えられる。標準理論への補正は、この標準理論ラグ
ランジアンに対する次元 6 あるいはそれより高い次元の演算子からなる付加項として記述されること
になる。仮に新粒子の中で最も軽いものの質量を M とすると、次元 6 演算子の係数は m2

h/M
2 に比

例する。これは、m2
h/M

2 による級数展開の最初のオーダーの寄与に対応する。次元 8 あるいはそれ
より高い次元の演算子は、さらに m2

h/M
2 の因子が追加で掛け算されるため、高次補正に対応する。

∗原理的には、 ηZ や ζZ を運動量の関数とするようなさらなる別の構造も存在しうる。しかし、(4) は、標準理論への
摂動を次元 6 演算子による摂動に限った場合の最も一般的な形であり、以下の議論は、この制限下で行うものとする。
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6=

Consider the 2nd term

Phys. Rev. D 97, 053004 (2018) 

Higher dimensional operators (gauge invariant) are possible 
to induce new structures in hZZ.

SM structure   

Under the κ-formalism → ζZ is assumed to be 0    → model dependent ! 

�L =
m2

Z

v
(1 + ⌘Z)hZµZ

µ +
1

2v
⇣ZhZµ⌫Z

µ⌫

New structure   

1 + 2⌘Z � 0.5⇣Z
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κ-formalism to EFT-formalism
⚪ Dim-6 Effective Field Lagrangian at the ILC

General SU (2) ×U (1) gauge invariant Lagrangian 
with dimension-6 operators in addition to the SM. 

Phys. Rev. D 97, 053004 (2018) 

10 EFT coefficients (h,W,Z,γ): CH, CT, C6, CWW, CWB, CBB, C3W, CHL,C’HL, CHE  

  2 EFT coefficients for contact interaction with quarks  
  5 EFT coefficients for couplings to b, c, τ, µ, g 
  4 SM parameters: g, g’, v, λ 
  2 parameters for h→invisible and exotic 
  

A dedicated talk on EFT
by Sunghoon Jung on 6/July

⚪ Retain model independence

→ The LHC situation has  > 50 EFT coefficients,  
      it is not easy to determine them simultaneously.

⚪ Treatable 23 parameters

⚪ Make Z, W and γ relate → Improve precision of Higgs couplings 
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sumed to be 0 in the SM. The γZH couplings, however,
is possible to appear at higher order in extensions of the
SM, which are called the anomalous γZH couplings.
The sensitivity to the anomalous γZH couplings that
the ILC experiment provides us can be also given based
on two different beam polarization settings. In order

2

ZZ

H　　 H　　

ζAZ   ×  
Z*  γ* 

ζZZ     ×  ＋

FIG. 16. Vertices of the ZZH and the γZH on the ZH
process.

to include the anomalous γZH couplings, we replaced
our first parameterization of the anomalous ZZH cou-
plings in Eq. (3) with new parameterization composed of
both of the anomalous ZZH and γZH couplings. The
parameters bZ and b̃Z are replaced with dimensionless
parameters ζZZ and ζ̃ZZ , then additional dimensionless
parameters ζAZ and ζ̃AZ describing the anomalous γZH
couplings are introduced as illustrated in Fig. 16. The
definitions of new parameters are as follows. Our new
Lagrangian describing both of the anomalous ZZH and
γZH couplings can be redefined in Eq. (21).

ζZZ =
v

Λ
bZ , ζ̃ZZ =

v

Λ
b̃Z (20)

LV V H =M2
Z

(1
v
+

aZ
Λ

)
ZµZ

µH

+
1

2v
(ζZZẐµνẐ

µν + ζAZÂµνẐ
µν)H

+
1

2v
(ζ̃ZZẐµν

˜̂Z
µν

+ ζ̃AZÂµν
˜̂Z
µν

)H

(21)

Each parameter for both ZZH and γZH can be evalu-
ated by connecting first parameterization with the new
one and using two different beam polarization settings.
For the connection of both of the parameterizations we
calculated each coefficient affected by each parameter
with Physsim in terms of relative difference of the cross
section σBSM/σSM . The relation between parameteri-
zations as follows for

√
s=250 GeV,

{
e−Le

+
R : 1 + 5.70 ζZZ + 7.70 ζAZ = 1 + 5.70 b

e−Le+R
Z

e−Re
+
L : 1 + 5.70 ζZZ − 9.05 ζAZ = 1 + 5.70 b

e−Re+L
Z

(22)

{
ζZZ = 0.54 b

e−Le+R
Z + 0.46 b

e−Re+L
Z

ζAZ = 0.34 b
e−L e+R
Z − 0.34 b

e−Re+L
Z

(23)

⎧
⎪⎨

⎪⎩

e−Le
+
R : 1− 1.14

103 ζ̃ZZ − 1.80
103 ζ̃AZ = 1− 1.14

103 b̃
e−L e+R
Z

e−Re
+
L : 1 + 2.40

103 ζ̃ZZ + 1.18
103 ζ̃AZ = 1 + 2.40

103 b̃
e−Re+L
Z

(24)

{
ζ̃ZZ = −0.46 b̃

e−Le+R
Z + 1.46 b̃

e−Re+L
Z

ζ̃AZ = 0.93 b̃
e−Le+R
Z − 0.93 b̃

e−Re+L
Z

(25)

, and for
√
s=500 GeV,

{
e−Le

+
R : 1 + 9.77 ζZZ + 14.73 ζAZ = 1 + 9.77 b

e−L e+R
Z

e−Re
+
L : 1 + 9.75 ζZZ − 17.22 ζAZ = 1 + 9.75 b

e−Re+L
Z

(26)

{
ζZZ = 0.54 b

e−L e+R
Z + 0.46 b

e−Re+L
Z

ζAZ = 0.306 b
e−Le+R
Z − 0.306 b

e−Re+L
Z

(27)

⎧
⎪⎨

⎪⎩

e−Le
+
R : 1− 6.72

103 ζ̃ZZ − 9.71
103 ζ̃AZ = 1− 6.72

103 b̃
e−L e+R
Z

e−Re
+
L : 1 + 2.42

103 ζ̃ZZ − 6.47
102 ζ̃AZ = 1 + 2.42

103 b̃
e−Re+L
Z

(28)

{
ζ̃ZZ = 0.95 b̃

e−L e+R
Z + 0.051 b̃

e−Re+L
Z

ζ̃AZ = 0.0355 b̃
e−Le+R
Z − 0.0355 b̃

e−Re+L
Z

(29)

where b
e−L e+R
Z and b

e−Re+L
Z , for instance, show the anoma-

lous parameters for corresponding beam polarizations.
On Eq. (27) and Eq. (29) the left side shows variation
of the cross section describing with the new parame-
ters ζZZ and ζAZ , and the right side shows the vari-
ation describing with the bZ . The same relation can
be established for the parameter b̃Z and similarly for
the higher energy

√
s =500 GeV. Values in Table IX

are given sensitivity for each anomalous parameter in a
large number of pseudo-experiments assuming H20 op-
erating scenario, where the leading three channels of the
ZH process, e+e−H, µ+µ−H and qq̄H(H → bb̄) and
one channel of the ZZ-fusion process e+e− → ZZ →
e+e−H(H → bb̄) are used as with the subsection VIII B.

Finally we go back to an original Lagrangian [9] that
is a source of the Lagrangians in Eq. (3) and Eq. (21),
where a complete SU(2)L ⊗ U(1)Y gauge invariant La-
grangian interacting with the Higgs boson and the vec-
tor bosons is given with Higgs operators in terms of
the EFT and parametrized with several general coef-
ficients. We can also give sensitivities to a few gen-
eral coefficients CH , CWW and C̃WW by assuming that
the other coefficients are strongly constrained ∼ 0 from
other measurements on Triple Gauge Couplings (TGCs)
and Γ(H → γγ) from Large Hadron Collider (LHC) and
ILC [30, 31]. The general coefficients are defined using

LSM + Ldim6
eff



4) Electroweak precision observables    

12

Observables in EFT-formalism

10 EFT CP-cons. operators 

4 SM parameters 

1) Higgs-related observables ⚪ Provide sufficient observables …

⚪ ILC250 provides sufficient observables.
23 parameters can be determined simultaneously

observables can give impacts

→ Test new Lorentz structures…

Phys. Rev. D 97, 053004 (2018) 

→ Constrain SM parameters …

5) Beam polarizations double the number of observables   

6) HL-LHC Higgs observables, BR(h→γγ, γZ)

2) Observables from angular distributions  

3) Triple Gauge Couplings from e+e- → W+W-  

[Positron Polarization]
by Jürgen Reuter on 5/July

[EW couplings]
by Sviatoslav Bilokin on 5/July

[Higgs-leptons and its CP]
by Daniel Jeans on 7/July→ σ and σ×BR … 
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 fit)κ (ATLAS: ATL-PHYS-PUB-2014-016 (2014), Model Dependent -1LHC 3000 fb

 (Model Independent EFT fit)-1 ILC 250 GeV, 2000 fb⊕-1LHC 3000 fb

 (Model Independent EFT fit)-1 350 GeV, 200 fb⊕-1 ILC 500 GeV, 4000 fb⊕

-1 ILC 250 GeV, 2000 fb⊕-1LHC 3000 fb

図 5: 表 1 に示した EFT 形式によるヒッグス結合の測定精度と ATLAS 共同実験グループによる HL-LHC で
のモデル依存フィットによるヒッグス結合の予想精度 [23] の比較。それ以前の HL-LHC 予想値については文
献 [28] にまとめられている。

4.3 有効場理論（EFT）形式におけるヒッグス粒子の結合定数の測定精度

有効場理論（EFT）形式においては、ヒッグス-Z 相互作用は式 (4) に示したように、二つの異な
るローレンツ構造からなる。前節で説明したように、関係式 (9) は ζZ 項の存在によって破れている。
従って、κ 形式はモデル非依存ではなく、また、EFT 形式ほど一般性がない。

それに対し、EFT 形式では、はるかに大きなグローバルフィットでヒッグス結合を見積もることが
できる。このフィットは 4.1 節で定義した基本的物理量だけでなく、e+e− → Zh 反応に関する他の
物理量や、種々の電弱精密測定および e+e− → W+W− 反応に関する物理量も含む。後者の測定も
含めたフィットが可能になるのは、EFT ラグランジアンが完全なラグランジアンであり、電子・陽電
子対消滅が起こす全ての反応に適応できるためである。フィットすべきパラメータ数がかなり増える
にもかかわらず、各々のパラメータを実験的によく制御できることが分かっている。その結果、EFT

形式では、ヒッグス粒子の結合定数測定の精度が大きく改善する。EFT 形式によるフィット戦略の詳
細は第 3 節と文献 [15,19] に示されている。文献 [15,19] で使用されたフィッティングプログラムによ
るヒッグス結合の測定精度の評価結果を、表 1 に示す。図 5 は、これらの結果を視覚化し、ATLAS

実験グループによる HL-LHC でのヒッグス結合測定の精度予想と比較したものである。

EFT 係数は、本来、重い新粒子の影響によるヒッグス結合のずれをパラメータ化するものである
が、ここでのフィットには、不可視崩壊や、他のエキゾチック崩壊として、ヒッグス粒子が mh/2 よ

14

LHC 3000 fb-1 ATL-PHYS-PUB-2014-016 (2014),                
Model Dependent κ-fit 

LHC 3000 fb-1    +    ILC 250 GeV 2000 fb-1   EFT-fit
LHC 3000 fb-1    +    ILC250  2000 fb-1, 

 + ILC350  200 fb-1 , +    ILC500  4000 fb-1,   EFT-fit                    
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Precision in EFT-formalism at the ILC

and Synergy with HL-LHC 

ILC250 provides O(1%) precisions 
  and that model-independently ! 

Precision of Higgs Couplings [%]

arXiv:1710.07621 [hep-ex]

1%

ILC can improve
significantly

ZZ, WW, bb, ττ, gg 
LHC is necessary

tt

Synergy with LHC
γγ, γZ, μμVery challenging at LHC

cc
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sumedtobe0intheSM.TheγZHcouplings,however,
ispossibletoappearathigherorderinextensionsofthe
SM,whicharecalledtheanomalousγZHcouplings.
ThesensitivitytotheanomalousγZHcouplingsthat
theILCexperimentprovidesuscanbealsogivenbased
ontwodifferentbeampolarizationsettings.Inorder

2

Z
ZH　　

H　　

ζAZ   ×  
Z *  

γ * 
ζZZ     ×  

＋

FIG.16.VerticesoftheZZHandtheγZHontheZH
process.

toincludetheanomalousγZHcouplings,wereplaced
ourfirstparameterizationoftheanomalousZZHcou-
plingsinEq.(3)withnewparameterizationcomposedof
bothoftheanomalousZZHandγZHcouplings.The
parametersbZ andb̃Z arereplacedwithdimensionless
parametersζZZ andζ̃ZZ ,thenadditionaldimensionless
parametersζAZ andζ̃AZ describingtheanomalousγZH
couplingsareintroducedasillustratedinFig.16.The
definitionsofnewparametersareasfollows.Ournew
LagrangiandescribingbothoftheanomalousZZHand
γZHcouplingscanberedefinedinEq.(21).

ζZZ = vΛ bZ ,ζ̃ZZ = vΛ b̃Z
(20)

LVVH =M 2Z (1v + aZΛ )Zµ Z µH

+ 12v (ζZZ Ẑµν Ẑ µν+ζAZ Âµν Ẑ µν)H

+ 12v (ζ̃ZZ Ẑµν ˜̂Z µν+ζ̃AZ Âµν ˜̂Z µν)H (21)

EachparameterforbothZZHandγZHcanbeevalu-
atedbyconnectingfirstparameterizationwiththenew
oneandusingtwodifferentbeampolarizationsettings.
Fortheconnectionofbothoftheparameterizationswe
calculatedeachcoefficientaffectedbyeachparameter
withPhyssimintermsofrelativedifferenceofthecross
sectionσBSM /σSM .Therelationbetweenparameteri-
zationsasfollowsfor √s=250GeV,

{e −L e +R :1+5.70ζZZ +7.70ζAZ =1+5.70b e −L e +R
Z

e −R e +L :1+5.70ζZZ −9.05ζAZ =1+5.70b e −R e +L
Z

(22)

{ζZZ =0.54b e −L e +R
Z +0.46b e −R e +L

Z

ζAZ =0.34b e −L e +R
Z −0.34b e −R e +L

Z

(23) ⎧⎪⎨⎪⎩ e −L e +R :1− 1.1410 3 ζ̃ZZ − 1.8010 3 ζ̃AZ =1− 1.1410 3 b̃ e −L e +R
Z

e −R e +L :1+ 2.4010 3 ζ̃ZZ + 1.1810 3 ζ̃AZ =1+ 2.4010 3 b̃ e −R e +L
Z

(24)

{ζ̃ZZ =−0.46b̃ e −L e +R
Z +1.46b̃ e −R e +L

Z

ζ̃AZ =0.93b̃ e −L e +R
Z −0.93b̃ e −R e +L

Z

(25)

,andfor √s=500GeV,

{e −L e +R :1+9.77ζZZ +14.73ζAZ =1+9.77b e −L e +R
Z

e −R e +L :1+9.75ζZZ −17.22ζAZ =1+9.75b e −R e +L
Z

(26)

{ζZZ =0.54b e −L e +R
Z +0.46b e −R e +L

Z

ζAZ =0.306b e −L e +R
Z −0.306b e −R e +L

Z

(27)

⎧⎪⎨⎪⎩ e −L e +R :1− 6.7210 3 ζ̃ZZ − 9.7110 3 ζ̃AZ =1− 6.7210 3 b̃ e −L e +R
Z

e −R e +L :1+ 2.4210 3 ζ̃ZZ − 6.4710 2 ζ̃AZ =1+ 2.4210 3 b̃ e −R e +L
Z

(28)

{ζ̃ZZ =0.95b̃ e −L e +R
Z

+0.051b̃ e −R e +L
Z

ζ̃AZ =0.0355b̃ e −L e +R
Z −0.0355b̃ e −R e +L

Z

(29)

whereb e −L e +R
Z

andb e −R e +L
Z ,forinstance,showtheanoma-

lousparametersforcorrespondingbeampolarizations.
OnEq.(27)andEq.(29)theleftsideshowsvariation
ofthecrosssectiondescribingwiththenewparame-
tersζZZ andζAZ ,andtherightsideshowsthevari-
ationdescribingwiththebZ .Thesamerelationcan
beestablishedfortheparameterb̃Z andsimilarlyfor
thehigherenergy √s=500GeV.ValuesinTableIX
aregivensensitivityforeachanomalousparameterina
largenumberofpseudo-experimentsassumingH20op-
eratingscenario,wheretheleadingthreechannelsofthe
ZHprocess,e +e −H,µ +µ −Handqq̄H(H→bb̄)and
onechanneloftheZZ-fusionprocesse +e −→ZZ→
e +e −H(H→bb̄)areusedaswiththesubsectionVIIIB.

FinallywegobacktoanoriginalLagrangian[9]that
isasourceoftheLagrangiansinEq.(3)andEq.(21),
whereacompleteSU(2)L ⊗U(1)Y gaugeinvariantLa-
grangianinteractingwiththeHiggsbosonandthevec-
torbosonsisgivenwithHiggsoperatorsintermsof
theEFTandparametrizedwithseveralgeneralcoef-
ficients.Wecanalsogivesensitivitiestoafewgen-
eralcoefficientsCH ,CWW andC̃WW byassumingthat
theothercoefficientsarestronglyconstrained∼0from
othermeasurementsonTripleGaugeCouplings(TGCs)
andΓ(H→γγ)fromLargeHadronCollider(LHC)and
ILC[30,31].Thegeneralcoefficientsaredefinedusing
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Discrimination of BSM models 

ILC at 250 GeV with 2 ab−1 of data, the relative χ2s of the
models are:

SM 1 2 3 4 5 6 7 8 9

SM 0 29 63 43 115 10 12 20 22 7.3
1 29 0 34 113 36 53 24 78 68 37
2 63 34 0 95 68 105 39 149 120 71
3 43 113 95 0 256 57 51 71 70 50
4 115 36 68 256 0 152 97 191 167 123
5 10 53 105 57 152 0 23 5.5 29 8.3
6 12 24 39 51 97 23 0 46 51 8.8
7 20 78 149 71 191 5.5 46 0 26 21
8 22 68 120 70 167 29 51 26 0 23
9 7.3 37 71 50 123 8.3 8.8 21 23 0

Every model except #9 is separated from the Standard
Model by at least 3σ, and the models are generally

separated from one another by a comparable amount
[46]. The σ separations of the models from the SM and
from one another are illustrated in Fig. 2(a).
Using the fit of Sec. VI, for the ILC at 250 GeV with

2 ab−1 of data and then at 500 GeV with 4 ab−1 of data, the
relative χ2s of the models are:

SM 1 2 3 4 5 6 7 8 9

SM 0 75 204 75 295 35 39 68 67 27
1 75 0 80 222 85 162 55 247 193 101
2 204 80 0 263 118 352 124 492 371 230
3 75 222 263 0 543 113 104 152 147 97
4 295 85 118 543 0 438 230 568 458 329
5 35 162 352 113 438 0 78 17 93 30
6 39 55 124 104 230 78 0 153 154 27
7 68 247 492 152 568 17 153 0 85 72
8 67 193 371 147 458 93 154 85 0 71
9 27 101 230 97 329 30 27 72 71 0

With this data set, the various models are distinguished
from the StandardModel at least 5σ. Except in two cases, the
models are also well distinguished from one another, so that
the results give a clear indication of the nature of
the new physics that has been discovered through the
Higgs coupling deviations. The σ separations of the models
from the SMand fromone another are illustrated in Fig. 2(b).
These examples illustrate the ability of future eþe−

colliders to expose models of new physics even in cases
in which the new particles are beyond the reach of direct
searches at the LHC.

VIII. CONCLUSIONS

In this paper, we have presented an improved method for
the extraction of model-independent Higgs couplings from
the data that will be provided by future eþe− colliders. We
began by explaining that a simple parametrization of new
physics effects by rescaling the Standard Model Higgs
couplings by κI parameters is not sufficiently general to
encompass the full range of models of new physics.
Instead, we advocate the description of new physics effects
on Higgs couplings by the coefficients of dimension-6
operators that can be added to the Lagrangian of the
Standard Model. This effective field theory description
encompasses a broader range of new physics effects. At the
same time, it brings in new constraints from SUð2Þ ×Uð1Þ
gauge invariance and from Higgs cross section measure-
ments not previously considered in fits for Higgs coupling.
This method draws information from precision electroweak
measurements, eþe− → WþW−, and precision Higgs mea-
surements, thus taking full advantage of the richness of the
information provided by future eþe− colliders.
Using this approach, we have analyzed the expectations

of the ILC and other proposed colliders for extracting the
couplings of the Higgs boson with percent-level accuracy
and for observing and discriminating models of new
physics whose new particles are beyond the reach of
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FIG. 2. Graphical representation of the χ2 separation of the
Standard Model and the models 1–9 described in the text: (a) with
2 ab−1 of data at the ILC at 250 GeV; (b) with 2 ab−1 of data at
the ILC at 250 GeV plus 4 ab−1 of data at the ILC at 500 GeV.
Comparisons in orange have above 3σ separation; comparison in
green have above 5σ separation; comparisons in dark green have
above 8σ separation.
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Most benchmark models are distinguishable 
     by more than 3 sigmas.

⚪ Significance for benchmark points 
       in typical BSM models :
 ( escape HL-LHC direct search )

  SUSY,   Two-Higgs Doublet, 
  Little Higgs,   Composite Higgs, 

With 2000 fb-1 from 10 years
 of ILC250 operation 

Model discrimination in σ



ILC at 250 GeV with 2 ab−1 of data, the relative χ2s of the
models are:

SM 1 2 3 4 5 6 7 8 9

SM 0 29 63 43 115 10 12 20 22 7.3
1 29 0 34 113 36 53 24 78 68 37
2 63 34 0 95 68 105 39 149 120 71
3 43 113 95 0 256 57 51 71 70 50
4 115 36 68 256 0 152 97 191 167 123
5 10 53 105 57 152 0 23 5.5 29 8.3
6 12 24 39 51 97 23 0 46 51 8.8
7 20 78 149 71 191 5.5 46 0 26 21
8 22 68 120 70 167 29 51 26 0 23
9 7.3 37 71 50 123 8.3 8.8 21 23 0

Every model except #9 is separated from the Standard
Model by at least 3σ, and the models are generally

separated from one another by a comparable amount
[46]. The σ separations of the models from the SM and
from one another are illustrated in Fig. 2(a).
Using the fit of Sec. VI, for the ILC at 250 GeV with

2 ab−1 of data and then at 500 GeV with 4 ab−1 of data, the
relative χ2s of the models are:

SM 1 2 3 4 5 6 7 8 9

SM 0 75 204 75 295 35 39 68 67 27
1 75 0 80 222 85 162 55 247 193 101
2 204 80 0 263 118 352 124 492 371 230
3 75 222 263 0 543 113 104 152 147 97
4 295 85 118 543 0 438 230 568 458 329
5 35 162 352 113 438 0 78 17 93 30
6 39 55 124 104 230 78 0 153 154 27
7 68 247 492 152 568 17 153 0 85 72
8 67 193 371 147 458 93 154 85 0 71
9 27 101 230 97 329 30 27 72 71 0

With this data set, the various models are distinguished
from the StandardModel at least 5σ. Except in two cases, the
models are also well distinguished from one another, so that
the results give a clear indication of the nature of
the new physics that has been discovered through the
Higgs coupling deviations. The σ separations of the models
from the SMand fromone another are illustrated in Fig. 2(b).
These examples illustrate the ability of future eþe−

colliders to expose models of new physics even in cases
in which the new particles are beyond the reach of direct
searches at the LHC.

VIII. CONCLUSIONS

In this paper, we have presented an improved method for
the extraction of model-independent Higgs couplings from
the data that will be provided by future eþe− colliders. We
began by explaining that a simple parametrization of new
physics effects by rescaling the Standard Model Higgs
couplings by κI parameters is not sufficiently general to
encompass the full range of models of new physics.
Instead, we advocate the description of new physics effects
on Higgs couplings by the coefficients of dimension-6
operators that can be added to the Lagrangian of the
Standard Model. This effective field theory description
encompasses a broader range of new physics effects. At the
same time, it brings in new constraints from SUð2Þ ×Uð1Þ
gauge invariance and from Higgs cross section measure-
ments not previously considered in fits for Higgs coupling.
This method draws information from precision electroweak
measurements, eþe− → WþW−, and precision Higgs mea-
surements, thus taking full advantage of the richness of the
information provided by future eþe− colliders.
Using this approach, we have analyzed the expectations

of the ILC and other proposed colliders for extracting the
couplings of the Higgs boson with percent-level accuracy
and for observing and discriminating models of new
physics whose new particles are beyond the reach of
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FIG. 2. Graphical representation of the χ2 separation of the
Standard Model and the models 1–9 described in the text: (a) with
2 ab−1 of data at the ILC at 250 GeV; (b) with 2 ab−1 of data at
the ILC at 250 GeV plus 4 ab−1 of data at the ILC at 500 GeV.
Comparisons in orange have above 3σ separation; comparison in
green have above 5σ separation; comparisons in dark green have
above 8σ separation.

TIM BARKLOW et al. PHYS. REV. D 97, 053003 (2018)

053003-10

15
ほとんどのBSM模型について

Discrimination of BSM models Phys. Rev. D 97, 053003 (2018) 

+  With 4000 fb-1  from 
    additional 10 years running 
    of ILC500 operation        

⚪ Significance for benchmark points 
       in typical BSM models :
 ( escape HL-LHC direct search )

  SUSY,   Two-Higgs Doublet, 
  Little Higgs,   Composite Higgs, 

Almost all benchmark models are distinguishable 
     by more than 5 sigmas.

Model discrimination in σ

With 2000 fb-1 from 10 years
 of ILC250 operation 
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Summary
1399273.htmGiven that ～ということを考えると

1) The Higgs boson is a window to new physics. 
The precision study of the Higgs couplings is  
the indispensable probe for BSM physics.

2) The ILC250 as a Higgs factory. 
The ILC250 has capability to achieve  
O(1%) Higgs precision model-independently, 
and perform exploration and verification of BSMs.

3) The ILC for future collider experiments.   
The ILC is upgradable to new physics scale  
suggested by its own physics outcomes. 
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かった。→ 新しいCP破れのタネが必要 

Higgs CP-admixture in an extended Higgs sector 

 Higgs Properties  
 at the ILC250

⚪ Dark matter:  “Hidden sector  with Higgs portal model”

Higgs full width Γh   and    BR_invisible

⚪ Origin of asymmetry on matter and antimatter:

“Baryongenesis  &  Leptogenesis” 
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Precision on WIMP in a Hidden-sector

それら隠れたセクター の粒子が観測されている暗黒物質を構成していたとしてもおかしくない。 

⚪ DM theories constructed with a Hidden sector (particles are SM singlets).
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Higgs portal model:
ATLAS (95% CL) in

-1dt = 3000 fbL0 = 14 TeV,  s

,ililAWW*A4l, hAZZ*A, haaAh
µµAbb, hA, hooA, haZAh

Invisible%Higgs%decays%&%dark%ma[er%

Nov%3,%2014% E.%Feng%(ANL)%S%Higgs%Coupling%Prospects%in%LHC%Run%2%&%Beyond% 19%

•  Higgs%decays%to%invisible%final%states%at%300%aS1%

•  ATLAS:%%BRinv%<%0.20S0.22%
•  CMS:%%BRinv%<%0.14S0.18%

•  With%3000%aS1:%
•  ATLAS:%%BRinv%<%0.10S0.14%
•  CMS:%%BRinv%<%0.07S0.11%

•  Higgs%decays%to%coupling%of%
WIMP%to%Higgs%boson%taken%as%
free%parameter%

•  Translate%limit%on%BR%into%
coupling%of%Higgs%to%wimp,%and%
into%crossSsecMon%for%WIMPS
nucleon%sca[ering%
•  Improve%by%up%to%a%factor%

of%4%wrt%current%data%

NEW%

Interactions through gravity ?

  Higgs invisible decay BR with 3000 fb-1   
    ATLAS:   BRinv  < 10%  ~ 14%  

 CMS:       BRinv  <   7%  ~ 11%

Direct exploration of singlet dark matter 
is possible up to 2/Mh GeV .

ATLAS & CMS, Eric Feng (Argonne)   
 @ BSM Higgs Workshop Fermilab Nov 3, 2014  

,,

○暗黒物質が標準模型のゲージ対称性に
対してシングレットな場合を考える。

○暗黒物質の安定性をZ2対称性で保証。
Three possible cases for spin of DM

暗黒物質の対称性

2.Set up

Portal)models)to)Hidden)Sector�

2�

Consider'another'world'where'par5cles'are'SM'singlets'
(Hidden)Sector).�

The'par5cles'interact'to'our'SM'world'through'Gravity.�

Also,'they'may'interact'through…�
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In'this'talk,'we'discuss'the'Higgs9portal)possibility.�S: a dark matter field

scalar,  Majonara,  vector  WIMP.

→ Several models as a portal
…

.

: sterile neutrino 

: Higgs invisible decay

ATLAS & CMS, Eric Feng (Argonne)   
 @ BSM Higgs Workshop Fermilab Nov 3, 2014  



  Higgs invisible decay BR with 3000 fb
    ATLAS:   BR

 CMS:       BR
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それら隠れたセクター の粒子が観測されている暗黒物質を構成していたとしてもおかしくない。 

ILC250 +ILC500

κ fit EFT fit κ fit EFT fit

g(hbb) 1.8 1.1 0.60 0.58

g(hcc) 2.4 1.9 1.2 1.2

g(hgg) 2.2 1.7 0.97 0.95

g(hWW ) 1.8 0.67 0.40 0.34

g(hττ) 1.9 1.2 0.80 0.74

g(hZZ) 0.38 0.68 0.30 0.35

g(hγγ) 1.1 1.2 1.0 1.0

g(hµµ) 5.6 5.6 5.1 5.1

g(hγZ) 16 6.6 16 2.6

g(hbb)/g(hWW ) 0.88 0.86 0.47 0.46

g(hττ)/g(hWW ) 1.0 1.0 0.65 0.65

g(hWW )/g(hZZ) 1.7 0.07 0.26 0.05

Γh 3.9 2.5 1.7 1.6

BR(h → inv) 0.32 0.32 0.29 0.29

BR(h → other) 1.6 1.6 1.3 1.2

表 1: κ形式、有効場理論（EFT）形式それぞれを用いたフィットに対して予想される、ヒッグス結合およびその
他のヒッグス粒子関連物理量の相対誤差（単位は %）。ILC 250 の列は、√

s = 250GeV での積分ルミノシティ
2 ab−1 を、第 2節で定義したように、異なるビーム偏極状態に対し (−+,+−,−−,++) = (45%, 45%, 5%, 5%)
の比率で分配することを想定している。ILC 500 の列は、それに加えて √

s = 350GeV で積分ルミノシティ
200 fb−1、偏極状態配分比率 (45%, 45%, 5%, 5%)、 √

s = 500GeV で積分ルミノシティ 4 ab−1、偏極状態配
分比率 (40%, 40%, 10%, 10%) を想定している。HL-LHC による 3 つの物理量 BRγγ/BRZZ、BRγZ/BRγγ、
および BRµµ/BRγγ の測定は全てのフィットに含まれている。実効結合定数 g(hWW ) と g(hZZ) はそれぞれ
の部分崩壊幅の 2 分の 1 乗に比例するように定義されている。表下部の二行は不可視およびそれ以外のエキ
ゾチック崩壊への分岐比に対する 95% 信頼度の上限を示している。有効場理論（EFT）形式によるフィット
に用いた公式の詳細と、フィトの結果得られた共分散行列については文献 [15] を見よ。

という簡単な関係に基づいて、σZh（σννh）の測定から κZ（κW）を通して決定される。他の結合
（κA）あるいは部分崩壊幅（ΓAA）、A = b, c, g, τ, µ, γ、 は

κ2A ∝ ΓAA = Γh ·BRAA (10)

の関係式により決まる。既に述べたように、BRZZ は 6.7% の精度でしか測定できない。よって、も
し式 (8) の前半のみを用いるとすると、ヒッグス結合測定の精度は（κZ を除き）3% より良くなる
ことはない。一方、BRWW は BRZZ の 10 倍大きいので、よりよい精度で測定できる。この理由
から、κ 形式の解析では、（式 (8)の後半の使用、そのための）BRWW 測定および WW 融合による
ヒッグス生成断面積 σννh の測定が Γh と κA、A ̸= Z の測定に必須であるとの認識が広く共有されて
いる。κ 形式におけるヒッグス結合の測定精度を表 1 に示す。√

s = 250GeV では、κZ は非常に精
度良く決定でき、その精度は 0.38% であることが見て取れる。しかし、他の κA は（σννh と BRZZ

測定精度に制限されてしまうため）∼ 2% 程度までしか決定できないことも分かる。例外は κγ であ
る。これはフィットの入力に含まれる HL-LHC における BRZZ/BRγγ 測定予想値の助けによるとこ
ろが大きい。
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2.5
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○暗黒物質が標準模型のゲージ対称性に
対してシングレットな場合を考える。

○暗黒物質の安定性をZ2対称性で保証。
Three possible cases for spin of DM
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→ Several models as a portal
…
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ILC250 2000 fb-1
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•  Higgs%decays%to%invisible%final%states%at%300%aS1%

•  ATLAS:%%BRinv%<%0.20S0.22%
•  CMS:%%BRinv%<%0.14S0.18%

•  With%3000%aS1:%
•  ATLAS:%%BRinv%<%0.10S0.14%
•  CMS:%%BRinv%<%0.07S0.11%

•  Higgs%decays%to%coupling%of%
WIMP%to%Higgs%boson%taken%as%
free%parameter%

•  Translate%limit%on%BR%into%
coupling%of%Higgs%to%wimp,%and%
into%crossSsecMon%for%WIMPS
nucleon%sca[ering%
•  Improve%by%up%to%a%factor%

of%4%wrt%current%data%

NEW%

[%]
[%]

→ ~ two orders of  
        magnitude higher !

Direct exploration of singlet dark matter 
is possible up to 2/Mh GeV . 

with high sensitivity !

Precision on WIMP in a Hidden-sector
⚪ DM theories constructed with a Hidden sector (particles are SM singlets).

Interactions through gravity ?

: sterile neutrino 

: Higgs invisible decay

ATLAS & CMS, Eric Feng (Argonne)   
 @ BSM Higgs Workshop Fermilab Nov 3, 2014  

arXiv:1710.07621
Keisuke Fujii et al.
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 is explainable

4.4 ヒッグス粒子の質量および CP の測定

ヒッグス粒子の質量の測定精度（δmh）は、ヒッグス結合を推定する際、系統誤差の原因となる。
多くの場合、δmh ∼ 0.2% は既に十分であるが、h → ZZ∗ および h → WW ∗ に関しては十分とは
言えない。このことは、文献 [30]で指摘されており、

δW = 6.9 · δmh, δZ = 7.7 · δmh (11)

である。ここで、δW および δZ は、それぞれ g(hWW ) と g(hZZ) の相対誤差である。250 GeV ILC

では、図 4 (左) に示したようなレプトン反跳過程を使って、ヒッグス粒子の質量を非常に精密に測定
でき、期待される精度は 14 MeV に達する。その結果、δW および δZ の系統誤差は 0.1% になる。
第 2 節で議論した新しいビームパラメータは、ビームストラールング効果を相当程度増大させる可
能性があるので、ヒッグス質量の精密測定への影響について注意深く検討する必要がある。

250 GeV ILCにおいては、ヒッグス粒子の CP 特性を hττ 結合：

∆Lhττ = −κτyτ√
2
hτ+(cosφ+ i sinφγ5)τ

− (12)

および hV V 結合：
∆LhZZ =

1

2

b̃

v
hZµνZ̃

µν (13)

の測定を通して探査可能である。式 (12) における CP 位相 φ を 3.8◦ の 精度で測定でき（ [31]）、
式 (13) の b̃ は 0.5% の精度で測定できる [29]。たとえ小さくともヒッグス粒子に CP 奇成分が観測
されれば、それは標準理論を超える物理の存在を示唆し、電弱バリオン数生成の理論モデルに要求さ
れる CP の破れの手掛かりとなるかも知れない。

5 ILC のヒッグス粒子測定の能力と新物理モデルの比較

今や ILC でのヒッグス結合の期待される測定精度が明らかになったので、次に問うべきは、ILC

のこの測定精度が、LHC での直接探索の範囲を超える、新しい物理を探索するのに十分かどうかで
ある。この節ではこの点について検討する。最初に、ヒッグス粒子に影響を与える新しい物理の可能
性を概観し、考察の対象となる様々な理論モデルの特徴を調べ、そして、それらの理論モデルのヒッ
グス結合への影響を提示する。その後、それら理論モデルのパラメータ空間内の代表的なサンプル点
を選んで ILC 測定の威力を示す。

5.1 電弱対称性の破れとヒッグス場に関する理論モデル

標準理論の SU(2) × U(1) ゲージ対称性の破れに関する我々の理解は大雑把で不満足なものであ
る。意外に感じるかも知れないが、物性物理学者の方が素粒子物理学者よりこの点をより容易に理解
するだろう。物性物理学者は超伝導の歴史に精通しており、超伝導の基本的な理解が二つの段階を経
て進んだことを知っているからである。1950 年、ランダウとギンツブルグは、超伝導の現象論的理
論を構築した。実際これは、ヒッグス場の理論の雛形であった [32]。この理論モデルは成功し、超伝
導の多くの側面を予言し得た。しかし、この理論モデルでは、基本事実である超伝導状態への相転移
を手で入れたにすぎなかった。その後、ようやく 1957 年になって、バーディーン、クーパー、シュ
リーファー（BCS）が金属中の電子が対を作る現象に基づいて超伝導の本質を捉えた基本理論を構築
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where C(X) = |Y1i j ||Y2i j| sin θi j v2(X)∂t X β(X) with θi j = Arg(Y1i j) −
Arg(Y2i j), p denotes the ‘particle’ mode and h the ‘hole’ mode 
whose dispersion relations are given by E p,h(k) = E p,h(k) −
i%p,h(k), and Z p

iL,R denote the residues. 3

Here, we remark on the treatment of %p,h . In our numerical 
calculation, %p,h are approximated as (constant)×T , as is often 
done in the calculation of the source terms for scalars and Dirac 
fermions. In the chiral fermion case, however, the term without 
statistical factor in the first term of Eq. (14) could cause a loga-
rithmic divergence if %p is fixed to a constant in the whole range 
of the k integration, which invalidates the calculation. Since the 
correct behavior of %p in the large k region may take the form 
of T 3 ln(k/T )/k2 [40], the integration would be convergent. As a 
simple prescription, we take such a k-dependent %h for large k. 
Ambiguities coming from this prescription will be discussed be-
low.

One can also find that S jR iL = −SiL jR . In our study, we consider 
the case where the 32 and 33 elements of Y1,2 play a dominant 
role in generating the BAU. In this case, only SτLµR (= −SµRτL )
is relevant. As mentioned in Sec. 2, Y1,2 are connected with the 
T = 0 observables through Y D and Eq. (5). For illustration, we as-
sume that the 12, 13, 21 and 31 elements of Y SM are all zero. Also, 
we focus on the case where only ρµτ , ρτµ and ρττ take nonzero 
values among ρi j .

Let us denote the relevant particle number densities as Q 3 =
ntL + nbL , T = ntR , B = nbR , L3 = nντL

+ nτL , R3 = nτR , R2 = nµR , 
and H = nH+

1
+ nH0

1
+ nH+

2
+ nH0

2
. The number density expanded to 

the leading order in the chemical potential µ is reduced to nb, f =
T 2µkb, f /6, with b ( f ) denoting bosons (fermions). In the massless 
case, one finds kb = 2 and k f = 1. For massive cases, more precise 
form of kb, f [32] should be used.

The set of Boltzmann equations may be cast into:

∂µ jµQ 3
= −%Yt (ξQ 3 + ξH − ξT ) + %Mt (ξT − ξQ 3) − 2%ss N5 ,

∂µ jµT = %Yt (ξQ 3 + ξH − ξT ) − %Mt (ξT − ξQ 3) + %ss N5 ,

∂µ jµH = −%Yt (ξQ 3 + ξH − ξT ) + %Yτ (ξL3 − ξH − ξR3)

+ %Yτµ(ξL3 − ξH − ξR2) − %HξH ,

∂µ jµL3
= −%Yτ (ξL3 − ξH − ξR3) + %Mτ (ξR3 − ξL3)

+ %+
Mτµ

(ξR2 + ξL3) + %−
Mτµ

(ξR2 − ξL3)

− %Yτµ(ξL3 − ξH − ξR2) + SτLτR + SτLµR ,

∂µ jµR3
= %Yτ (ξL3 − ξH − ξR3) − %Mτ (ξR3 − ξL3) − SτLτR ,

∂µ jµR2
= %Yτµ(ξL3 − ξH − ξR2)

− %+
Mτµ

(ξR2 + ξL3) − %−
Mτµ

(ξR2 − ξL3) − SτLµR ,

(15)

where ξi = ni/ki , N5 = 2ξQ 3 − ξT + 9(Q 3 + T )/kB , and ∂µ jµi =
ṅi − Di∇2ni with Di being a diffusion constant. In solving these 
coupled equations, we utilize the chemical equilibrium conditions 
in light of %−1

Yt
, %−1

Yτ
, %−1

Yτµ
< τdiff , the typical diffusion time for 

the particles under consideration. In this case, the above coupled 

3 E p,h(k) can be expressed in terms of the Lermbert W functions (for details, see 
Ref. [39]).

Table 1
Input parameters for the BAU estimate.

TC = 99.2 GeV vC = 214.9 GeV v w = 0.1 *β = 0.05
mτL = 0.21T mµR = 0.12T %τL = 0.034T %µR = 0.015T
Dq = 8.9/T Dh = 101.9/T D L = 101.9/T D R = 377.1/T

Fig. 2. Contours of Y B/Y obs
B , Br(h → µτ ) and δaµ in the (|ρττ |, |ρτµ|) plane. We 

set mH = 350 GeV, mA = mH± = 400 GeV, M = 100 GeV, cβ−α = 0.006, |ρτµ| =
|ρµτ |, φτµ = −5π/4, φµτ = π/4 − φτµ and φττ = π/2. (For interpretation of the 
references to color in this figure, the reader is referred to the web version of this 
article.)

Boltzmann equations are reduced to a single differential equation 
with respect to H , as is the case in Ref. [30].

The total LH number density (nL ) is

nL = 5Q 3 + 4T + L3

= −9kQ 3kT − 5kQ 3kB − 8kT kB

kH (9kQ 3 + 9kT + kB)

+ kL3 D R(kR3 + kR2)

kH
(

D LkL3 + D R(kR3 + kR2)
) , (16)

where D L and D R denote the diffusion constants of the third 
generation LH lepton doublet and the RH muon, respectively. As 
pointed out in Ref. [33], the lepton transport is much more effi-
cient since it does not suffer from the strong sphaleron washout 
effect, which would make the first term highly suppressed.

With the above nL , the BAU can be estimated as

nB = −3%
(s)
B

2Dqλ+

0∫

−∞
dz′ nL(z′)e−λ−z′

, (17)

where λ± =
[
v w ±

√
v2

w + 4RDq
]
/2Dq , v w represents the expand-

ing speed of the bubble wall, Dq is the diffusion constant of the 
quarks, %

(s)
B is the sphaleron rate in the unbroken phase, and 

R = 15%
(s)
B /4. In the following, we will characterize the baryon 

asymmetry by Y B ≡ nB/s, where s = (2π2/45)g∗ is the entropy 
density at temperature T , and quote Y obs

B = 8.59 × 10−11, the cen-
tral value given by the Planck Collaboration [1].

In the estimate of BAU, we employ the formulas given in 
Ref. [41] for the diffusion constants and thermal widths of LH and 
RH leptons, and assume Dh = D L . The particular values that we 
use here are summarized in Table 1.

In Fig. 2, we show Y B/Y obs
B , Br(h → µτ ) and δaµ as functions of 

|ρττ | and |ρτµ|. Here we take the same input parameters as those 

:observation by Plank
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where C(X) = |Y1i j ||Y2i j| sin θi j v2(X)∂t X β(X) with θi j = Arg(Y1i j) −
Arg(Y2i j), p denotes the ‘particle’ mode and h the ‘hole’ mode 
whose dispersion relations are given by E p,h(k) = E p,h(k) −
i%p,h(k), and Z p

iL,R denote the residues. 3

Here, we remark on the treatment of %p,h . In our numerical 
calculation, %p,h are approximated as (constant)×T , as is often 
done in the calculation of the source terms for scalars and Dirac 
fermions. In the chiral fermion case, however, the term without 
statistical factor in the first term of Eq. (14) could cause a loga-
rithmic divergence if %p is fixed to a constant in the whole range 
of the k integration, which invalidates the calculation. Since the 
correct behavior of %p in the large k region may take the form 
of T 3 ln(k/T )/k2 [40], the integration would be convergent. As a 
simple prescription, we take such a k-dependent %h for large k. 
Ambiguities coming from this prescription will be discussed be-
low.

One can also find that S jR iL = −SiL jR . In our study, we consider 
the case where the 32 and 33 elements of Y1,2 play a dominant 
role in generating the BAU. In this case, only SτLµR (= −SµRτL )
is relevant. As mentioned in Sec. 2, Y1,2 are connected with the 
T = 0 observables through Y D and Eq. (5). For illustration, we as-
sume that the 12, 13, 21 and 31 elements of Y SM are all zero. Also, 
we focus on the case where only ρµτ , ρτµ and ρττ take nonzero 
values among ρi j .

Let us denote the relevant particle number densities as Q 3 =
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and H = nH+
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the leading order in the chemical potential µ is reduced to nb, f =
T 2µkb, f /6, with b ( f ) denoting bosons (fermions). In the massless 
case, one finds kb = 2 and k f = 1. For massive cases, more precise 
form of kb, f [32] should be used.

The set of Boltzmann equations may be cast into:

∂µ jµQ 3
= −%Yt (ξQ 3 + ξH − ξT ) + %Mt (ξT − ξQ 3) − 2%ss N5 ,

∂µ jµT = %Yt (ξQ 3 + ξH − ξT ) − %Mt (ξT − ξQ 3) + %ss N5 ,

∂µ jµH = −%Yt (ξQ 3 + ξH − ξT ) + %Yτ (ξL3 − ξH − ξR3)
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where ξi = ni/ki , N5 = 2ξQ 3 − ξT + 9(Q 3 + T )/kB , and ∂µ jµi =
ṅi − Di∇2ni with Di being a diffusion constant. In solving these 
coupled equations, we utilize the chemical equilibrium conditions 
in light of %−1
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the particles under consideration. In this case, the above coupled 
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Input parameters for the BAU estimate.

TC = 99.2 GeV vC = 214.9 GeV v w = 0.1 *β = 0.05
mτL = 0.21T mµR = 0.12T %τL = 0.034T %µR = 0.015T
Dq = 8.9/T Dh = 101.9/T D L = 101.9/T D R = 377.1/T

Fig. 2. Contours of Y B/Y obs
B , Br(h → µτ ) and δaµ in the (|ρττ |, |ρτµ|) plane. We 

set mH = 350 GeV, mA = mH± = 400 GeV, M = 100 GeV, cβ−α = 0.006, |ρτµ| =
|ρµτ |, φτµ = −5π/4, φµτ = π/4 − φτµ and φττ = π/2. (For interpretation of the 
references to color in this figure, the reader is referred to the web version of this 
article.)

Boltzmann equations are reduced to a single differential equation 
with respect to H , as is the case in Ref. [30].

The total LH number density (nL ) is

nL = 5Q 3 + 4T + L3

= −9kQ 3kT − 5kQ 3kB − 8kT kB

kH (9kQ 3 + 9kT + kB)

+ kL3 D R(kR3 + kR2)

kH
(

D LkL3 + D R(kR3 + kR2)
) , (16)

where D L and D R denote the diffusion constants of the third 
generation LH lepton doublet and the RH muon, respectively. As 
pointed out in Ref. [33], the lepton transport is much more effi-
cient since it does not suffer from the strong sphaleron washout 
effect, which would make the first term highly suppressed.

With the above nL , the BAU can be estimated as

nB = −3%
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quarks, %
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B /4. In the following, we will characterize the baryon 

asymmetry by Y B ≡ nB/s, where s = (2π2/45)g∗ is the entropy 
density at temperature T , and quote Y obs

B = 8.59 × 10−11, the cen-
tral value given by the Planck Collaboration [1].

In the estimate of BAU, we employ the formulas given in 
Ref. [41] for the diffusion constants and thermal widths of LH and 
RH leptons, and assume Dh = D L . The particular values that we 
use here are summarized in Table 1.

In Fig. 2, we show Y B/Y obs
B , Br(h → µτ ) and δaµ as functions of 

|ρττ | and |ρτµ|. Here we take the same input parameters as those 

: s is a 2HDM parameter
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4.4 ヒッグス粒子の質量および CP の測定
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多くの場合、δmh ∼ 0.2% は既に十分であるが、h → ZZ∗ および h → WW ∗ に関しては十分とは
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δW = 6.9 · δmh, δZ = 7.7 · δmh (11)

である。ここで、δW および δZ は、それぞれ g(hWW ) と g(hZZ) の相対誤差である。250 GeV ILC

では、図 4 (左) に示したようなレプトン反跳過程を使って、ヒッグス粒子の質量を非常に精密に測定
でき、期待される精度は 14 MeV に達する。その結果、δW および δZ の系統誤差は 0.1% になる。
第 2 節で議論した新しいビームパラメータは、ビームストラールング効果を相当程度増大させる可
能性があるので、ヒッグス質量の精密測定への影響について注意深く検討する必要がある。
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されれば、それは標準理論を超える物理の存在を示唆し、電弱バリオン数生成の理論モデルに要求さ
れる CP の破れの手掛かりとなるかも知れない。
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のこの測定精度が、LHC での直接探索の範囲を超える、新しい物理を探索するのに十分かどうかで
ある。この節ではこの点について検討する。最初に、ヒッグス粒子に影響を与える新しい物理の可能
性を概観し、考察の対象となる様々な理論モデルの特徴を調べ、そして、それらの理論モデルのヒッ
グス結合への影響を提示する。その後、それら理論モデルのパラメータ空間内の代表的なサンプル点
を選んで ILC 測定の威力を示す。

5.1 電弱対称性の破れとヒッグス場に関する理論モデル

標準理論の SU(2) × U(1) ゲージ対称性の破れに関する我々の理解は大雑把で不満足なものであ
る。意外に感じるかも知れないが、物性物理学者の方が素粒子物理学者よりこの点をより容易に理解
するだろう。物性物理学者は超伝導の歴史に精通しており、超伝導の基本的な理解が二つの段階を経
て進んだことを知っているからである。1950 年、ランダウとギンツブルグは、超伝導の現象論的理
論を構築した。実際これは、ヒッグス場の理論の雛形であった [32]。この理論モデルは成功し、超伝
導の多くの側面を予言し得た。しかし、この理論モデルでは、基本事実である超伝導状態への相転移
を手で入れたにすぎなかった。その後、ようやく 1957 年になって、バーディーン、クーパー、シュ
リーファー（BCS）が金属中の電子が対を作る現象に基づいて超伝導の本質を捉えた基本理論を構築
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Table 10: Expected and observed confidence intervals at 95% CL on the Agg, HVV and AVV coupling parameters,
their best-fit values and corresponding compatibility with the SM expectation, as obtained from the negative log-
likelihood scans performed with 36.1 fb�1 of data at

p
s = 13 TeV. The coupling Hgg is fixed to the SM value of

one in the fit, while the coupling SM is either fixed to the SM value of one or left as a free parameter of the fit.

BSM coupling Fit Expected Observed Best-fit Best-fit Deviation
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HVV (Hgg = 1, SM free) [�3.1, 4.0] [�0.6, 4.2] 2.2 1.2 1.7�
AVV (Hgg = 1, SM = 1) [�3.5, 3.5] [�5.2, 5.2] ±2.9 - 1.4�
AVV (Hgg = 1, SM free) [�4.0, 4.0] [�4.4, 4.4] ±1.5 1.2 0.5�

9.2 Tensor structure of Higgs boson couplings to vector bosons

In order to probe the tensor structure of the Higgs boson couplings to vector bosons, a likelihood function
is constructed as a product of conditional probabilities over the event yield Nj in each reconstructed event
category j,

L(Æ, Æ✓) =
Ncategories÷

j
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with the set of coupling parameters Æ representing the parameters of interest for a specific hypothesis test.
The expected number of signal events S(Æ)

j (Æ✓) is parameterized in terms of the SM and BSM couplings
using the signal modelling described in Section 6, while the expected background event yields Bj(Æ✓) are
given by the background estimates detailed in Section 7. As in the case of the cross-section measurements,
the test statistic is based on a profile likelihood ratio,
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with the conditional and the unconditional maximum-likelihood estimators in the numerator and the
denominator, respectively. The coupling parameter Agg is measured assuming that all other BSM
couplings are equal to zero. The coupling parameters HVV and AVV are probed both simultaneously
and one at a time assuming that all other BSM couplings vanish. If not stated otherwise, the SM couplings
SM and Hgg described in Section 3.2 are fixed to the SM value of one. The BSM changes in the Higgs
sector are assumed not to a�ect the SM background processes.

Figure 9 shows the observed negative log-likelihood as function of one BSM coupling at a time, together
with the expectation for the SM Higgs boson. The corresponding exclusion limits at a 95% confidence
level (CL), the best-fit values and the size of the deviation from the SM are summarized in Table 10. The
event yields measured in the introduced reconstructed event categories do not provide any sensitivity to the
sign of the Agg and AVV coupling parameters. On the other hand, event yields are expected to be larger
for positive HVV values compared to the negative ones due to large interference e�ects with the CP-even
SM coupling interactions. Due to the larger number of events observed compared with expectation in the
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hadronically decaying signal V bosons are included in the inputs to the particle-level jet building. The
anti-kt jet reconstruction algorithm [22], implemented in the FastJet package [23], with a radius parameter
R = 0.4 is used and jets are required to have pT > 30 GeV. The 1-jet bin is further split into three
bins with the Higgs boson transverse momentum pH

T below 60 GeV, between 60 GeV and 120 GeV, and
above 120 GeV. The reduced Stage-1 gluon–gluon fusion bins are correspondingly denoted by ggF-0 j,
ggF-1 j-pH

T -Low, ggF-1 j-pH
T -Med, ggF-1 j-pH

T -High and ggF-2 j. The VBF production bin is split into
two bins with the transverse momentum of the leading jet, pj1

T , below and above 200 GeV (VBF-pj
T-Low

and VBF-pj
T-High, respectively). The former bin is expected to be dominated by SM events, while the

latter is sensitive to potential BSM contributions. For VH production, separate bins with hadronically
(VH-Had) and leptonically (VH-Lep) decaying vector bosons are considered. The leptonic V boson decays
include the decays into ⌧ leptons and into neutrino pairs. The ttH production bin remains the same as for
Stage 0.

Figure 1 also summarizes the corresponding categories of reconstructed events in which the cross-section
measurements are performed and which are described in more detail in Section 5. There is a dedicated
reconstructed event category for each production bin except for ggF-2 j. This process contributes strongly
to all reconstructed event categories containing events with at least two jets, and can therefore be measured
in these categories, with the highest sensitivity expected in VBF-enriched-pj

T-Low category.

3.2 Tensor structure of Higgs boson couplings

In order to study the tensor structure of the Higgs boson couplings to SM gauge bosons, interactions of
the Higgs boson with these SM particles are described in terms of the e�ective Lagrangian of the Higgs
characterization model [24],

LV
0 =

⇢
SM


1
2
gHZZZµZµ + gHWWW+µW�µ

�

� 1
4
⇥
HgggHggGa

µ⌫Ga,µ⌫ + tan↵AgggAggGa
µ⌫G̃a,µ⌫

⇤

� 1
4

1
⇤

⇥
HZZZµ⌫Zµ⌫ + tan↵AZZZµ⌫ Z̃µ⌫

⇤

� 1
2

1
⇤

⇥
HWWW+µ⌫W�µ⌫ + tan↵AWWW+µ⌫W̃�µ⌫⇤ �X0. (1)

The additional terms in the Lagrangian involving couplings to fermions are not considered since the present
analysis is not sensitive to these couplings. The model is based on an e�ective field theory description
which assumes there are no new BSM particles below the energy scale ⇤. The cut-o� scale ⇤ is set to
1 TeV, supported by the current experimental results showing no evidence of new physics below this scale.
The notation of Eq. (1) follows the notation of Eq. (2.4) in Ref. [24] with X0 defining a new bosonic state
of spin 0 and with the di�erence that the dimensionless coupling parameters  are redefined by dividing
them by cos↵, where ↵ is the mixing angle between the 0+ and 0� CP states implying CP-violation
for ↵ , 0 and ↵ , ⇡. In this way the prediction for the SM Higgs boson is given by SM = 1 and
Hgg = 1 with the values of the BSM couplings set to zero. In this analysis, only the e�ective Lagrangian
terms with coupling parameters HVV , AVV and Agg are considered as possible BSM admixtures to the
corresponding SM interactions. These terms describe the CP-even (scalar) and CP-odd (pseudo-scalar)
BSM interaction with vector bosons and the CP-odd BSM interaction with gluons, respectively. The BSM
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with the set of coupling parameters Æ representing the parameters of interest for a specific hypothesis test.
The expected number of signal events S(Æ)

j (Æ✓) is parameterized in terms of the SM and BSM couplings
using the signal modelling described in Section 6, while the expected background event yields Bj(Æ✓) are
given by the background estimates detailed in Section 7. As in the case of the cross-section measurements,
the test statistic is based on a profile likelihood ratio,
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with the conditional and the unconditional maximum-likelihood estimators in the numerator and the
denominator, respectively. The coupling parameter Agg is measured assuming that all other BSM
couplings are equal to zero. The coupling parameters HVV and AVV are probed both simultaneously
and one at a time assuming that all other BSM couplings vanish. If not stated otherwise, the SM couplings
SM and Hgg described in Section 3.2 are fixed to the SM value of one. The BSM changes in the Higgs
sector are assumed not to a�ect the SM background processes.

Figure 9 shows the observed negative log-likelihood as function of one BSM coupling at a time, together
with the expectation for the SM Higgs boson. The corresponding exclusion limits at a 95% confidence
level (CL), the best-fit values and the size of the deviation from the SM are summarized in Table 10. The
event yields measured in the introduced reconstructed event categories do not provide any sensitivity to the
sign of the Agg and AVV coupling parameters. On the other hand, event yields are expected to be larger
for positive HVV values compared to the negative ones due to large interference e�ects with the CP-even
SM coupling interactions. Due to the larger number of events observed compared with expectation in the
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2

FIG. 1: Illustrations of H particle production and decay in pp or e+e− collision gg/qq̄ → H → ZZ → 4ℓ± (left), e+e−(qq̄) →
Z∗ → ZH → ℓ+ℓ−bb̄ (middle), or e+e−(qq′) → e+e−(qq′)H → e+e−(qq′)bb̄ (right). The H → bb̄ decay and HZZ coupling are
shown as examples, so that Z can be substituted by other vector bosons. Five angles fully characterize the orientation of the
production and decay chain and are defined in the suitable rest frames.

H V

V

V H

V

V

V

H

FIG. 2: Illustration of an effective HV V coupling, where V = Z,W,γ, g with H decay to two vector bosons (left), associated
H production with a vector boson (middle), and vector boson fusion (right).

We build upon our previous analysis of this problem described in Refs. [7, 8]. Techniques developed there are
well-suited for measuring HV V anomalous couplings since these couplings affect angular and mass distributions and
can be constrained by fitting observed distributions to theory predictions. However, such multi-parameter fits require
large samples of signal events that are currently not available. Nevertheless, it is interesting to study the ultimate
precision on anomalous couplings that can be achieved at the LHC and a future lepton collider since the expected
number of events can be easily estimated.
We organize the rest of the paper as follows. In Sec. II we briefly review parameterization of the HV V vertex.

In Sec. III we discuss Monte Carlo (MC) and likelihood techniques, since they provide the necessary tools for the
experimental studies. In Sec. IV we explore various approaches to anomalous couplings measurements and summarize
the precision that is achievable at different facilities. We conclude in Sec. V. Additional details, including discussion
of the matrix element method and methodology of the analysis, can be found in Appendices.

II. PARAMETRIZATION OF THE SCATTERING AMPLITUDES

Studies of spin, parity, and couplings of a Higgs boson employ generic parameterizations of scattering amplitudes.
Such parameterizations contain all possible tensor structures consistent with assumed symmetries and Lorentz invari-
ance. We follow the notation of Refs. [7, 8] and write the general scattering amplitude that describes interactions of
a spin-zero boson with the gauge bosons, such as ZZ, WW , Zγ, γγ, or gg

A(XJ=0 → V V ) =
1

v

(

g1m
2
V
ϵ∗1ϵ

∗
2 + g2f

∗(1)
µν f∗(2),µν + g4f

∗(1)
µν f̃∗(2),µν

)

. (1)

In Eq. (1), f (i),µν = ϵµi q
ν
i − ϵνi q

µ
i is the field strength tensor of a gauge boson with momentum qi and polarization

vector ϵi; f̃ (i),µν = 1/2ϵµναβfαβ is the conjugate field strength tensor. Parity-conserving interactions of a scalar
(pseudo-scalar) are parameterized by the couplings g1,2(g4), respectively. In the Standard Model (SM), the only non-
vanishing coupling of the Higgs to ZZ or WW bosons at tree-level is g1 = 2i, while g2 is generated through radiative

Higgs CP-admixture in hVV

translate to the ILC condition  

arXiv:1710.07621
Keisuke Fujii et al.

ILC250 2000 fb-1



25

⚪
       an objective of the ILC250

Performing precise measurement of Higgs couplings
the ILC tries to find clues which could connect to beyond the SM 

and search a dark matter particle and an extra-dimension.

ILC has the capability !

Design Construct Physics
20302020 2040

→10 years 2000 fb-1

operation from later 2020  
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Higgs sector will be elucidated, and  
a︎ direction of new physics be uncovered 

Bring Revolution  
   in 2030s ! 

• “SuperKEK-B” will give some conclusion on flavor physics,    
• “LISA” project will give observation in later 2030s .  
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ILC operation plan
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Figure 2: Run plan for the staged ILC starting with a 250-GeV machine under two di↵erent
assumptions on the achievable instantaneous luminosity at 250GeV. Both cases reach the
same final integrated luminosities as in Fig. 1.

3 E↵ective Field Theory approach to precision measurements
at e

+
e

� colliders

The goal of the ILC program on the Higgs boson is to provide determinations of
the various Higgs couplings that are both high-precision and model-independent.

It is easy to see how this can be achieved for some combinations of Higgs couplings.
In the reaction e

+
e

� ! Zh, the Higgs boson is produced in association with a Z boson
at a fixed lab-frame energy (110 GeV for

p
s = 250 GeV). Up to small and calculable

background from e

+
e

� ! ZZ plus radiation, observation of a Z boson at this energy
tags the presence of a Higgs boson. Then the total cross section for e+e� ! Zh can
be measured absolutely without reference to the Higgs boson decay mode, and the
various branching ratios of the Higgs boson can be observed directly.

The di�culty comes when one wishes to obtain the absolute strength of each Higgs
coupling. The coupling strength of the Higgs boson to AA can be obtained from the
partial width �(h ! AA), which is related to the branching ratio through

BR(h ! AA) = �(h ! AA)/�h , (1)

where �h is the total width of the Higgs boson. In the Standard Model (SM), the width
of a 125 GeV Higgs boson is 4.1 MeV, a value too small to be measured directly from
reaction kinematics. So the width of the Higgs boson must be determined indirectly,
and this requires a model formalism.

In most of the literature on Higgs boson measurements at e+e� colliders, the width
is determined using the  parametrization. One assumes that the Higgs coupling to
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Figure 1: The nominal 20-year running program for the 500-GeV ILC [10].

2 Plan for ILC evolution and staging

Following the publication of the ILC Technical Design Report [1,2,11–13], a canon-
ical operating scenario was defined for the ILC [10]. This operating scenario assumed
the construction of a 500-GeV machine, which within a 20-year period would accumu-
late integrated luminosities of 4 ab�1, 2 ab�1 and 200 fb�1 at center-of-mass energies
of 500GeV, 250GeV and 350GeV, respectively, with beam polarizations of ±80%
for the electron beam and ±30% for the positron beam. Figure 1 shows the time
evolution of the data-taking envisioned in [10], starting with operation at 500GeV.
There were three main physics reasons for starting at 500GeV: first, the ability to use
both of the major Higgs boson production processes e

+
e

� ! Zh and e

+
e

� ! ⌫⌫h

to measure Higgs couplings; second, the ability to begin precision measurements of
the couplings of the top quark, including the direct measurement of the top-Yukawa
coupling from tth production, and third, the ability to exploit the maximal discovery
range for new particles.

Nevertheless, a very important part of the ILC physics program relies on data
collected in its running at 250 GeV, which already yields a substantial sample of
about half a million Higgs bosons tagged with recoiling Z bosons and subject to very
small backgrounds. Using new analyses for reconstructing the various Higgs decay
modes and a new, more powerful theoretical approach, to be described in Section 3,
we realized that the 250 GeV program alone can already give powerful and model-
independent constraints on the Higgs properties. Thus, a staging scenario with a long
first stage at 250 GeV makes sense from the point of view of physics. The purpose of
this paper is to present this argument in detail.

The detailed plan and accelerator design for the 250 GeV stage of the ILC is
described in [9]. In this section, we will discuss the implications of this plan for the
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EWPOs

Note that no dimension-six operators involving quarks
enter an analysis based on these observables.
The values that we will use here for the precision

electroweak observables, and their errors, are the current
values, from Ref. [42]. For the Al, we take the value
corresponding to the average of sin2θlepteff presented in
Sec. 7.3.4 of Ref. [43]. These values are shown in Table I.
For the analysis in Sec. VII, we will need to make use of

the measurements of the total width of the Z andW. So we
include those current values also in Table I.
Our analysis will benefit from improvements in some of

the precision electroweak parameters that we expect to see
in the era of eþe− experiments. The uncertainties on mW
measurements are expected to be improved to 5 MeV
already at the LHC [44]. The ILC is expected to improve
the error on the Higgs boson mass to 15 MeV by recoil
mass fitting of eþe− → Zh events in which the Z decays to
leptons [45]. It is not so easy to obtain a very precise direct
measurement of the W total width. Today, this width is
known only to 2% accuracy. However, with the use of
constraints from other precision electroweak observables
and measurements of eþe− → WþW−, our EFT formalism
predicts the partial width ΓðW → lνÞ to an accuracy
of 0.06%. Using the large statistics available at the
ILC—3 × 107 pairs—it will be possible to apply a tag-
and-probe method to make a very precise measurement of
the branching ratio BRðW → lνÞ. We then expect that the
total width ΓW can be known to better than 0.1%. Running
an eþe− collider at the Z resonance to create at least 109 Z
bosons would be expected to improve the errors on Al
and Γl by an order of magnitude [46]. However, we will
not make use of that possibility in the estimates given in
this paper.

E. W, Z, and Higgs boson vertices

Starting from the Lagrangian (1) and using the prescrip-
tions in Sec. II C, we can work out expressions for the

various coupling constants that appear in the W and Higgs
interactions.
The three-boson vertices involving the W boson are

canonically written [47]

ΔLTGC ¼ igV

!
VμðŴ−

μνWþν − Ŵþ
μνW−νÞ þ κVWþ

μ W−
ν V̂μν

þ λV
m2

W
Ŵ−ρ

μ Ŵþ
ρνV̂μν

"
; ð21Þ

where V ¼ A or Z and

V̂μν ¼ ∂μVν − ∂νVμ ð22Þ

is the linear part (only) of the field-strength tensor. Note
that we have absorbed the constant in front of the first term
in Eq. (21) into the overall coupling gA or gZ. Then this
formula has six parameters. Of these gA must be equal to
the physical electron charge e in Eq. (15), since this is also
the charge of the W. It is a simple exercise to verify this
explicitly. We define the charge gZ to include the effect of
AZ kinetic mixing, as shown in Fig. 2. Then the charge gZ
is given by

gZ ¼ gcw

#
1þ 1

2
δZZ þ sw

cw
δZAZ

$
: ð23Þ

The remaining parameters are given by

TABLE I. Values and uncertainties for precision electroweak observables used in this paper. The values are taken
from Ref. [42], except for the averaged value of Al, which corresponds to the averaged value of sin2 θeff in Ref. [43].
The best -fit values are those of the fit in Ref. [42]. For the purpose of fitting Higgs boson couplings as described in
Sec. VII, we use improvements in some of the errors expected from the LHC [44] and ILC [45]. The improved
estimate of the W width is obtained from ΓW ¼ ΓðW → lνÞ=BRðW → lνÞ.

Observable Current value Current σ Future σ SM best-fit value

α−1ðm2
ZÞ 128.9220 0.0178 (same)

GF (10−10 GeV−2) 1166378.7 0.6 (same)
mW (MeV) 80 385 15 5 80 361
mZ (MeV) 91 187.6 2.1 91 188.0
mh (MeV) 125 090 240 15 125 110
Al 0.14696 0.0013 0.147937
Γl (MeV) 83.984 0.086 83.995
ΓZ (MeV) 2495.2 2.3 2494.3
ΓW (MeV) 2085 42 2 2088.8

FIG. 2. Contributions to gZ, the coupling of the Z boson to
WþW−, including in particular the effect of AZ kinetic mixing.
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EWPOs and Renormalization EFT 
PHYS. REV. D 97, 053004 (2018) 

EFT input: EWPOs (7)

 56

δg, δg’, δv, δλ, cT

(δΧ=ΔX/X)

EFT input: EWPOs (7)

 57

cHL+c’HL, cHE

7 observables
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TGC : 3 parameters
PHYS. REV. D 97, 053004 (2018) EFT input: TGC (3)

 58

�A = �6g2c3W

�A = 1 + (8cWB)

EFT input: TGC (3)

 59
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Synergy with HL-LHC 
PHYS. REV. D 97, 053004 (2018) 

EFT input from HL-LHC:

 60

(synergy with HL-LHC)

BR(h → γγ)
BR(h → ZZ*)

BR(h → γZ)
BR(h → ZZ*)
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Model bb cc gg WW ⌧⌧ ZZ �� µµ

1 MSSM [38] +4.8 -0.8 - 0.8 -0.2 +0.4 -0.5 +0.1 +0.3
2 Type II 2HD [39] +10.1 -0.2 -0.2 0.0 +9.8 0.0 +0.1 +9.8
3 Type X 2HD [39] -0.2 -0.2 -0.2 0.0 +7.8 0.0 0.0 +7.8
4 Type Y 2HD [39] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [40] -6.4 -6.4 -6.4 -2.1 -6.4 -2.1 -2.1 -6.4
6 Little Higgs w. T-parity [41] 0.0 0.0 -6.1 -2.5 0.0 -2.5 -1.5 0.0
7 Little Higgs w. T-parity [42] -7.8 -4.6 -3.5 -1.5 -7.8 -1.5 -1.0 -7.8
8 Higgs-Radion [43] -1.5 - 1.5 +10. -1.5 -1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [44] -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5

Table 3: Percent deviations from SM for Higgs boson couplings to SM states in various new
physics models. These model points are unlikely to be discoverable at 14 TeV LHC through
new particle searches even after the high luminosity era (3 ab�1 of integrated luminosity).
From [20].

and one to down fermions only), and type X and Y models (with more complicated
discrete symmetries that protect flavor observables) [39].

5.2 Comparisons of models to the ILC potential

All of these ideas lead to models with deviations from the SM expectations of the
couplings of the 125 GeV Higgs boson to SM states. Table 3 collects a set of models
of new physics based on the ideas described in the previous section and on several
additional ideas of interest to theorists. For each model, we chose a representative
parameter point for which the predicted new particles would be beyond the reach of
the 14 TeV LHC with the full projected data set. The deviations of Higgs couplings
from the SM expectations at these representative model points are listed in the Table.
(For details, see [20] as well as the papers cited in Table 3.) These examples illustrate
diverse possibilities for models with significant deviations of the Higgs couplings from
the SM expectation that would be allowed even if the LHC and other experiments are
not able to discover the corresponding new physics beyond the SM. We should make
clear that the quantitative statements to follow refer to these particular models at the
specific parameter points shown in the Table. Figure 9 shows graphically the ability
of ILC measurements to distinguish the Higgs boson couplings in the models in the
Table from the SM expectations and from the expectations of other models. Each
square shows relative goodness of fit for the two models in units of �. The top figure
is based on the covariance matrix from the 250 GeV stage of the ILC, corresponding
to the second column of Table 1. The bottom figure reflects the full ILC program with
500 GeV running, corresponding to the fourth column of Table 1. It is noteworthy
that, once it is known that the Higgs boson couplings deviate significantly from the
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typical parameters of benchmark models
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1
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ILC at 250 GeV with 2 ab−1 of data, the relative χ2s of the
models are:

SM 1 2 3 4 5 6 7 8 9

SM 0 29 63 43 115 10 12 20 22 7.3
1 29 0 34 113 36 53 24 78 68 37
2 63 34 0 95 68 105 39 149 120 71
3 43 113 95 0 256 57 51 71 70 50
4 115 36 68 256 0 152 97 191 167 123
5 10 53 105 57 152 0 23 5.5 29 8.3
6 12 24 39 51 97 23 0 46 51 8.8
7 20 78 149 71 191 5.5 46 0 26 21
8 22 68 120 70 167 29 51 26 0 23
9 7.3 37 71 50 123 8.3 8.8 21 23 0

Every model except #9 is separated from the Standard
Model by at least 3σ, and the models are generally

separated from one another by a comparable amount
[46]. The σ separations of the models from the SM and
from one another are illustrated in Fig. 2(a).
Using the fit of Sec. VI, for the ILC at 250 GeV with

2 ab−1 of data and then at 500 GeV with 4 ab−1 of data, the
relative χ2s of the models are:

SM 1 2 3 4 5 6 7 8 9

SM 0 75 204 75 295 35 39 68 67 27
1 75 0 80 222 85 162 55 247 193 101
2 204 80 0 263 118 352 124 492 371 230
3 75 222 263 0 543 113 104 152 147 97
4 295 85 118 543 0 438 230 568 458 329
5 35 162 352 113 438 0 78 17 93 30
6 39 55 124 104 230 78 0 153 154 27
7 68 247 492 152 568 17 153 0 85 72
8 67 193 371 147 458 93 154 85 0 71
9 27 101 230 97 329 30 27 72 71 0

With this data set, the various models are distinguished
from the StandardModel at least 5σ. Except in two cases, the
models are also well distinguished from one another, so that
the results give a clear indication of the nature of
the new physics that has been discovered through the
Higgs coupling deviations. The σ separations of the models
from the SMand fromone another are illustrated in Fig. 2(b).
These examples illustrate the ability of future eþe−

colliders to expose models of new physics even in cases
in which the new particles are beyond the reach of direct
searches at the LHC.

VIII. CONCLUSIONS

In this paper, we have presented an improved method for
the extraction of model-independent Higgs couplings from
the data that will be provided by future eþe− colliders. We
began by explaining that a simple parametrization of new
physics effects by rescaling the Standard Model Higgs
couplings by κI parameters is not sufficiently general to
encompass the full range of models of new physics.
Instead, we advocate the description of new physics effects
on Higgs couplings by the coefficients of dimension-6
operators that can be added to the Lagrangian of the
Standard Model. This effective field theory description
encompasses a broader range of new physics effects. At the
same time, it brings in new constraints from SUð2Þ ×Uð1Þ
gauge invariance and from Higgs cross section measure-
ments not previously considered in fits for Higgs coupling.
This method draws information from precision electroweak
measurements, eþe− → WþW−, and precision Higgs mea-
surements, thus taking full advantage of the richness of the
information provided by future eþe− colliders.
Using this approach, we have analyzed the expectations

of the ILC and other proposed colliders for extracting the
couplings of the Higgs boson with percent-level accuracy
and for observing and discriminating models of new
physics whose new particles are beyond the reach of
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FIG. 2. Graphical representation of the χ2 separation of the
Standard Model and the models 1–9 described in the text: (a) with
2 ab−1 of data at the ILC at 250 GeV; (b) with 2 ab−1 of data at
the ILC at 250 GeV plus 4 ab−1 of data at the ILC at 500 GeV.
Comparisons in orange have above 3σ separation; comparison in
green have above 5σ separation; comparisons in dark green have
above 8σ separation.
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ðχ2ÞAB ¼ ðgTA − gTBÞ½VCVT %−1ðgA − gBÞ ð20Þ

gives the χ2 for A given the hypothesis B or vice versa. The
significance in σ of the deviation of a model from the SM,
or of one model from another, is roughly the square root of
the χ2 computed in this way.
It will always be true that some models of new physics

are observable through Higgs coupling deviations while
others are not. All viable models of new physics beyond the
SM exhibit “decoupling.” That is, as the new particle
masses are increased, the predicted deviations from the SM
in the Higgs couplings and in other precision observables
tend to zero. It is interesting to ask, though, whether there
are models that predict significant deviations in the Higgs
couplings for parameter values at which the new particles
are very heavy, outside the reach of the LHC. A systematic
study of supersymmetric models [37,38] shows that there
are a significant number of such models. In fact, Figs. 1–5
of [37] show that constraints on the Higgs couplings probe
the model space in a direction roughly orthogonal to that
probed by direct particle searches. It makes sense, then, to
open this new line of attack on the problem of discovering
physics beyond the SM.
To illustrate the range of new physics models that can be

found through studies of the Higgs couplings, we present a
list of nine models with significant Higgs boson coupling
deviations in which the new particles present in the model
are unlikely to be discoverable at the LHC, even in the
high-luminosity era. These models are:
(1) A supersymmetric model, model #1259073 of the

Phenomenological Minimal Supersymmetric Stan-
dard Model (PMSSM) models described in [37].
This model has relatively high colored supersym-
metry (SUSY) particle masses: mðb̃Þ ¼ 3.4 TeV,
mðg̃Þ ¼ 4 TeV, but still these shift the hbb̄ coupling
significantly. The lightest SUSY particles are a
Higgsino multiplet at 515 GeV.

(2) A type II 2-Higgs-doublet model from [39], with
heavy Higgs bosons at 600 GeV and tan β ¼ 7.

Higgs couplings are evaluated with one-loop cor-
rections as in [40]. This model and the next two lie in
the wedge-shaped region where the LHC has limited
sensitivity.

(3) A type X 2-Higgs-doublet model from [39], with
heavy Higgs bosons at 450 GeV and tan β ¼ 6.
Higgs couplings are evaluated with one-loop cor-
rections as in [40].

(4) A type Y 2-Higgs-doublet model from [39], with
heavy Higgs bosons at 600 GeV and tan β ¼ 7.
Higgs couplings are evaluated with one-loop cor-
rections as in [40].

(5) A composite Higgs model MCHM5 with
f ¼ 1.2 TeV, described in [41]. The lightest new
particle in this model is a vectorlike top quark
partner T at 1.7 TeV. However, the single production
cross section for this particle can be very small.

(6) A Little Higgs model with T-parity in the family
of models considered in [42], with f ¼ 785 GeV
and the top quark partner T at 2 TeV. (This model
is on the boundary with respect to precision
electroweak.)

(7) A Little Higgs model with T-parity described in [43],
with f ¼ 1 TeV and the option B for light-quark
Yukawa couplings. In this model, the top quark
partner T has a mass of 2.03 TeV.

(8) A Higgs-radion mixing model described in [44]. The
radion mass is taken to be 500 GeV; other relevant
extra-dimensional states can be at multi-TeVmasses.

(9) A model with a Higgs singlet added to the Standard
Model to allow electroweak baryogenesis and to
provide a portal to the dark matter sector, described
in [45]. The singlet mass is 2.8 TeV, with mixing as
large as permitted by decoupling.

The coupling deviations in these models are listed
in Table V. These deviations are shown graphically
in Appendix B, together with the uncertainties that would
result from the fit to ILC data at 250 and 500 GeV.
Comparing these models to the Standard Model, we find

the following χ2 separation. Using the fit of Sec. IV, for the

TABLE V. Deviations from the Standard Model predictions for the Higgs boson couplings, in percent, for the set of new physics
models described in the text. As in Table I, the effective couplings gðhWWÞ and gðhZZÞ are defined as proportional to the square roots of
the corresponding partial widths.

Model bb̄ cc̄ gg WW ττ ZZ γγ μμ

1 MSSM [37] þ4.8 −0.8 −0.8 −0.2 þ0.4 −0.5 þ0.1 þ0.3
2 Type II 2HD [39] þ10.1 −0.2 −0.2 0.0 þ9.8 0.0 þ0.1 þ9.8
3 Type X 2HD [39] −0.2 −0.2 −0.2 0.0 þ7.8 0.0 0.0 þ7.8
4 Type Y 2HD [39] þ10.1 −0.2 −0.2 0.0 −0.2 0.0 0.1 −0.2
5 Composite Higgs [41] −6.4 −6.4 −6.4 −2.1 −6.4 −2.1 −2.1 −6.4
6 Little Higgs with T-parity [42] 0.0 0.0 −6.1 −2.5 0.0 −2.5 −1.5 0.0
7 Little Higgs with T-parity [43] −7.8 −4.6 −3.5 −1.5 −7.8 −1.5 −1.0 −7.8
8 Higgs radion [44] −1.5 −1.5 þ10.0 −1.5 −1.5 −1.5 −1.0 −1.5
9 Higgs singlet [45] −3.5 −3.5 −3.5 −3.5 −3.5 −3.5 −3.5 −3.5
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Unit  n [σ] n =
p
�2

• gA, gB: vector of couplings in Model A, B 

• C: covariance matrix of EFT coefficients 
• Vij: linear dependence of coupling gi  
         on EFT coefficient cj 

⚪ chi2 discrimination test

ILC250 2000 fb-1

Distinguishable with more than 
3σ for Most of the BSM models ! 
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1 ANALYSIS ON THE ANOMALOUS WWH COUPLINGS
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Figure 30: Upper plots show contours projected onto the two-dimensional parameter spaces aW -
bW , aW -b̃W , and bW -b̃W with the simultaneous minimization in the three-dimensional parameter
spaces. Each contour correspond to the 1σ and 2σ sensitivity to the anomalous WWH parameters
at

√
s =250 GeV with Lint =250 fb−1 where the beam polarization of P(e−, e+)= (-80%,+30%)

is assumed. Middle plots are ∆χ2 distributions as a function of each parameter of the anomalous
couplings aW , bW , and b̃W . The informations used for the evaluation are listed in the main text.
Lower values give the 1σ bounds for each anomalous parameter aW , bW , and b̃W and show the
variation within the fitting for aZ , bZ , and b̃Z , and the correlation matrix indicating correlation
coefficients between the parameters is also given.
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With the benchmark at
√
s = 500 GeV :532

533

For benchmarking of the performance of the sensitivity under the condition of
√
s = 500 GeV534

and the integrated luminosity of Lint = 500 fb−1, the information used for the evaluation of each535

anomalous parameter are as follows, (There are only two differences compared to
√
s = 250 GeV,536

which are, firstly the Higgs-strahlung process is not considered for extracting the kinematical shape537

information since the production cross-section is very small compared to the WW -fusion process,538

and there is no expectation that the limited Higgs-strahlung process can improve the sensitivity539

over the impact coming from the WW -fusion process. However, the Higgs-strahlung process540

is considered as the background that would vary depending on the existence of the anomalous541

ZZH couplings. Secondary, the Higgs decay h → WW ∗ in the t-channel WW -fusion process is542

included.)543

• The variation of the production cross-section of the t-channel WW -fusion process σνν̄h is544

included, where the relative error of the production cross-section is given as δσνν̄h = 1.59%545

through the error propagation of δ(σνν̄hBRhbb̄) = 1.0% and δ(BRhbb̄). The variation of the546

cross-section with the Higgs decay is not considered to avoid the unpredictable variation of547

the Higgs widths originating from the anomalous couplings of ZZH and WWH.548

• The variation of the kinematical shape distribution of the t-channel WW -fusion process is549

included, where the channel h → bb̄ is selected and the three-dimensional distribution of550

x(cos θh, Ph, cosφh) binned in 5×5×5 is used.551

• The variation of the kinematical shape distribution of the Higgs-strahlung process with the552

νν̄h in the Higgs-strahlung process, which is possible to vary depending on the existence of553

the anomalous ZZH couplings, is considered. The constraints and correlations for the ZZH554

parameters are given with the variance-covariance matrix C500
ZZH that is evaluated through555

the 500 GeV Higgs-strahlung process.556

• The variation of the kinematical shape information of the Higgs decay h → WW ∗ → qq̄qq̄ of557

the t-channel WW -fusion process is also included in the evaluation. The final states of the558

channel are not categorized as it is done at 250 GeV. The three-dimensional distribution of559

x(cos θ∗Wl, PW ,∆φ[0-12π]) binned in 5×5×5 is used for this channel of qq̄qq̄. The observable560

PW is measured in the laboratory frame.561
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Figure 31: ....

Fig. 32 give the sensitivity to each anomalous parameter. It was already mentioned that the562

variation coming from the anomalous ZZH couplings through the Higgs-strahlung process does563

not affect the sensitivity to the anomalous ZZH couplings because the anomalous ZZH couplings564
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Anomalous ZZH 

Test PDF

Sagitta sはある軸方向に等間隔な３つの測定店 x1, x2, x3によって定義される。

s = x2 −
x1 + x3

2

磁場中で回転する角度が十分小さい時には、

s = R(1− cosθ

2
) ∼ R

θ2

8
∼ 0.3L2B

8PT

誤差の伝播と、微分式より、以下のように表せる。

σ(s) =

√( ∂s

∂x1

)2
σ2(x) +

( ∂s

∂x2

)2
σ2(x) +

( ∂s

∂x3

)2
σ2(x) =

√
3

2
· σ(x)

σ(s) =
∣∣∣
∂s

∂PT

∣∣∣σ(PT ) =
0.3L2B

8P 2
T

σ(PT ) = s · σ(PT )

PT

以上より、運動量分解能の関係は、

σ(PT )

PT
=
(σ(s)

s
=

√
3/2 · σ(x)

s

)
=

√
3/2 · σ(x) · 8PT

0.3 ·BL2

LZZH = M2
Z

(1
v
+

aZ
Λ

)
ZµZ

µH +
bZ
2Λ

ẐµνẐ
µνH +

b̃Z
2Λ

Ẑµν
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H

LWWH = 2M2
W

(1
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+
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)
W+

µ W−µH +
bW
Λ

Ŵ+
µνŴ

−µνH +
b̃W
Λ

Ŵ+
µν
˜̂W

−µν

H

V̂µν ≡ ∂µVν − ∂νVµ and ˜̂V µν ≡ 1
2ϵµνρσV̂

ρσ.

From: B To: A 3

(Λ=1TeV)

250GeV 500GeV
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Higgs couplings precision  

Topic Parameter Initial Phase Full Data Set units ref.
Higgs m

h

25 15 MeV [15]
g(hZZ) 0.58 0.31 % [2]
g(hWW ) 0.81 0.42 % [2]
g(hbb) 1.5 0.7 % [2]
g(hgg) 2.3 1.0 % [2]
g(h��) 7.8 3.4 % [2]

1.2 1.0 %, w. LHC results [17]
g(h⌧⌧) 1.9 0.9 % [2]
g(hcc) 2.7 1.2 % [2]
g(htt) 18 6.3 %, direct [2]

20 20 %, tt threshold [34]
g(hµµ) 20 9.2 % [2]
g(hhh) 77 27 % [2]
�
tot

3.8 1.8 % [2]
�
invis

0.54 0.29 %, 95% conf. limit [2]
Top m

t

50 50 MeV (m
t

(1S)) [33]
�
t

60 60 MeV [34]
g�
L

0.8 0.6 % [42]
g�
R

0.8 0.6 % [42]
gZ
L

1.0 0.6 % [42]
gZ
R

2.5 1.0 % [42]
F �

2 0.001 0.001 absolute [42]
FZ

2 0.002 0.002 absolute [42]
W m

W

2.8 2.4 MeV [62]
gZ1 8.5⇥ 10�4 6⇥ 10�4 absolute [63]

�

9.2⇥ 10�4 7⇥ 10�4 absolute [63]
�
�

7⇥ 10�4 2.5⇥ 10�4 absolute [63]
Dark Matter EFT ⇤: D5 2.3 3.0 TeV, 90% conf. limit [61]

EFT ⇤: D8 2.2 2.8 TeV, 90% conf. limit [61]

Table 1: Projected accuracies of measurements of Standard Model parameters at the two
stages of the ILC program proposed in the report of the ILC Parameters Joint Working
Group [7]. This program has an initial phase with 500 fb�1 at 500 GeV, 200 fb�1 at 350 GeV,
and 500 fb�1 at 250 GeV, and a luminosity-upgraded phase with an additional 3500 fb�1

at 500 GeV and 1500 fb�1 at 250 GeV. Initial state polarizations are taken according to
the prescriptions of [7]. Uncertainties are listed as 1� errors (except where indicated),
computed cumulatively at each stage of the program. These estimated errors include both
statistical uncertainties and theoretical and experimental systematic uncertainties. Except
where indicated, errors in percent (%) are fractional uncertainties relative to the Standard
Model values. More specific information for the sets of measurements is given in the text.
For each measurement, a reference describing the technique is given.
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arXiv:1506.05992v2 [hep-ex] 26 Jun 2015  
Physics Case for the International Linear Collider 

arXiv:1710.07621v2 [hep-ex] 3 Nov 2017 
Physics Case for the 250 GeV Stage of 
the International Linear Collider 
 

ILC250 +ILC500
 fit EFT fit  fit EFT fit

g(hbb) 1.8 1.1 0.60 0.58
g(hcc) 2.4 1.9 1.2 1.2
g(hgg) 2.2 1.7 0.97 0.95
g(hWW ) 1.8 0.67 0.40 0.34
g(h⌧⌧) 1.9 1.2 0.80 0.74
g(hZZ) 0.38 0.68 0.30 0.35
g(h��) 1.1 1.2 1.0 1.0
g(hµµ) 5.6 5.6 5.1 5.1
g(h�Z) 16 6.6 16 2.6
g(hbb)/g(hWW ) 0.88 0.86 0.47 0.46
g(h⌧⌧)/g(hWW ) 1.0 1.0 0.65 0.65
g(hWW )/g(hZZ) 1.7 0.07 0.26 0.05
�h 3.9 2.5 1.7 1.6
BR(h ! inv) 0.32 0.32 0.29 0.29
BR(h ! other) 1.6 1.6 1.3 1.2

Table 1: Projected relative errors for Higgs boson couplings and other Higgs observables,
in %, for fits in the  and EFT formalisms. The ILC250 columns assume a total integrated
luminosity of 2 ab�1 at

p
s = 250 GeV, shared by (�+,+�,��,++) = (45%, 45%, 5%, 5%)

as described in Section 2. The ILC500 columns assume, in addition, a total integrated lumi-
nosity of 200 fb�1 at

p
s = 350 GeV, shared as (45%, 45%, 5%, 5%), and a total integrated

luminosity of 4 ab�1 at
p
s = 500 GeV, shared as (40%, 40%, 10%, 10%). Three observables

at the HL-LHC, BR��/BRZZ , BR�Z/BR�� and BRµµ/BR�� , are included in all of the fits.
The e↵ective couplings g(hWW ) and g(hZZ) are defined as proportional to the square root
of the corresponding partial widths. The last two lines give 95% confidence upper limits on
the exotic branching ratios. The detailed formulae used in the EFT fit, and the resulting
covariance matrix, can be found in [15].
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Ono, et. al, Euro. Phys. J. C73, 2343;    F.Mueller, PhD thesis (DESY)

Higgs direct couplings to cc and gg at ILC250

H→Others SM BG

H→bb H→cc H→gg

MC Data

clean environment at e+e-; excellent b- and c-tagging performance

bb/cc/gg modes can be separated simultaneously by template fitting

e+e- —> ZH —> ff(jj): b-likeness .vs. c-likeness

!14



37

e+ + e� ! ZH ! l+l�/qq̄ +Missing

Recoil Mass / GeV
120 125 130 135 140

En
tri

es

0

5

10

15

20

25 Inv.→H, Hµµsignal 

Background

SM→llH, H

P(e-,e+)=(+0.8,-0.3)

Higgs —> invisible at ILC250

recoil technique: Higgs mass fully reconstructed even it decays invisibly

right-handed beam polarization helps: much lower background

BR(H—>inv.) < 0.3% (CL95%)

Z—>ll @ ILCZ—>qq @ ILC

!15
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