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Complete understanding of the Lorentz structure of the VVH couplings is one of the key 
point to understand the electroweak symmetry breaking, and it will be a compass to the 
New physics.    

Motivation 

• In the SM one neutral Higgs appears, although several new theories require the effect of 
the CP-odd contribution of the Higgs 

• Since the CP-odd contribution of the Higgs to the couplings of VVH is included by roop 
corrections, it is expected to be small.

• How far the ILC can observe?  
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2.6 Effective Lagrangian and Anomalous Couplings

ヒッグスの発見は fundamentalな相互作用は場の量子論、いわゆるヒッグス機構を含んだ標準模型
によって描かれているという１つの証拠となっている。しかしながら、私たち未だにヒッグスが相
互作用するラグランジアンの完全な構造がどのように記述されるかということを知らない、そして
標準模型に現れない何かが存在するという可能性に興味がある。

質量を獲得すための、ヒッグス機構を通した電弱対称性の破れはCP-evenな１つの中性ヒッグスの
存在を必要としている。しかしながら、例えば、宇宙のバリオン非対称性などを説明するためには、
CP violationの影響を含んだ理論が必要となる。これまで標準模型を拡張した Two Higgs-doublet
model などのCP violationを含んだ理論モデルが考えられてきているが、それらの理論モデル達は、
拡張されたHiggs sectorを理論に組み込む必要がある。それらの拡張Higgs sectorでは、CP-even、
CP-oddを持ついくつかの 中性 Higgs bosonsが存在し、CP-eigenstates が混合したHiggs boson が
存在すると考えられている。このような場合、実験的に観測できるHiggs boson mass eigenstatesは
CP混合の状態となる

ラグランジアンは場の相互作用、結合を示すものである。私たちが実験的に決定できることは、標
準模型のヒッグスが関わるラグランジアンを想定し、そのラグランジアンの中のヒッグスが相互作
用する項の結合を測定および検証し、the SMからの deviationsを見つけることである。一般的に
new physics effects, particlesを想定し物理現象を記述する場合、有効ばの理論が用いられる。有効
場の理論では、新しい粒子によって引き起こされる新しい効果は標準模型ラグラン事案の拡張とし
て、モデルインディペンデントに higher dimension operatorsを用いて新たなラグラン事案を定義
することが可能である。追加される新たなラグラン事案は ローレンツ不変を壊さないように、must
be invariant under SU(3)c SU(2)L U(1)Y transformations

L = LSM + Leff (1)

Leff =
∑

i

∑

n≥

fi
Λn−4

O(n)
i (2)

ここで、Λは symmetry breaking sector に潜んでいる fundamental interactions を引き起こす、新
たな粒子の質量スケールとして定義される。and the operators On involve scalr , vector, fermion
fields with couplings coefficient fi . One usualy start from dim-6 operators by imposing baryon
and lepton number conservation. どのように SU (2) U (1)対称性が破れたかということを明ら
かにするためには the interactions between the gauge bosons and the Higgs boson which gives
rise to the spontaneous breaking of the gauge symmetry の理解が必要である。In this thesis also
Higgsbosonと electro weak vectorbosonの結合に集中するので、ここででは、Higgsbosonと electro
weak vectorbosonの結合に関するものだけ扱う。

Reference ??によると with requirement that the operators On to be P and C even ヒッグスと
ベクターボソンAZWの結合を修正する dimensionsix operators　は 7このみである。

Leff =
1

Λ2

(
fWW · Φ†ŴµνŴ

µνΦ + fBB · Φ†B̂µνB̂
µνΦ

+ fBW · Φ†B̂µνŴ
µνΦ + fW · (DµΦ)

†Ŵµν(DνΦ) + fB · (DµΦ)
†B̂µν(DνΦ)

+ fΦ,1 · (DµΦ)
†Φ†Φ(DµΦ) + fΦ,2 ·

1

2
∂µ(Φ†Φ)∂µ(Φ

†Φ)
)

WhereΦは the Higgs doublet, Dµ は the covariant derivative, Dµ = ∂µ+(i/2)g′Bµ+ig(σa/2)W a
µ ,

then B̂µν = (i/2)g′Bµν and Ŵµν = ig(σa/2)W a
µ as field strength tensors for U(1)Y , SU(2)L

Derivative couplings of the Higgs described in operators are related to Higgs-gauge boson
interactions (e.g. HVV), which lead to new phenomena like enhanced or Z –, Hgamma production
rate or H gammagamma decay rates. Some of
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Effective field theory 

A general starting point to think about interactions induced by the new physics is the 
effective field theory with higher dimensional operators which include a mass scale of Λ 
of the new physics.

Taking D=6, based on Warsaw basis,

2 

•
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• •
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We assume that  ( ) can be described by an effective field theory (EFT) containing
a general (2) (1) gauge invariant Lagrangian with dimension-6 operators in addition to the SM.

 Using the "W

σ + − →
×
e e HHZ

SU U

arsaw" basis,  with the pure Higgs operators in the "SILH" basis, these are the 
 10 CP-conserving dim-6 operators relevant to this analysis:

Higgs Self Coupling Systematic Error Uncertainties for 

(and other, BSM, coup   lings) in 

 

 ( )+ − →ZZH ZZHHg e eg HHZσ

now I try to understand this part

Tim Barklow (lcws16) 

expanding the formula and extracting relevant terms for ZZH  
with simplified our convenient convention, we can get D=5 operators 

例えばヒッグスが相互作用するラグランジアンにおいて、最も興味のある部分の１つはWZなど
のmassive gauge bosonsとの結合である。標準模型の中では、基本的なCP even のHiggs bosonが
W や Z ボソンに、ある結合定数に比例して結合するのみである。この標準模型を拡張してCP-even
and CP-odd Higgs bosonsを考える場合、effective Lagrangianを用いる手法が効果的である。＊＊
文献＊＊

SMの構造以外にゲージ不変を満たしながら loopscorrection を通して the scalar field Φがベク
ター粒子V、W や Z ボソンに結合できる２つの方法が考えられる。それらは dimension-6 の演算子
を用いて、以下のように書き表される。＊＊文献＊＊

Ldim6 =
g2

2Λ2
VµνV

µν(Φ†Φ) +
g2

2Λ2
Vµν Ṽ

µν(Φ†Φ) (3)

dimension-6 の演算子の中で、Φ†を真空期待値に置き換え、Φのみを物理的なヒッグス場としてみ
なすことが可能であるならば、ヒッグスがmassive gauge bosonsと相互作用するラグランジアンの
構造は、1/Λ = g2v/Λ2と置き換えて、以下のように表される can be。

Ldim5 =
1

2Λ
VµνV

µνH +
1

2Λ
Vµν Ṽ

µνH (4)

最終的＊＊＊に dimension-5の演算子が記述する、ヒッグスがmassive gauge bosonsと相互作用す
るラグランジアンの構造は、標準模型のラグランジアンに、上記の相互作用項を加えて、Z / Wに
対して以下のように表すことができる。

LZZH = M2
Z

(1
v
+

a

Λ

)
ZµZ

µH +
b

2Λ
ZµνZ

µνH +
b̃

2Λ
ZµνZ̃

µνH (5)

LWWH = 2M2
W

(1
v
+

a

Λ

)
W+

µ W−µH +
b

Λ
W+

µνW
−µνH +

b̃

Λ
W+

µνW̃
−µνH (6)

上関係式の中において、1校目２校目に現れる H は the scalar Higgs bosonであり、３項目に現れ
る Hは a pseudo-scalarな Higgs bosonである。where Λ and MV are a new physics energy scale
and the mass of the gauge boson respectively. また dimensionless な a, b, bt パラメータの導入
を行った。それらは new physics scaleに起因する量である。ヒッグスが Z bosons と結合する構造
と W bosons と結合する構造は類似のものとして記述させることができる。 Field strength tensors
Vµν of gauge bosons and dual field strength tensors Ṽ µν are defined like below:

Vµν = ∂µVν − ∂νVµ (V = Z,W±)

Ṽ µν =
1

2
ϵµνρσVρσ

標準模型においてツリーレベルで考えられる状態は、パラメータ a=b=bt=0の状態である。パラ
メータ aは SM coupling を再 scaleするものである。パラメータ bは輻射補正を通して導入され
る???。パラメータ btは CP-oddヒッグスボソンと with a pair of gauge bosonsの相互作用に関連
している。したがって、パラメータ a or b とパラメータ btの simultaneousな存在は CP violation
を示すものである。

（電磁場に似た話を拝借）
Field strength tensors を用いて加えられた２つの構造 VµνV µν、および Vµν Ṽ µνは、電磁場を記述す
る電磁場テンソル Fµν の構造に帰着させることができる。電子陽電子衝突において、ZZHに関わる
最もシンプルな過程である Higgs-strahlung過程 e+e− → Z∗ → f+f−H を考えてみる。 初期電子
陽電子ペア、Zの崩壊粒子であるフェルミオンペアの間には、衝突崩壊生成時の反応において、各ペ
アの電荷が electric dipoleの状態を取り、電流が走っているようにみなすことができので、結果的に
磁場も生成されると考えることができる。３つの空間成分を持つ電場E、磁場BでElectromagnetic

6
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tensorの内積を表すと、以下のような関係となる。

FµνF
µν ∝ Bi ·Bf −Ei ·Ef

FµνF̃
µν ∝ Ei ·Bf

ここで、iは initial state, f は final stateである。 VµνV µν の構造が存在する場合、ヒッグスが
生成されるときの初期電子陽電子対、また Zの崩壊フェルミオン対が作る２つの生成平面の関係は
平行な状態を取りやすくなる。反対に Vµν Ṽ µν の構造が存在する場合、ヒッグスが生成されるとき
の２つの生成平面の関係は垂直な状態を取りやすくなる。したがって、ヒッグスのCP violationに
関わる測定を行う場合、１つのアプローチする手法は、ヒッグスと相互作用する粒子の角度分布を
用いることである。ヒッグスの生成平面だけでなく、崩壊平面も同様に有効である。また直接相互
作用する粒子だけでなく、２次的な崩壊粒子群も多くの情報を保持している。

3 Experimental set-up
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Angular information 

The first term just rascals overall normalization of certain ZZH process,  
Latter two terms give some impact on angular information, also momenta of particles. 

The initial and final state pairs imitate an electric dipole at the interaction,  

two terms can be returned to an EM field strength. 
 

Angular distribution will be deviated from the SM one

Figure 2.3: The branching ratios (left) and the total decay width (right) of SM Higgs
boson as a function of its mass[1].

Γ(H → ff̄) =
g2
Hff

4π

NC

2
MH

(

1 −
4m2

f

M2
H

)3/2

, (2.23)

where NC = 1 for color-singlet leptons, and NC = 3 for color-triplets quarks.

Above 140 GeV, the Higgs decay into WW pair starts to supersede the decay into
bb̄, and above the ZZ threshold, the Higgs decays dominantly into the WW or ZZ, with
their partial widths

Γ(H → V V ) =
g2
HV V

4π

2δV

8MH

(

1 −
M2

H

3M2
V

+
M4

H

12M4
V

)(

1 −
4M2

V

M2
H

)1/2

, (2.24)

where V stands for W or Z; δW = 2 and δZ = 1.

2.5 The Higgs-strahlung Process

e+

e−

Z∗

H

f

f̄
Z

Figure 2.4: Feynman diagram of Higgs-strahlung process.
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Processes 

The main process we can use for VVH are; 
ZZH    at 250GeV 
ee -> ZH -> eeH 
ee -> ZH -> mmH 
ee -> ZH -> qqH(Hbb)  
ee -> ZZ -> eeH(Hbb) 

4.1.1 Observables in e+e− → ZH → llH

Z*

Z

H

ΔΦ

f

f
-

e-

e+

In the Higgs rest frame 

xx-

Z

H

f

f
-

Z

f

f
-

θZ

θf

In the Lab. frame 

In the Z rest frame 

*

*θf
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Z

H

ΔΦ

f

f
-

e-

e+

In the Higgs rest frame 

xx-
*θf

Z*

Z

H

ΔΦ

f

f
-

e-

e+

In the Higgs rest frame 

xx-

Z

H

f

f
-

Z

f

f
-

θZ

θf

In the Lab. frame 

In the Z rest frame 

*

*θf

Figure 2: Schematic view of the process e+e− → ZH → ff̄H.

• The total cross-section of the corresponding process.

• The production angle distribution of the Z boson, the Higgs boson or final state fermions.

• The difference distribution of the angle which is constructed two Higgs production planes
defined by associated particles

• The decay helicity angle distribution of daughters of the Z boson.

• The momentum distribution of associated particles to the Higgs boson or Higgs boson itself
.

SMの電弱セクターにおいて、粒子のスピンの射影を表す helicity angleの分布は、粒子の相互作
用に関して SMカラずれたアノマラス結合を確めるための重要な観測量の１つであり、searches for
new physicsに用いられてきている。一般的に helicity angleは、Z bosonに関する崩壊の場合、以下
のような角度として定義される。The angle between the direction of the Z boson and the direction
of the fermion which is boosted in the rest frame of the Z boson The distribution of the helicity
angle mentioned above should provides a quadratic distribution since the spin of the Z boson is 1
in the SM. Z ボソンと相互作用するHiggs bosonが SMの higgs boson 出ない場合、Z boson の生成
角度だけでなく、Zの崩壊粒子が作る helicity angleもなんらかの影響を受けることが期待される。

9

The main observables are; 
1. Z production angle  
2. Helicity angle of Z daughters 
3. Dphi.  
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Figure 3: Distributions of a simple production angle calculated with a beam axis and a final state lepton derived
from a Z boson in the e+e− → ZH → llH at

√
s = 250GeV with the beam polarization of e−Le

+
R. Difference of

plots at each column is an observing frame of the lepton, and difference of upper and lower row correspond to input
parameters. Black lines show the situation that the Higgs boson is exactly SM scalar, and green lines show the
pseudo-scalar state completely. Blue and red lines are mixed states corresponding to b = ±1 and b̃ = ±1.
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Figure 14: Distributions of ∆Φff̄ calculated in the Z rest frame and the Higgs rest frame in the process of
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b = ±1 and b̃ = ±1, respectively. Full reconstruction of ∆Φff̄ in a hadron channel is required complete jet charge
identification.
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Figure 15: These plots show distributions of ∆Φff̄ without jet charge identification. As mentioned before, because
one plane constructed by Z direction and the final state quark cannot be decide its plane direction if a charge of the
final state quark is unclear, intrinsic sensitivity to anomalous parameters are degraded from 0 ∼ 2π to 0 ∼ π.
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4.3 Detection of anomalous couplings based on chi-squareed statistic

In this section a strategy of chi-squared test we used for detection of the anomalous ZZH and
WWH couplings is explained. The chi-squared test is a general method to distinguish whether
one model is statistically reasonable or not based on stochastic basis. This method or a further
extended method are often used to certificate theoretical models in a high energy physics filed. As
shown in the previous section, probability distributions related to angles or momentum of particles
in each process are possible to calculate based on the SM parameters.

Even if the anomalous couplings exist, because we can predict these probability distributions from
calculation using the anomalous parameters, one-, tow- or n-dimensional distribution are possible
to construct for each model assuming that the explicit anomalous couplings are included. For
analysis we performed here each n-dimensional distributions are binned in data manipulation,
and histograms are made. Therefore we aim for detection of the anomalous couplings using the
least squared method which is one of the technique in chi-squared test.

4.3.1 Construction of a chi-squared function

A function which is used for the least squared method is defined like following. The defined
function here considers only a impact of difference of a shape or a momentum distribution. We
also define a function which considers only a impact of a cross section later.

χ2 =
n∑

i=1

[
NSM · 1

σ
dσ
dX (xi) · fi −NSM · 1

σ
dσ
dX (xi; a, b, b̃) · fi

δNSM (xi)

]2
(7)

where n and i denote the number of bins and certain bin number, then a, b and b̃ show parameters
for the anomalous couplings. 1/σ · dσ/dX(xi) is a predicted differential cross section at each bin
for an observable X based on a model with the anomalous parameters, which is normalized by a σ
and multiply a expected number of events with the SM NSM in order to extract the deviation of
the shape from the SM prediction. δNSM (xi) shows an error of the observed number of events for
a corresponding bin. Since a high energy experiment is basically a experiment which counts the
number of events, this δNSM (xi) I can be obtained as a simple error based on Poisson statistics,
or it is also possible to estimate it by constructing probability density functions for the signal
process and backgrounds process at each bin.

fi corresponds to acceptance of events on each bin. Experimentally It is impossible to observe
a complete shape of differential cross section which are predicted from the models while keeping
the original shape. Although each detector are installed to completely surround the impact point,
particles flying along a direction of a beam pipe are undetectable. Since signal events need to be
extracted from a tons of backgrounds, several observables are used to remove these backgrounds.
At the time, it is unavoidable that a part of the signal events are also removed same time. Addi-
tionally because of detector energy and momentum resolution or overlapped particles derived from
hadron jets and undetectable particles such as neutrinos, the observed distribution of differential
cross section of angles and momentums are smeared eventually. Estimation of fi including such
detector effect and migration is an important point for the reliable chi-squared test.

In the case multi dimensional distributions are used for the chi-squared test, the above function

30

Strategy of the estimation 

We performed chi2 test to check the deviation from the SM distribution.

Definition of chi2 equation

This is the shape term 
acceptance 
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Figure 38: A schematic view of the migration effect due to the detector finite resolution and misidentified or
undetectable particles (Left). Correlation between generated and reconstructed information on the Higgs momentum
distribution Phiggs in the process e+e− → ZZ → eeH at 500 GeV, which is one clear observable showing the
migration effects (Right).

could be further useful to catch deviations from the SM distribution. The event acceptance and
the migration matrix are easily expanded to the multi-dimensional distribution based on the one-
dimensional distribution as we did for the chi squared function.
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4.3.4 Construction of acceptance function f

各ビンにおいて事象が検出されたかどうかを判断するには、用いたモンテカルロデータの情報を利
用して、単純には 、ηi = Naccept

i /Ngene
i のように定義することができる。しかしながら、前述の通

り、検出器の分解能、不検出粒子などの影響により、測定される観測量はるmigrationの効果を受
けることになる。
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したがって、検出器の分解能、不検出粒子の効果を考慮するmigration matrixを構築し、その
影響をイベント acceptance に反映させた 以下のような関数を構築した。
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Figure 39: An example of calculation using the migration matrix. When an observable is divided into 5 bins, a
5× 5 matrix is needed to predict a distribution of the observable including the migration effect.
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The “real” observed distributions have the effects of detector resolution,  
efficiency and so on → Migration effect. 

Migrations due to the detector resolution 

2D migration matrix is constructed from the full detector simulation.

Need to know the 
probability of the migration

Generated distributions have to get these effect and be compared with the SM 
distributions →  We should make “detector-level” distribution. 
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同様にそれぞれの Interference termを露わに書き表すと

I0a =
1

2
(σ(1, 0, 0)− σSM (0, 0, 0)− σa(−C + 1, 0, 0))

I0b =
1

2
(σ(0, 1, 0)− σSM (0, 0, 0)− σb(−C, 1, 0))

I0b̃ =
1

2
(σ(0, 0, 1)− σSM (0, 0, 0)− σb̃(−C, 0, 1))

Iab =
1

2
(σab(−C + 1, 1, 0)− σa(−C + 1, 0, 0)− σb(−C, 1, 0))

Iab̃ =
1

2
(σab̃(−C + 1, 0, 1)− σa(−C + 1, 0, 0)− σb̃(−C, 0, 1))

Ibb̃ =
1

2
(σbb̃(−C, 1, 1)− σb(−C, 1, 0)− σb̃(−C, 0, 1))

χ2 =
n∑

i=1

[
NSM · 1

σ
dσ
dX (xi) · fi −NSM · 1

σ
dσ
dX (xi; a, b, b̃) · fi

δNSM (xi)

]2
+

[
NSM · ϵ−NBSM · ϵ

δσ ·NSM · ϵ

]2

4.3.4 Construction of a event acceptance f and a migration matrix f̄

To determine whether generated observables are accepted at each bin or not after reconstrc-
tion and background suppression, event acceptance can be simply defined for i-th bin like ηi =
Naccept

i /Ngene
i using MC truth information. As explained in the previous section, however, re-

constructed observables are affected by detector finite resolution and undetectable particles. The
reconstructed observables affected by such effects migrate from a generated bin (a truth bin) to the
other bin after reconstruction. Thus, special care must be taken for consideration of this migra-
tion effect in order to predict reliable distributions of observables which the anomalous couplings
are included in. For consideration of the migration effect we constructed a migration matrix f̄ji
which gives probability of the migration from bin to bin for each bin. And this migration matrix
are reflected to the event acceptance using MC truth information ηi. A constructed overall event
acceptance is following,

NReco(xReco
j ) =

∑

i

f(xReco
j , xGene

i ) ·NGene(xGene
i )

NReco(xReco
j ) =

∑

i

fji ·NGene
i =

∑

i

f̄ji · ηi ·NGene
i

ηi ≡
NAccept

i

NGene
i

(Event Acceptance)

f̄ji ≡
NAccept

ji

NAccept
i

(Migration Matrix)

where xReco
j and xGene

i correspond to the number of reconstructed and generated events on a
j-th or i-th bin. The generated events get the migration effect fji that shows migration of events
from i to j, and The reconstructed number of events is summed along i. The fji is composed of ηi
and f̄ji. Above equation is for a one-dimensional distribution. A multi-dimensional distribution
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Figure 38: A schematic view of the migration effect due to the detector finite resolution and misidentified or
undetectable particles (Left). Correlation between generated and reconstructed information on the Higgs momentum
distribution Phiggs in the process e+e− → ZZ → eeH at 500 GeV, which is one clear observable showing the
migration effects (Right).

could be further useful to catch deviations from the SM distribution. The event acceptance and
the migration matrix are easily expanded to the multi-dimensional distribution based on the one-
dimensional distribution as we did for the chi squared function.
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Figure 39: An example of calculation using the migration matrix. When an observable is divided into 5 bins, a
5× 5 matrix is needed to predict a distribution of the observable including the migration effect.
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Event acceptance & Migration matrix 
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Figure 57: Top left and right) The remaining backgrounds and signal distribution of the production angle of the Z
boson cos θZ after implemented backgrounds suppression in the process (ZH → eeH). The error on each point are
calculated based on the Poisson error ±

√
Nobs. (Bottom left) The event acceptance function ηi of the generated(MC

truth) production angle cos θZ with signal events, which simply shows whether each signal event on each bin are
successfully accepted or not after backgrounds suppression. (Bottom center and right) The migration matrix f̄ji
between the generated and reconstructed production angle cos θZ , and several examples of the function f̄ji.
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Figure 58: (Top left and right) The remaining backgrounds and signal distribution of the difference of the angle
between production planes ∆Φff̄ after backgrounds suppression is applied ZH → eeH. The error on each point are
calculated based on the Poisson error ±

√
Nobs. (Bottom left) The event acceptance function ηi of the generated(MC

truth) ∆Φff̄ with signal events, which simply shows whether each signal event on each bin are successfully accepted
or not after backgrounds suppression. (Bottom center and right) The migration matrix f̄ji between the generated
and reconstructed ∆Φff̄ , and several examples of the function f̄ji.
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C1. Reconstructed Observables (ZH → µµH)

ILDで想定される検出器を用いてイベント generation、およびリアリステックなイベント再構成
プロセスを通して得られる角度分布を示す。これら角度分布の再構成の精度は間接的にの anomalous
coupling への感度に影響を及ぼすことになる。図においては z ボソンのビーム方向を軸とした生成
角度、Z生死刑における Zからの崩壊粒子 fと Zの運動量方向の角度、いわゆるヘリシティー角度、
および、ヒッグスが生成されるときの Z生死刑での Zの運動量方向を軸として構成される生成平面
が作る間の角度ふぁいを示す。それぞれの角度は数%の精度で再構成されている。角度ふぁいにお
いては、0, pi、 2piにおいて dipが観測されている。Zの運動量方向を軸として、一方の粒子 fが片
方の面を作るとき、デルタファイ 0, pi、 2pを取る場合、もう片面を構成する粒子 fbarは、ちょう
ど反対方向に飛ぶひちゅようがある、back to back。よって、片方の粒子がビーム方向に飛んだ場
合、このイベントは観測不能となる。
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Figure 47: ssssssss.

D1. Signal event selection (ZH → µµH) ZH → µµH/eeH プロセスは ILCにおいて最も

クリーンなプロセスであり、ヒッグスの崩壊モデルに依存しない解析を要求しない限りは、幾つか
のイベント topologu と kinematical 観測量を用いることで、信号イベント、バックグラウンドイベ
ントを容易に選別を行うことができる。バックグラウンドを落とすために使用した、観測量を以下
に示す。the requirements to suppress bkgs are imposed

- Exactly two opposite sign leptons must be in one event, which is a pre-selection.

- Ntracks

- EZ Since the invariant mass Mof dilepron dilepton system should be close to the Z boson

48

Event acceptance & Migration matrix  ( e.g. µµH channel ) 

An example of 1-dimensional observable ( ΔΦ ) 
MC vs Reco Resolution

Event acceptance 

Migration matrix 
and examples on  
several bins

Remaining signal and  
backgrounds after  
BKGs suppression 



12

f_fΦ∆

0 1 2 3

 W
ei

gh
te

d 

0

500

1000
Backgrounds after cuts

f_fΦ∆

0 1 2 3

 W
ei

gh
te

d 

0

1000

2000

MC truth before cuts
MC truth after cuts
Reconstruct after cuts

f_fΦ∆

0 1 2 3

iη
Ev

en
t A

cc
ep

ta
nc

e 

0

0.2

0.4

0.6

0.8

1

Reco jth-bin
0 1 2 3

Truth ith-bin

0

1

2

3

-210

-110

1

ji
fMigration Matrix f_fΦ∆

0 1 2 3

jif
M

ig
ra

tio
n 

M
at

ri
x 

0

0.5

1

0i
f

3i
f

6i
f

9i
f

12i
f

15i
f

18i
f

Figure 65: ssssssss.
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Figure 66: ssssssss.

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

1230ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

1231ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

1232ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

1233ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

1234ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

2230ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

2231ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

2232ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

2233ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

2234ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

3230ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

3231ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

3232ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

3233ap
f

-1

-0.5

0

0.5

1 0
1

2
3

-310
-210
-110
1

3234ap
f
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Figure 62: ssssssss.
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Event acceptance & Migration matrix  ( e.g.  qq channel ) 

An example of 1-dimensional observable ( ΔΦ ) 

MC vs Reco Resolution

Migration matrix 
and examples on  
several bins

Event acceptance 

Remaining signal and  
backgrounds after  
BKGs suppression 
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Figure 59: ssssssss.

Parameter axis
-3 -2 -1 0 1 2 3

2 χ
∆

0

10

20

30

40

zparameter a
zparameter b
zb~parameter 

H @ 250GeV-e+ e→-e+e
-1Ldt=250fb∫eL0.8pR0.3 

Parameter axis
-3 -2 -1 0 1 2 3

2 χ
∆

0

10

20

30

40

zparameter a
zparameter b
zb~parameter 

H @ 250GeV-e+ e→-e+e
-1Ldt=250fb∫eL0.8pR0.3 

Parameter axis
-3 -2 -1 0 1 2 3

2 χ
∆

0

10

20

30

40

zparameter a
zparameter b
zb~parameter 

H @ 250GeV-e+ e→-e+e
-1Ldt=250fb∫eL0.8pR0.3 

Figure 60: ∆χ2 distributions as a function of parameters of the anomalous couplings. Same as the muon channel,
the distribution of f(∆Φff̄ ), f(cos θZ ,∆Φff̄ ), and f(cos θ∗f , cos θZ ,∆Φff̄ ) are used. Beam polarization and inte-
grated luminosity are set to be e−Le

+
R and 250 fb−1. Sensitivity to anomalous couplings is slightly worse than that

of the muon channel for each case.
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Figure 61: ∆χ2 distributions in two parameters space. The third parameter is fixed to be 0. Similarly beam
polarization and integrated luminosity are set to be e−Le

+
R and 250 fb−1.

57

f_fΦ∆

0 1 2 3

 W
ei

gh
te

d 

0

500

1000
Backgrounds after cuts

f_fΦ∆

0 1 2 3

 W
ei

gh
te

d 

0

1000

2000

MC truth before cuts
MC truth after cuts
Reconstruct after cuts

f_fΦ∆

0 1 2 3

iη
Ev

en
t A

cc
ep

ta
nc

e 

0

0.2

0.4

0.6

0.8

1

Reco jth-bin
0 1 2 3

Truth ith-bin

0

1

2

3

-210

-110

1

ji
fMigration Matrix f_fΦ∆

0 1 2 3

jif
M

ig
ra

tio
n 

M
at

ri
x 

0

0.5

1

0i
f

3i
f

6i
f

9i
f

12i
f

15i
f

18i
f
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Event acceptance & Migration matrix  ( µµ or qq channel ) 

2-dimensional observable ( ΔΦ vs cosZ ) 

Event acceptance Migration matrix

Remaining signal and backgrounds 

truth

qq channel 
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Figure 69: ssssssss.
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F1. Power of Shape information (ZH → µµH)
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Figure 53: ∆χ2 distributions as a function of parameters of the anomalous couplings. A black, red and blue line
corresponds to the parameters a, b, and b̃. Only shape information is considered for estimation here. Upper and
lower plots are assumed that beam polarization is e−Le

+
R and e−Re

+
L respectively, and the integrated luminosity is

250 fb−1. Difference of each column correspond to an inputted distibution for ∆χ2 estimation. From left to right
plots, one dimensional distribution f(∆Φff̄ ), two dimensional distribution f(cos θZ ,∆Φff̄ ), and three diminutional
distribution f(cos θ∗f , cos θZ ,∆Φff̄ ) are used.

b~
-2 -1 0 1 2

b

-2

-1

0

1

2 2 χ
∆

0

2

4

6

8

10

12

14

16

18

20

b~
-2 -1 0 1 2

b

-2

-1

0

1

2 2 χ
∆

0

2

4

6

8

10

12

14

16

18

20

b~
-2 -1 0 1 2

b

-2

-1

0

1

2 2 χ
∆

0

2

4

6

8

10

12

14

16

18

20

Figure 54: ∆χ2 distributions in two parameters space with the third parameter fixed to be 0. Beam polarization
and integrated luminosity are assumed to be e−Le

+
R and 250 fb−1. The distibutions of f(∆Φff̄ ), f(cos θZ ,∆Φff̄ ),

and f(cos θ∗f , cos θZ ,∆Φff̄ ) are used for estimation from the left side.
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F1. Power of Shape information (ZH → µµH)
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Figure 53: ∆χ2 distributions as a function of parameters of the anomalous couplings. A black, red and blue line
corresponds to the parameters a, b, and b̃. Only shape information is considered for estimation here. Upper and
lower plots are assumed that beam polarization is e−Le

+
R and e−Re

+
L respectively, and the integrated luminosity is

250 fb−1. Difference of each column correspond to an inputted distibution for ∆χ2 estimation. From left to right
plots, one dimensional distribution f(∆Φff̄ ), two dimensional distribution f(cos θZ ,∆Φff̄ ), and three diminutional
distribution f(cos θ∗f , cos θZ ,∆Φff̄ ) are used.
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Figure 54: ∆χ2 distributions in two parameters space with the third parameter fixed to be 0. Beam polarization
and integrated luminosity are assumed to be e−Le

+
R and 250 fb−1. The distibutions of f(∆Φff̄ ), f(cos θZ ,∆Φff̄ ),

and f(cos θ∗f , cos θZ ,∆Φff̄ ) are used for estimation from the left side.
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Sensitivity on anomalous ZZH couplings ( µµ or qq channel ) 

Sensitivity of 1 parameter space with “only” shape information

a is no difference  
b changes asymmetry 
bt changes symmetry

qq channel 
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Figure 80: Contours plots in the anomalous parameters space a vs b, a vs b̃, and a vs b̃ with the third parameter
set to 0. The center-of-mass energy and the integrated luminosity are set to 250 fb−1 and e−Le

+
R, respectively. Only

the impact of shape information of four processes ZH → µµH, eeh and qqH and ZZ → eeH is considered for above
contours. Input distributions are the three dimensional distribution f(cos θ∗f , cos θZ ,∆Φff̄ ) for the ZH process and
the one dimensional distribution f(∆Φff̄ ) for the ZZ-fusion process.
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Figure 81: Contours plots in the anomalous parameters space a vs b, a vs b̃, and a vs b̃ with the third parameter
set to 0. The center-of-mass energy and the integrated luminosity are set to 250 fb−1 and e−Le

+
R, respectively.

Here both impacts, the shape and the cross section information, are considered. Similary four process are used
for estimation, and Input distributions are the f(cos θ∗f , cos θZ ,∆Φff̄ ) for the ZH process and the f(∆Φff̄ ) for the
ZZ-fusion process.
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B. Demonstration with 3 free parameters with 250 fb−1
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Figure 82: Contours plots in the anomalous parameters space a vs b, a vs b̃, and a vs b̃ with the three free
parameters. The center-of-mass energy and the integrated luminosity are set to 250 fb−1 and e−Le

+
R, respectively.

1 sigma errors for each anomalous parameters estimated with sequence of MIGRAD, HESSE
and MINOS are below. Difference of left and right values show the beam polarization e−Le

+
R and

e−Re
+
L with the integrated luminosity 250 fb−1. Following values after the two prioritization case

show combined results of 1 sigma errors at e−Le
+
R with 250 fb−1 and e−Re

+
L with 250 fb−1.

a = 0.0± 0.4901 a = 0.0± 0.5362

b = 0.0± 0.1824 b = 0.0± 0.2015

b̃ = 0.0± 0.0792 b̃ = 0.0± 0.0898

a = 0.0± 0.3639

b = 0.0± 0.1331

b̃ = 0.0± 0.0594

C. Demonstration with 3 free parameters with H20 scenario

ILCoperationを決める の possible running scenariosが議論されている。幾つかのヒッグス精密
測定および新物理の探索として H20が最も optimizeな run シナリオであると考えられている。こ
こでは H20のシナリオに沿って、重心系 250GeVで 到達可能と考えられる anom ZZHへの感度の
評価を行った。

a = 0.0± 0.2023

b = 0.0± 0.0726

b̃ = 0.0± 0.0327

6.4.3 Constraints for anomalous AZH couplings

A. Demonstration with 5 free parameters with 250 fb−1

My calculation for the parameter b at 250 GeV is below: The center relation corresponds to
the new definition including the effect of mixing of γ. The left relation is our previous definition

72

Sensitivity on anomalous ZZH couplings with 4 processes 

Sensitivity of 2 parameter space  
with the shape information and the cross section information

Sensitivity of 3 parameter space  
with the shape information and the cross section information

PLR L=250fb-1 
a & b are  
strongly correlated

PLR L=250fb-1 
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Sensitivity on anomalous ZZH couplings with 4 processes 

anomalous HZZ/HWW couplings
Fujii, Ogawa, Tian (paper in preparation)
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observables: �Zh
d�

d cos �Z

d�

d cos �f

d�

d�f

full simulation results (2 ab-1 @ 250 GeV): 

physics implication: if b(b~) is O(1) in certain BSM, sensitivity to Λ ~ 10 (30) TeV
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Anomalous AZH couplings on the ZH process

2. Physics Analysis on anomalous VVH64

anomalous ZZH couplings の測定に用いることができるプロセスは、第一に ILCにおけるヒッグス65

の主要生成モードである Higgs-strahlung過程 e+e− → ZH である。Higgs-strahlung過程の断面積66

は 250GeV付近で最大となり、 √ sの増大とともに減少していく。随伴生成される Zボソンの崩壊67

物であるフェルミオンペアは運動量が高く精度よく測定することが可能であり、反跳質量ほうによ68

り、全運動情報を再構成できる。Zボソン自体の生成角度、Higgs が生成されるときの Zボソンと初69

期電子陽電子、また崩壊フェルミオンが作る２つの生成面の間の角度分布を SMで予想される分布70

と比較することで、SMからのズレを評価できる。71

72

500GeVではHiggs-strahlung過程の断面積は減少する (is substantially reduced)。However, anoma-73

lous 結合は運動量に依存しているので、より小さな結合のズレを捉えることが可能となる。また崩74

壊割合の大きい Zのハドロニック過程を用いることで、さらなる感度の向上が期待できる (allow us75

to measure )。76

77

500GeVにおいてはZZ-fusion過程も断面積が上がり有用となってくる grows with energy as ln2̂(s/MZ 2)。78

ZZ-fusionにおいては、運動学的に energetic electronsは forward/backwardに the beam axisにそっ79

てに生成される。 またドミナントなバックグラウンドも他のプロセスと比べて圧倒的に少ない。こ80

れらをうまくキャッチし、Higgs が生成されるときの初期電子と生成電子対が作る生成面の間の角度81

分布を再構成可能となれば、anomalous ZZHの測定に対して十分な改善を期待できる。82

83

Figure 1: The Higgs-strahlung process, which is the dominant production mode at 250 GeV.

84

4

4. Anomalous ZZH at 250 and 500 GeV147

4.1. Higgs-strahlung processes at 250 GeV148

4.2. Higgs-strahlung and ZZ-fusion processes at 500 GeV149

4.3. Sensitivity to anomalous ZZH couplings150

The effective Lagrangian which describes the interactions between the Higgs boson and weak151

bosons Z and W± is given by:152
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where Λ is a new physics energy scale, field strength tensors and dual field strength tensors153

Ṽ µν are defined like below:154

Vµν = ∂µVν − ∂νVµ (V = Z,W±)

Ṽ µν = ϵµνρσVρσ

Figure 5: Vertices of the VVH coupling on the Higgs-strahlung process.
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11

Using two beam polarization state we can give constraints for AZH.

Scale to H20, some checks are needed to fix the results.
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Summary 

Based on EFT, we tested sensitivity to anomalous VVH couplings. 
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Currently we got the sensitivity for ZZH couplings for both 250GeV and 500GeV, 
but we need a bit more time to fix the results. 

We have also got the results on AZH couplings, the situation is similar.  

Anyway, We are now in a final step for ZZH analysis and preparing a paper for this analysis. 
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