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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
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Figure 83: 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 is set to 250 GeV, and the integrated luminosity is assumed to be H20
seinario for each beam polarization e−Le

+
R and e−Re

+
L .

where only Z∗ is considered.

eLpR :
σBSM

σSM
= 1 + 5.70 ζZZ + 7.70 ζAZ = 1 + 5.70 bLR

eRpL :
σBSM

σSM
= 1 + 5.70 ζZZ − 9.05 ζAZ = 1 + 5.70 bRL

{
ζZZ + 1.355 ζAZ = bLR

ζZZ − 1.588 ζAZ = bRL

My calculation for the parameter b̃ at 250 GeV is below:

eLpR :
σBSM

σSM
= 1− 1.14× 10−3 ζ̃ZZ − 1.80× 10−3 ζ̃AZ = 1− 1.14× 10−3 b̃LR

eRpL :
σBSM

σSM
= 1 + 2.40× 10−3 ζ̃ZZ + 1.18× 10−3 ζ̃AZ = 1 + 2.40× 10−3 b̃RL

{
ζ̃ZZ + 1.575 ζ̃AZ = b̃LR

ζ̃ZZ + 0.494 ζ̃AZ = b̃RL

B. Demonstration with 3 free parameters with H20 scenario
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Anomalous ZZH couplings @ 250GeV 

Error estimation using “single fit” 
is very unstable du to strong correlation 
of a and b parameters. 
correlation coefficient is close to 1. 

------->0 parameter: 0  +/- 0.153627   
------->1 parameter: 0  +/- 0.0549416  
------->2 parameter: 0  +/- 0.0247242 

ToyMC/sudoExp was performed to  
get reliable errors for each parameter.  

Scenario is H20 and  
three free parameter spaces are assumed

1 sigma errors;
a = ±0.12

b = ±0.042

b̃ = ±0.020

A continuation from the ILD analysis mtg.

Final results on ZZH @250GeV 

contours are old results
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Anomalous WWH couplings @ 250GeV 
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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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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

Tim Barklow (lcws16) 
Another vector-Higgs couplings WWH appears 
based on EFT with dim-6 operators. 

After expansion of the Higgs scalar filed and transformation 
to our convenient convention, 
the operators are read off the dimension-5 operators 
  

Possible process to verify the structures @ 250GeV 
Decay processes 
ZH → l l H (H→WW)                  stat. is too less 
ZH → vvH (H→WW → qqqq )  
ZH → qqH (H→WW → qqqq ) 
ZH → qqH (H→WW → qq lv)  
ZH → qqH (H→WW → lv lv)    much info. is lost
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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
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The structures described by the params. b and bt affect angular and momentum distributions of the W boson 
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rameters, which is normalized by a σ and multiply a ex-
pected number of events with the SM NSM in order to
extract the difference of the shape from the SM predic-
tion. δNSM (xi) shows an error of the observed number
of events for a corresponding bin. This δNSM (xi) used
here was estimated by full simulation and inputted as a
simple error based on Poisson statistics. fi corresponds
to acceptance of events on each bin, which is composed
of an event acceptance ηi and a migration matrix f̄
explaining later. The cross section corresponding to
certain process is also important information to distin-
guish the existence of the anomalous couplings. There-
fore another chi-squared function to include the effect
of difference of the cross section,is defined as following.

χ2
c =

[
NSM · ϵ−NBSM · ϵ

δσ ·NSM · ϵ

]2
(11)

where the ϵ shows selection efficiency of the signal
events estimated by full simulation, and δσ shows er-
ror extracted from measurement of total cross section
which is also estimated by full simulation for each
center-of-mass energy

√
s. These values are estimated

as 2.5% and 5.0% for
√
s =250 GeV and 500 GeV, re-

spectively.

B. An event acceptance η and
a migration matrix f̄

A distribution we really need for the estimation of the
sensitivity to the anomalous couplings is a “detector-
level” distribution. Because reconstructed observables
are affected by detector finite resolutions and unde-
tectable particles like neutrinos, eventually the distri-
butions of the observables get smeared. The distribu-
tion we can produce for each anomalous parameter is
a “generator-level” distribution. We have to make the
“generator-level” distribution transfer to the “detector-
level” distribution to get the realistic distribution which
could be got through the real experiment. In order to
transfer the “generator-level” distribution we defined
two effects. The first effect is an event acceptance ηi
which can be simply defined for i-th bin using MC truth
information like ηi = Naccept

i /Ngene
i , which just means

whether certain event is accepted or not. The second
effect is a so-called migration effect. The reconstructed
observable affected by the detector finite resolutions
and missing particles migrates from a generated bin
(a truth bin) to the other bin after reconstruction. We
constructed a migration matrix f̄ji which gives proba-
bility of the migration from bin to bin for certain bin

in order to include migration effect into the generator-
level distribution. The migration matrix is reflected to
the event acceptance ηi. A constructed overall event
acceptance f is following,

NRec(xRec
j ) =

∑

i

f(xRec
j , xGen

i ) ·NGen(xGen
i ) (12)

NRec(xRec
j ) =

∑

i

fji ·NGen
i =

∑

i

f̄ji · ηi ·NGen
i (13)

ηi ≡
NAccept

i

NGene
i

(Event Acceptance) (14)

f̄ji ≡
NAccept

ji

NAccept
i

(Migration Matrix) (15)

where xRec
j and xGen

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 re-
constructed 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 dis-
tribution could be further useful to catch the difference
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.

V. ANALYSIS FRAMEWORK AND MC
SAMPLES

This study was performed using the ILCSoft frame-
work. Events generated by generator PYTHIA imple-
mented in PHYSSIM were fed into the MOKKA which
is a Geant4-based realistic model of the ILD detector
for detector simulation. Reconstruction was carried out
using MARLIN that the PandoraPFA algorithm is in-
stalled for realistic reconstruction. Each Monte Carlo
sample for signal processes and the SM background pro-
cesses are generated and reconstructed with this full
simulation chain. The processes we used for the anal-
ysis are listed up in the following table for both beam
polarization state.

VI. ANALYSIS AS DEMONSTRATIONS

In order to remove the huge SM backgrounds mixed
in the signal process background suppression need to
be executed by using various kinematic and topological

3

angular information that particles interacting with the
Higgs boson produce. Of course an angle between two
production planes is useful as with the decay planes,
and also secondary particles can preserve the effect of
CP properties.
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FIG. 1. A schematic view of generation of the electric and
magnetic fields illustrating with the H → ZZ decay process
in the Higgs rest frame.

At the ILC a leading process to be possible to test
the anomalous ZZH couplings is the Higgs-strahlung
process e+e− → ZH → ff̄H. A cross section of
the Higgs-strahlung process takes a maximum at the
center-of-mass energy 250 GeV. The ZZ-fusion process
e+e− → ZZ → e+e−H might be also possible to in-
clude in the analysis to improve the sensitivity to the
anomalous couplings although the cross section of the
ZZ-fusion process is less than 1.0 at

√
s = 250 GeV.

Because the couplings depend on momenta of related
particles, it will allow us to get the further sensitiv-
ity to the anomalous couplings if the ILC is operated
at

√
s = 500 GeV although the cross section of the

Higgs-strahlung process is substantially reduced. At√
s = 500 GeV the cross section of the ZZ-fusion pro-

cess get larger proportional to log2(s/M2
Z), and become

the main process to test the anomalous ZZH couplings.
For each process main observables to verify the anoma-
lous ZZH couplings are ∆Φ which shows the angle be-
tween production planes as explaining above, θZ(θH)
which are a production angle of the Z(H) boson and θ∗f
which shows a helicity angle of the Z daughters. Theses
are illustrated in the figure. Directions of the planes on
the ∆Φ can be also defined.

∆Φ(ff̄ ;Z) [−π ≤ ∆Φ ≤ π]

=

{
(cos ξ ≤ 0), arctan( sin ξ

cos ξ )

(cos ξ ≥ 0), arctan( sin ξ
cos ξ ) + π · sgn(sin ξ)

sin ξ = P̂Z · [(P̂Z × P̂f )× (P̂Z × P̂f̄ )]

cos ξ = (P̂Z × P̂f )× (P̂t × P̂f̄ )

(9)

The cross section itself is also one of the important

observable to verify the anomalous ZZH couplings.
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FIG. 2. A schematic view of the Higgs-strahlung process
e+e− → ZH → ff̄H. The ∆Φ and θ∗f show the angle
between two production planes and the helicity angle of the
Z daughters, respectively.

IV. ANALYSIS STRATEGY

The differential cross sections of the angles or the
momentum related to the particles of ZZH couplings
in each process are possible to calculate with the SM
parameters or even with the anomalous parameters as-
suming that the explicit anomalous couplings exist. For
the analysis we performed in this paper each differential
cross section distributions are binned in data manipu-
lation, and prepared as histograms. Therefore we aim
for detection of the anomalous couplings based on the
least squared fitting.

A. Chi-squared functions

The following defined chi-squared function considers
only a impact of difference of the shape itself.

χ2
s =

n∑

i=1

[ NSM
σ

dσ
dX (xi) · fi − NSM

σ
dσ
dX (xi; a, b, b̃) · fi

δNSM (xi)

]2(10)

where n and i denote the total number of bins and
certain bin number, then aZ , bZ and b̃Z show param-
eters 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 pa-
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rameters, which is normalized by a σ and multiply a ex-
pected number of events with the SM NSM in order to
extract the difference of the shape from the SM predic-
tion. δNSM (xi) shows an error of the observed number
of events for a corresponding bin. This δNSM (xi) used
here was estimated by full simulation and inputted as a
simple error based on Poisson statistics. fi corresponds
to acceptance of events on each bin, which is composed
of an event acceptance ηi and a migration matrix f̄
explaining later. The cross section corresponding to
certain process is also important information to distin-
guish the existence of the anomalous couplings. There-
fore another chi-squared function to include the effect
of difference of the cross section,is defined as following.

χ2
c =

[
NSM · ϵ−NBSM · ϵ

δσ ·NSM · ϵ

]2
(11)

where the ϵ shows selection efficiency of the signal
events estimated by full simulation, and δσ shows er-
ror extracted from measurement of total cross section
which is also estimated by full simulation for each
center-of-mass energy

√
s. These values are estimated

as 2.5% and 5.0% for
√
s =250 GeV and 500 GeV, re-

spectively.

B. An event acceptance η and
a migration matrix f̄

A distribution we really need for the estimation of the
sensitivity to the anomalous couplings is a “detector-
level” distribution. Because reconstructed observables
are affected by detector finite resolutions and unde-
tectable particles like neutrinos, eventually the distri-
butions of the observables get smeared. The distribu-
tion we can produce for each anomalous parameter is
a “generator-level” distribution. We have to make the
“generator-level” distribution transfer to the “detector-
level” distribution to get the realistic distribution which
could be got through the real experiment. In order to
transfer the “generator-level” distribution we defined
two effects. The first effect is an event acceptance ηi
which can be simply defined for i-th bin using MC truth
information like ηi = Naccept

i /Ngene
i , which just means

whether certain event is accepted or not. The second
effect is a so-called migration effect. The reconstructed
observable affected by the detector finite resolutions
and missing particles migrates from a generated bin
(a truth bin) to the other bin after reconstruction. We
constructed a migration matrix f̄ji which gives proba-
bility of the migration from bin to bin for certain bin

in order to include migration effect into the generator-
level distribution. The migration matrix is reflected to
the event acceptance ηi. A constructed overall event
acceptance f is following,

NRec(xRec
j ) =

∑

i

f(xRec
j , xGen

i ) ·NGen(xGen
i ) (12)

NRec(xRec
j ) =

∑

i

fji ·NGen
i =

∑

i

f̄ji · ηi ·NGen
i (13)

ηi ≡
NAccept

i

NGene
i

(Event Acceptance) (14)

f̄ji ≡
NAccept

ji

NAccept
i

(Migration Matrix) (15)

where xRec
j and xGen

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 re-
constructed 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 dis-
tribution could be further useful to catch the difference
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.

V. ANALYSIS FRAMEWORK AND MC
SAMPLES

This study was performed using the ILCSoft frame-
work. Events generated by generator PYTHIA imple-
mented in PHYSSIM were fed into the MOKKA which
is a Geant4-based realistic model of the ILD detector
for detector simulation. Reconstruction was carried out
using MARLIN that the PandoraPFA algorithm is in-
stalled for realistic reconstruction. Each Monte Carlo
sample for signal processes and the SM background pro-
cesses are generated and reconstructed with this full
simulation chain. The processes we used for the anal-
ysis are listed up in the following table for both beam
polarization state.

VI. ANALYSIS AS DEMONSTRATIONS

In order to remove the huge SM backgrounds mixed
in the signal process background suppression need to
be executed by using various kinematic and topological

Verification of Anomalous WWH couplings 

chi2 test is implemented for the test of sensitivity  

3

angular information that particles interacting with the
Higgs boson produce. Of course an angle between two
production planes is useful as with the decay planes,
and also secondary particles can preserve the effect of
CP properties.
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FIG. 1. A schematic view of generation of the electric and
magnetic fields illustrating with the H → ZZ decay process
in the Higgs rest frame.

At the ILC a leading process to be possible to test
the anomalous ZZH couplings is the Higgs-strahlung
process e+e− → ZH → ff̄H. A cross section of
the Higgs-strahlung process takes a maximum at the
center-of-mass energy 250 GeV. The ZZ-fusion process
e+e− → ZZ → e+e−H might be also possible to in-
clude in the analysis to improve the sensitivity to the
anomalous couplings although the cross section of the
ZZ-fusion process is less than 1.0 at

√
s = 250 GeV.

Because the couplings depend on momenta of related
particles, it will allow us to get the further sensitiv-
ity to the anomalous couplings if the ILC is operated
at

√
s = 500 GeV although the cross section of the

Higgs-strahlung process is substantially reduced. At√
s = 500 GeV the cross section of the ZZ-fusion pro-

cess get larger proportional to log2(s/M2
Z), and become

the main process to test the anomalous ZZH couplings.
For each process main observables to verify the anoma-
lous ZZH couplings are ∆Φ which shows the angle be-
tween production planes as explaining above, θZ(θH)
which are a production angle of the Z(H) boson and θ∗f
which shows a helicity angle of the Z daughters. Theses
are illustrated in the figure. Directions of the planes on
the ∆Φ can be also defined.

∆Φ(ff̄ ;Z) [−π ≤ ∆Φ ≤ π]

=

{
(cos ξ ≤ 0), arctan( sin ξ

cos ξ )

(cos ξ ≥ 0), arctan( sin ξ
cos ξ ) + π · sgn(sin ξ)

sin ξ = P̂Z · [(P̂Z × P̂f )× (P̂Z × P̂f̄ )]

cos ξ = (P̂Z × P̂f )× (P̂t × P̂f̄ )

(9)

The cross section itself is also one of the important

observable to verify the anomalous ZZH couplings.

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

Z*

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

FIG. 2. A schematic view of the Higgs-strahlung process
e+e− → ZH → ff̄H. The ∆Φ and θ∗f show the angle
between two production planes and the helicity angle of the
Z daughters, respectively.

IV. ANALYSIS STRATEGY

The differential cross sections of the angles or the
momentum related to the particles of ZZH couplings
in each process are possible to calculate with the SM
parameters or even with the anomalous parameters as-
suming that the explicit anomalous couplings exist. For
the analysis we performed in this paper each differential
cross section distributions are binned in data manipu-
lation, and prepared as histograms. Therefore we aim
for detection of the anomalous couplings based on the
least squared fitting.

A. Chi-squared functions

The following defined chi-squared function considers
only a impact of difference of the shape itself.

χ2
s =

n∑

i=1

[ NSM
σ

dσ
dX (xi) · fi − NSM

σ
dσ
dX (xi; a, b, b̃) · fi

δNSM (xi)

]2(10)

where n and i denote the total number of bins and
certain bin number, then aZ , bZ and b̃Z show param-
eters 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 pa-

A Distribution we can produce with each anomalous parameter 
is a “generator-level” distribution.  

In realistic pure information is smeared  
due to  detector resolution and missing particles etc… (Migration)
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angular information that particles interacting with the
Higgs boson produce. Of course an angle between two
production planes is useful as with the decay planes,
and also secondary particles can preserve the effect of
CP properties.
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FIG. 1. A schematic view of generation of the electric and
magnetic fields illustrating with the H → ZZ decay process
in the Higgs rest frame.

At the ILC a leading process to be possible to test
the anomalous ZZH couplings is the Higgs-strahlung
process e+e− → ZH → ff̄H. A cross section of
the Higgs-strahlung process takes a maximum at the
center-of-mass energy 250 GeV. The ZZ-fusion process
e+e− → ZZ → e+e−H might be also possible to in-
clude in the analysis to improve the sensitivity to the
anomalous couplings although the cross section of the
ZZ-fusion process is less than 1.0 at

√
s = 250 GeV.

Because the couplings depend on momenta of related
particles, it will allow us to get the further sensitiv-
ity to the anomalous couplings if the ILC is operated
at

√
s = 500 GeV although the cross section of the

Higgs-strahlung process is substantially reduced. At√
s = 500 GeV the cross section of the ZZ-fusion pro-

cess get larger proportional to log2(s/M2
Z), and become

the main process to test the anomalous ZZH couplings.
For each process main observables to verify the anoma-
lous ZZH couplings are ∆Φ which shows the angle be-
tween production planes as explaining above, θZ(θH)
which are a production angle of the Z(H) boson and θ∗f
which shows a helicity angle of the Z daughters. Theses
are illustrated in the figure. Directions of the planes on
the ∆Φ can be also defined.

∆Φ(ff̄ ;Z) [−π ≤ ∆Φ ≤ π]

=

{
(cos ξ ≤ 0), arctan( sin ξ

cos ξ )

(cos ξ ≥ 0), arctan( sin ξ
cos ξ ) + π · sgn(sin ξ)

sin ξ = P̂Z · [(P̂Z × P̂f )× (P̂Z × P̂f̄ )]

cos ξ = (P̂Z × P̂f )× (P̂t × P̂f̄ )

(9)

The cross section itself is also one of the important

observable to verify the anomalous ZZH couplings.
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FIG. 2. A schematic view of the Higgs-strahlung process
e+e− → ZH → ff̄H. The ∆Φ and θ∗f show the angle
between two production planes and the helicity angle of the
Z daughters, respectively.

IV. ANALYSIS STRATEGY

The differential cross sections of the angles or the
momentum related to the particles of ZZH couplings
in each process are possible to calculate with the SM
parameters or even with the anomalous parameters as-
suming that the explicit anomalous couplings exist. For
the analysis we performed in this paper each differential
cross section distributions are binned in data manipu-
lation, and prepared as histograms. Therefore we aim
for detection of the anomalous couplings based on the
least squared fitting.

A. Chi-squared functions

The following defined chi-squared function considers
only a impact of difference of the shape itself.

χ2
s =

n∑

i=1

[ NSM
σ

dσ
dX (xi) · fi − NSM

σ
dσ
dX (xi; a, b, b̃) · fi

δNSM (xi)

]2(10)

where n and i denote the total number of bins and
certain bin number, then aZ , bZ and b̃Z show param-
eters 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 pa-
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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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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
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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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make the “generator-level” distribution 
transfer to the “detector-level” distribution  
to get the realistic distribution which includes  
a kind of migration of several effects. 

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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For the calculation of migration nxn matrix is needed.

Definition of transformation of a “generator-level“  
to “detector-level” distribution.

example:
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Analysis of  processes



99

e.g. C-tag performance using ZH → vvH (H→WW → cxcx )  @ 250GeV 

A crucial thing is c-tag: 

Check the performance after  
extracting only WW→cxcx decay events  
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(14)
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(15)

(16)

B. Signal event selection

C. Event acceptance and migration matrix

D. Impact of shape information
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c-tag requirement > 0.75

Decision of c-tag requirement
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e.g. ZH → vvH (H→WW → qqqq )  @ 250GeV with 250fb-1 
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Distinction 1: #Cjets==1 for W &W*

cxcx]→WW→vvH[ !cxcx]→WW→vvH[
!4q]→WW→t_vvH[ !WW]→vvH[

llll→ZZ llll→WW
llll→ZZWW lvlv→sWlv

llee→sZee llvv→sZvv
llll→sZsW llqq→ZZ

llqq→WW qqlv→sWlv
qqee→sZee qqvv→sZvv

qqqq→ZZ qqqq→WW
qqqq→ZZWW ll→Z

qq→Z ee(A)→Z

Using several observable except angular observable 
Bkgs are suppressed. (scanned to get Ssig) 

Before c-tag distinction  ~ 430 

After c-tag distinction 
H → WW → qqqq   * L *ε  ~ 420 
H → WW → cxcx   * L  *ε  ~ 12 

Cross section of the ZH → vvH (H→WW) 
~ 16.7 

H → WW → qqqq  ~  7.6      *L   ~  1916 events 
(H → WW → cxcx  ~  1.9      *L    ~  479 events)    

Categorization

Signif= 10.64 

selection ~ 20%
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e.g. ZH → vvH (H→WW → qqqq )  @ 250GeV with 250fb-1 

Remaining events, the event acceptance,  
the migration matrix and examples of the migration using several bins

WW → qqqq 
Pw distribution WW → qqqq 

ΔΦ distribution 

WW → cxcx 
ΔΦ distribution 
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Sensitivity in 1 parameter space 

ZH → vvH (H→WW → qqqq )   
@ 250GeV with 250fb-1 

WW → cxcx

qq+WW → qqlvqq+WW → qqqq

3

angular information that particles interacting with the
Higgs boson produce. Of course an angle between two
production planes is useful as with the decay planes,
and also secondary particles can preserve the effect of
CP properties.

2

14
4  Observables and Analysis strategies 

4.1  Processes for  Anomalous ZZH ............................ 6 

14
4  Observables and Analysis strategies 

4.1  Processes for  Anomalous ZZH ............................ 6 
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Z Z*
Bp1 Bp2

Ep2Ep1
f

f

f

f

+ +

- -

FIG. 1. A schematic view of generation of the electric and
magnetic fields illustrating with the H → ZZ decay process
in the Higgs rest frame.

At the ILC a leading process to be possible to test
the anomalous ZZH couplings is the Higgs-strahlung
process e+e− → ZH → ff̄H. A cross section of
the Higgs-strahlung process takes a maximum at the
center-of-mass energy 250 GeV. The ZZ-fusion process
e+e− → ZZ → e+e−H might be also possible to in-
clude in the analysis to improve the sensitivity to the
anomalous couplings although the cross section of the
ZZ-fusion process is less than 1.0 at

√
s = 250 GeV.

Because the couplings depend on momenta of related
particles, it will allow us to get the further sensitiv-
ity to the anomalous couplings if the ILC is operated
at

√
s = 500 GeV although the cross section of the

Higgs-strahlung process is substantially reduced. At√
s = 500 GeV the cross section of the ZZ-fusion pro-

cess get larger proportional to log2(s/M2
Z), and become

the main process to test the anomalous ZZH couplings.
For each process main observables to verify the anoma-
lous ZZH couplings are ∆Φ which shows the angle be-
tween production planes as explaining above, θZ(θH)
which are a production angle of the Z(H) boson and θ∗f
which shows a helicity angle of the Z daughters. Theses
are illustrated in the figure. Directions of the planes on
the ∆Φ can be also defined.

∆Φ(ff̄ ;Z) [−π ≤ ∆Φ ≤ π]

=

{
(cos ξ ≤ 0), arctan( sin ξ

cos ξ )

(cos ξ ≥ 0), arctan( sin ξ
cos ξ ) + π · sgn(sin ξ)

sin ξ = P̂Z · [(P̂Z × P̂f )× (P̂Z × P̂f̄ )]

cos ξ = (P̂Z × P̂f )× (P̂t × P̂f̄ )

(9)

The cross section itself is also one of the important

observable to verify the anomalous ZZH couplings.
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FIG. 2. A schematic view of the Higgs-strahlung process
e+e− → ZH → ff̄H. The ∆Φ and θ∗f show the angle
between two production planes and the helicity angle of the
Z daughters, respectively.

IV. ANALYSIS STRATEGY

The differential cross sections of the angles or the
momentum related to the particles of ZZH couplings
in each process are possible to calculate with the SM
parameters or even with the anomalous parameters as-
suming that the explicit anomalous couplings exist. For
the analysis we performed in this paper each differential
cross section distributions are binned in data manipu-
lation, and prepared as histograms. Therefore we aim
for detection of the anomalous couplings based on the
least squared fitting.

A. Chi-squared functions

The following defined chi-squared function considers
only a impact of difference of the shape itself.

χ2
s =

n∑

i=1

[ NSM
σ

dσ
dX (xi) · fi − NSM

σ
dσ
dX (xi; a, b, b̃) · fi

δNSM (xi)

]2(10)

where n and i denote the total number of bins and
certain bin number, then aZ , bZ and b̃Z show param-
eters 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 pa-

using only shape

Pw : Helic ; ΔΦ

Pw : Helic ; ΔΦ Pw : Helic ; ΔΦ

ΔΦ

Pw 

Pw
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Sensitivity in 3 parameter spaces @ 250GeV L=250fb-1  (LR +RL) 
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Sensitivity of 3 parameter spaces @ 250GeV H20 
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Summary (of the status) 

Anomalous ZZH is almost finished with  
the current strategy. paper is prepared,  
hopefully, I want to finish it before June.  

In parallel WWH is ongoing to finalize  
analysis with the current strategy.  
(it is not a long way) 

In parallel, Matrix element will be restarted 
to get improved results.

Study of sensitivity to anomalous ZZH couplings at the ILC
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Just pasted, this will be modified. In this report, we will focus on the measurement of the general
Lorentz structure of couplings between Higgs and vector bosons (VVH, V=Z or W) at the ILC,
based on an approach of the effective field theory. The sensitivities to both CP-even and CP-odd
dimension-5 operators are evaluated by exploring various Higgs production and decay channels, in
particular taking advantage of the sensitivities from differential cross sections measure- ments. The
studies are performed based on full detector simulation of the International Large Detector (ILD),
for ECM = 250 GeV and 500 GeV. Combined sensitivities are given for some realistic running
scenarios of the ILC.
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I. INTRODUCTION

The discovery of the 125 GeV Higgs boson, which
was a last missing element of the standard model (SM),
provided us the insight that the electroweak symmetry
breaking is done by a Higgs condensate in the vacuum,
namely the Higgs mechanism. However the SM does
not give the dynamics describing why and how that
Higgs condensate is formed. On the other hand, the SM
can not provide candidate particles for the dark matter,
and can not explain the baryon number asymmetry in
our universe, etc... Therefore new physics beyond the
SM is needed to answer all of those questions, and a
lot of theories giving us the answer require an extended
Higgs sector featuring several CP-even and -odd Higgs
bosons. The effects of new physics will be inevitably
imprinted in the properties of the Higgs boson, namely
its interactions and couplings to other SM particles and
its CP nature.

At the future International Linear Collider (ILC),
one of the most important goals is precise measure-
ment those properties related to the Higgs boson. Espe-
cially the precise measurement of the Lorentz structure
of the couplings between the Higgs boson and vector
bosons such as W and Z is a crucial point for under-
standing the spontaneous symmetry breaking including
the Higgs mechanism, the CP-properties of the Higgs
boson and getting a compass to the new physics. The
Non-SM Higgs couplings to the vector boson, which
is called anomalous V V H couplings, come in through
radiative corrections, and they are expected to be rela-
tively small. At the ILC, however, taking advantage of
a cleaner environment of collisions, setting the energy
to a resonance and using the leading Higgs production
and decay channels, the anomalous V V H couplings will
be detected even if these are quite small.


