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Theory 13

significantly lowers the total cross section (see [28] for a review). In the right plot of figure 2.4 the
cross section is shown as a function of the Higgs mass at three different centre-of-mass energies
taking into account the various corrections. The ZH cross section is of the order of 0.5 pb, but
drops rapidly as the sum of the two boson masses approaches the kinematic limit.
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Figure 2.4: The left plot shows the Higgsstrahlung Feynman diagram, the dominant Higgs pro-
duction mechanism at LEP. The right plot shows the ZH cross section as a function of the mass
of the Higgs boson at various centre-of-mass energies.

2.4.2 Higgs decay

This section describes the decay of the Higgs boson into fermion pairs (leptons and quarks) and
the decay into a pair of gauge bosons. The decays are shown in figure 2.5.
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Figure 2.5: This figure shows three decay modes of the Higgs. The left plot shows the decay into
fermion pairs (leptons and quarks). The decay into a pair of electroweak gauge bosons is shown
in the middle plot and the right plot shows the production of a gluon pair.
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Figure 6: If new Lorentz structures are introduced, for instance LZZh = M2
z
v ZµZµh + b

ΛZµνZµνh
where first one is the one of the SM and the second one is the new one, the same scaling factor κZ
is not already proper. Because the new term is composed of the field strengths of the Z fields, it
has momentum dependence. Thus, depending on the momenta of the Z bosons, the effect varies
between the production and the decay process, and the relation: κZ ∝ σZH ∝ ΓZZ does not hold.

elementary particle, However, when regarding it as an effective low-energy theory, other new244

interaction terms with higher dimension operators could appear in a Lagrangian, which is so-245

called an effective Lagrangian. A first study based on an effective Lagrangian in the EFT was246

given by Buchmller and Wyler [20] where dimension-5 and -6 operators are listed, which are247

constructed with combinations of scalar, vector, and fermion fields in the SM.248

General requirements as a field theory :249

An effective Lagrangian expanded from the SM-Lagrangian must satisfy several features as a field250

theory:251

• The effective Lagrangian must satisfy the Lorentz invariance and the SU(2)×U(1) gauge252

symmetry under the local transformation as the SM-Lagrangian does.253

• The Lagrangian has mass dimension of four. Thus, higher dimension operators appear with254

a coefficient of inverse power of new energy scale of Λ and the operators are suppressed when255

the energy scale is sufficiently large compared to possible experimental energies. Usually,256

the scale Λ is assumed to be around TeV to the Planck scale.257

• The effective Lagrangian should recover the SM in the low-energy scale of O(100 GeV).258

•259

Construction of dimension-n operators :260

The effective Lagrangian is given with general form, which was originally introduced in [20] as261

Leff = L(4)
SM +

∑

i

c(5)i

Λ1
O(5)

i +
∑

i

c(6)i

Λ2
O(6)

i + · · · .

where L(4)
SM denotes the general Lagrangian in the SM. O(5)

i and O(5)
i show energy dimension-5262

and -6 operators and Λ is the coefficient for reducing the operators to the mass dimension of four.263

c(5)i and c(6)i are dimensionless coupling constants, which are usually called Wilson coefficients, for264

each operators in each dimension. The Lagrangian must be hermitian. Thus, each linear term265

Oi must be composed of combination of the non-hermitian operator and the hermitian conjugate266

operator.267

Dimension-5 operators :268

When considering the dimension-5 operators with fermion fields and scalar fields (and derivatives)269
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possible to describe dynamics below Λ,  

can reflect symmetries of an underlying theory.  
       by introducing general operators based on the gauge symmetry.
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Ŵ+

µ⌫
ˆ̃W� µ⌫

+
1

2

✓
⇣̃A

h

v0
+

1

2
⇣̃2A

h2

v20

◆
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significantly lowers the total cross section (see [28] for a review). In the right plot of figure 2.4 the
cross section is shown as a function of the Higgs mass at three different centre-of-mass energies
taking into account the various corrections. The ZH cross section is of the order of 0.5 pb, but
drops rapidly as the sum of the two boson masses approaches the kinematic limit.
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Figure 2.4: The left plot shows the Higgsstrahlung Feynman diagram, the dominant Higgs pro-
duction mechanism at LEP. The right plot shows the ZH cross section as a function of the mass
of the Higgs boson at various centre-of-mass energies.

2.4.2 Higgs decay

This section describes the decay of the Higgs boson into fermion pairs (leptons and quarks) and
the decay into a pair of gauge bosons. The decays are shown in figure 2.5.
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Figure 2.5: This figure shows three decay modes of the Higgs. The left plot shows the decay into
fermion pairs (leptons and quarks). The decay into a pair of electroweak gauge bosons is shown
in the middle plot and the right plot shows the production of a gluon pair.
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significantly lowers the total cross section (see [28] for a review). In the right plot of figure 2.4 the
cross section is shown as a function of the Higgs mass at three different centre-of-mass energies
taking into account the various corrections. The ZH cross section is of the order of 0.5 pb, but
drops rapidly as the sum of the two boson masses approaches the kinematic limit.
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2.4.2 Higgs decay

This section describes the decay of the Higgs boson into fermion pairs (leptons and quarks) and
the decay into a pair of gauge bosons. The decays are shown in figure 2.5.
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Figure 2.5: This figure shows three decay modes of the Higgs. The left plot shows the decay into
fermion pairs (leptons and quarks). The decay into a pair of electroweak gauge bosons is shown
in the middle plot and the right plot shows the production of a gluon pair.
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The sensitivity can not be given with norm. only.  
The shape information is critical for the determination.

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
˜̂Z
µν

H

LWWH = 2M2
W

(1
v
+

aW
Λ

)
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

Notation on ZZH       az,  bz,  btz parameters   

EPS17 talk
https://indico.cern.ch/event/466934/contributions/2588482/

Annual ILC physics and detector meeting 
https://agenda.linearcollider.org/event/7837/contributions/
40946/attachments/32854/49991/annualMeeting18.pdf

adjustable  
with a & b

adjustable  
by bt

restricted by 
variation of σ

assuming  beam Pol. left/right 
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FIG. 20. A plot shows the contours in the aZ-bZ plane,
which correspond to the 1σ bounds as the results of the si-
multaneous fitting. The results are given for each energy and
combined one under the full operation: H20, which describes
in the text.

the contributions to the amplitude from the new struc-857

tures give different signs. Thus, the contributions are858

canceled out each other along the negative diagonal in859

the aZ-bZ parameter space, and the negative correlation860

consequently appears until the impact of the variation861

of the shape exceeds that of the normalization. In com-862

parison with the ZH process, both of the interacting863

particles with the Higgs boson in the ZZ-fusion process864

are the incoming particles. Hence, both new structures865

in the Lagrangian give the same signs, and the positive866

correlation appears in the aZ-bZ parameter space when867

the ZZ-fusion process is considered.868

At
√
s =250 GeV, where the contribution of the ZZ-869

fusion is limited statistically, one possibility for dis-870

entangling the strong correlation between parameters871

could be to include decay processes of H → ZZ∗, where872

both of the Z bosons are the outgoing particles and the873

contributions from the new structures have the same874

signs, that give the opposite correlation with the ZH875

process. Although a branching fraction of theH → ZZ∗
876

is 2.7 % in the SM and too small, the consideration of877

the decay might be helpful in disentangle the correla-878

tion and giving the further sensitivity. However, we do879

not consider the H → ZZ∗ in our analysis because of880

following reasons: The usage of the normalization gives881

the ambiguity theoretically and breaks the model inde-882

pendence of the evaluation. The full hadronic decay883

channel of ZZ∗ in the ZH → qq̄ZZ∗ process has a884

statistically advantage in extracting the shape. Nev-885

TABLE VII. The sensitivities to the anomalous ZZH cou-
plings as the benchmark results. Both of the benchmarks√
s =250 GeV with 250 fb−1 and 500 GeV with 500 fb−1 are

included, and both beam polarization states of P(e−, e+) =
(−80%,+30%) and (+80%,−30%) are considered. The val-
ues correspond to 1σ bounds.

ZH with P(e−, e+) = both⎧
⎪⎨

⎪⎩

aZ = ±0.0588

bZ = ±0.0165

b̃Z = ±0.0167

, ρ =

⎛

⎜⎝
1 −0.9986 −0.0139

- 1 0.0131

- - 1

⎞

⎟⎠

ZH + ZZ with P(e−, e+) = both⎧
⎪⎨

⎪⎩

aZ = ±0.0419

bZ = ±0.0125

b̃Z = ±0.0157

, ρ =

⎛

⎜⎝
1 −0.8450 −0.0051

- 1 0.0043

- - 1

⎞

⎟⎠

TABLE VIII. The sensitivities to the anomalous ZZH cou-
plings under one of the realistic ILC operating scenario, so-
calledH20, where the total luminosities of 2 ab−1 and 4 ab−1

are assumed to be accumulated for
√
s =250 and 500 GeV.

The values correspond to 1σ bounds.

ZH with P(e−, e+) = both⎧
⎪⎨

⎪⎩

aZ = ±0.0321

bZ = ±0.0091

b̃Z = ±0.0092

, ρ =

⎛

⎜⎝
1 −0.9996 −0.0059

- 1 0.0056

- - 1

⎞

⎟⎠

ZH + ZZ with P(e−, e+) = both⎧
⎪⎨

⎪⎩

aZ = ±0.0222

bZ = ±0.0067

b̃Z = ±0.0087

, ρ =

⎛

⎜⎝
1 −0.8422 −0.0009

- 1 0.0002

- - 1

⎞

⎟⎠

ertheless, it must be observed the huge migration effect886

due to six-jet multiplicity and expected that most of the887

shape information could be lost. The leptonic channels888

might have clear information, but the expected remain-889

ing signal events is not sufficiently large to construct the890

shape.891

C. Sensitivity to anomalous γZH couplings892

The e+e− → ZH process is conducted by a s-channel893

exchange of the Z boson. The ZH diagram conducted894

by a photon exchange and direct γZH couplings can895

be naively assumed although it is completely forbidden896

at tree level and allowed to include as loop corrections897

caused with charged particles. In the SM framework,898

fields of the photon Aµ and the Z boson Zµ are mix-899

ing through gauge fields Bµ and Wµ
3 which are gener-900

ated by the SU(2)L⊗U(1)Y gauge symmetry. Once the901

anomalous ZZH couplings are assumed to exist as the902

Energy is also can  improve the sensitivity

H20 operation (250GeV 2ab-1) 
  including 500GeV H20 operation 

https://arxiv.org/abs/1506.07830

(Λ=1TeV)

All SM bkgs are considered 
Detector response is considered.

https://indico.cern.ch/event/466934/contributions/2588482/
https://agenda.linearcollider.org/event/7837/contributions/40946/attachments/32854/49991/annualMeeting18.pdf
https://arxiv.org/abs/1506.07830
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FIG. 26. Plots show the contours projected onto the aZ-bZ parameter space, which correspond to bounds of ∆χ2 = 1 as the
sensitivity to the anomalous ZZH couplings. The contours are given with individual channels and combined one under the
assumption of the H20 scenario: (left)

√
s =250 GeV with 2 ab−1, (middle)

√
s =500 GeV with 4 ab−1, and (right) both.

full hadronic decay of the ZH → qq̄ZZ∗ process and859

remaining events could be around 3000 under the as-860

sumption of the H20 scenario and selection efficiency of861

30 % for the signal, a huge migration effect is predicted862

because of a full hadronic environment, and most of the863

angular information could be lost. Leptonic channels864

might have clear information, but expected remaining865

signal events is roughly 200, which would be a bit small866

to give further improvement of the sensitivity.867

C. Sensitivity to anomalous γZH couplings868

The e+e− → ZH process is conducted by a s-channel869

exchange of the Z boson. The ZH diagram conducted870

by an exchange of a photon and direct γZH couplings871

can be imagined although it is completely forbidden at872

tree level, but it is allowed to include as loop correc-873

tions caused with charged particles. In the SM frame-874

work fields of the photon Aµ and the Z boson Zµ are875

mixing through gauge fields Bµ and Wµ
3 which are gen-876

erated by the SU(2)L ⊗ U(1)Y gauge symmetry. Once877

the anomalous ZZH couplings are assumed to exist as878

loop corrections of the SM, the γZH couplings, which is879

called the anomalous γZH couplings, must be possible880

to exist, thus one must consider them in the effective881

Lagrangian.882

The sensitivity to the anomalous γZH couplings that883

the ILC experiment will reach can be also evaluated884

by exploiting two different beam polarization states,885

namely left-handed e−Le
+
R and right-handed e−Re

+
L . As886

mentioned above, because of the mixing of the gauge887

fields Bµ and Wµ
3 , interference of both fields can not888

be disentangled with only one beam polarization state.889

However, utilizing the two beam polarization states and890

1
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Measurement of Higgs couplings and mass in e+e� collisions at CLIC

Table 1: The leading-order Higgs unpolarized cross sections for the Higgs-strahlung, WW-fusion, and ZZ-
fusion processes for mH = 125 GeV at the three center-of-mass energies discussed in this document. The
quoted cross sections include the effects of ISR but do not include the effects of beamstrahlung. Also listed
are the numbers of expected events including the effects of beamstrahlung and ISR.

350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1500 fb�1 2000 fb�1

s(e+e� ! ZH) 134 fb 9 fb 2 fb
s(e+e� ! Hnene) 52 fb 279 fb 479 fb
s(e+e� ! He+e�) 7 fb 28 fb 49 fb
# ZH events 68,000 20,000 11,000
# Hnene events 26,000 370,000 830,000
# He+e� events 3,700 37,000 84,000

processes with the highest cross section are shown in Figure 1. The expected number of ZH and
Hnene events at the different stages in a CLIC energy staged scenario is compared in Table 1 [4].

The results of the presented studies are based on detailed GEANT4 detector simulations, with
the dominant gg ! hadrons background overlaid and with full reconstruction of simulated events.
All relevant SM background processes are considered.
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Figure 1: The three Higgs production processes at CLIC with the highest cross section. From left to right:
Higgs-strahlung process (dominates below

p
s ⇡ 500 GeV), W-boson fusion and Z-boson fusion.

In addition to high cross section processes, an access is provided to top Yukawa coupling and
trilinear Higgs self-coupling through the e+e� ! tt̄H and e+e� ! HHnen̄e processes, shown in
Figure 2.
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Figure 2: Rare processes at CLIC involving, from left to right, the top Yukawa coupling gttH , the Higgs
boson trilinear self-coupling l and the quartic coupling gHHWW .
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FIG. 27. Vertices of the ZZH and the γZH on the ZH
process, and given parameters for describing both contribu-
tions.

the fact that the gauge field Bµ couples to both left-891

handed and right-handed fermions in the same way892

through the U(1)Y gauge symmetry and the field Wµ
3893

couples to the left-handed fermions only through the894

SU(2)L gauge symmetry, the interference could be dis-895

entangled.896

To include the anomalous γZH couplings, we re-897

placed our first parameterization of the anomalous898

ZZH couplings in Eq. (3) with new parameterization899

composed of both of the anomalous ZZH and γZH900

couplings. The parameters bZ and b̃Z are replaced with901

dimensionless parameters ζZZ and ζ̃ZZ , then additional902

dimensionless parameters ζAZ and ζ̃AZ which are de-903

scribing the anomalous γZH couplings are introduced904

as illustrated in Fig. 27. The definitions of new param-905

eters are given in Eq. (12), and our new Lagrangian906

describing both of the anomalous ZZH and γZH cou-907

plings can be redefined with Eq. (13).908

ζZZ =
v

Λ
bZ , ζ̃ZZ =

v

Λ
b̃Z (12)

W3 couples to eL  only.
B couples to eL and eR in the same way.

Beam polarization can disentangle them  

• A and Z are mixing through SU2xU1 gauge symmetry

2

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... New physics beyond the SM, there-
fore, is needed to answer all of those questions, and a lot
of theories providing 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, which
are shown in its interactions and couplings to other SM
particles or 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 the W and the Z boson is a crucial point
to understand the spontaneous symmetry breaking in-
cluding the Higgs mechanism and the CP-properties of
the Higgs boson, therefore its measurement absolutely
could be a compass to the new physics. The non-SM
Higgs couplings to the vector bosons, which are so-called
anomalous V V H couplings, come in through radiative
corrections, and they are expected to be relatively small.
At the ILC, however, even if contributions of the anoma-
lous V V H couplings are quite small, these couplings will
be detected by taking advantage of the cleaner environ-
ment of collisions with well-defined initial state infor-
mation and using the leading Higgs production and de-
cay processes which relate to the V V H vertices. There
are actually several studies on the anomalous V V H
couplings [3–5] assuming a future e+e− linear collider.
However, results we produce through this paper is the
sensitivity to the anomalous couplings evaluated based
on full detector simulation of a realistic detector model
of the ILC experiment, where background contributions
are also taken into account.

This paper is organized as follows. In Section II a
general approach of the Effective Field Theory as an ex-
pansion of a Higgs sector of the SM is mentioned briefly
and parameters parametrizing anomalous couplings are
introduced. In Section III an origin of angular asymme-
try due to the introduced anomalous ZZH couplings
is explained. In Section IV we explain our analysis
strategies toward the anomalous couplings analysis, and
we demonstrate the analysis using different leading two
channels of the Higgs production process in Section V
and VI. In Section VII we give prospective sensitivity
to the anomalous ZZH couplings with the benchmark
integrated luminosity. In Section VIII several discus-
sions are given such as the prospective sensitivity to
the anomalous couplings with the realistic ILC operat-
ing scenario and also consideration of the sensitivity to

the anomalous γZH couplings. And we give the over-
all summary of our anomalous couplings study in the
Section IX.

II. EFFECTIVE FIELD THEORY AND
PARAMETERIZATION OF ZZH COUPLINGS

In the case physical phenomena are described assum-
ing new effects of interactions and particles, the Effec-
tive Field Theory (EFT) is generally employed [6–8]. In
the EFT the new effects caused by the new interactions
are possible to define as new tensor terms and incorpo-
rate them into the Lagrangian with higher dimension
operators as an expansion of the SM, which provides us
a model independent way to introduce the effects of the
new physics:

L = LSM + Leff (1)

Leff =
∑

i

∑

n≥

fi
Λn−4

O(n)
i (2)

where Λ shows a mass scale of the new interaction hid-
den in a symmetry breaking sector, and the operators
Oi involve scaler, vector or fermion fields with coupling
coefficients fi. The new Lagrangian, or so-called the ef-
fective Lagrangian, to which the new effects are added
must be invariant under the SU(2)L ⊗ U(1)Y trans-
formation in order to preserve the Lorenz invariance.
One usually start from dimension-6 operators to im-
pose baryon and lepton number conservations. A com-
plete set of the Lagrangian describing the interactions
of the Higgs boson with the vector bosons under the
SU(2)L⊗U(1)Y invariance using the dimension-6 oper-
ators is given by a references [9] where certain operator
basis is selected [10], which is also convenient notation
for our analysis target. The effective operators in the
notation [9] give rise to the anomalous V V H couplings
such as ZZH, W+W−H, γγH and γZH. Since our
target in this paper is the ZZH couplings, the corre-
sponding terms to the ZZH couplings can be given as
follows with our convenient parameterization using aZ ,
bZ and b̃Z , where the Higgs scalar field is given as a
physical field expansion and the operators are read off
the dimension-5 operators.

LZZH =M2
Z

(1
v
+

aZ
Λ

)
ZµZ

µH

+
bZ
2Λ

ẐµνẐ
µνH +

b̃Z
2Λ

Ẑµν
˜̂Z
µν

H

(3)

the H appearing in the first and second terms of the
equation corresponds to the scalar Higgs boson, and

• The Lagrangian is replaced
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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
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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

17

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
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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

17

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
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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

anomalous ZZH/γZH : 3 parameters fit
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TABLE IX. Sensitivities to the anomalous ZZH and γZH
couplings with the benchmark luminosities and the ILC full
operation for both energies

√
s =250 and 500 GeV. The val-

ues correspond to 1σ bounds.

ZH at 250 GeV with 250 fb−1

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.2987

ζZZ = ±0.1069

ζAZ = ±0.0070

ζ̃ZZ = ±0.1090

ζ̃AZ = ±0.0896

, ρ =

⎛

⎜⎜⎝

1 −.996 .009 .143 −.161

- 1 −.001 −.144 .161

- - 1 .0006 −.0004

- - - 1 −.900

- - - - 1

⎞

⎟⎟⎠

ZH + ZZ at 250 GeV with 250 fb−1

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.2311

ζZZ = ±0.0830

ζAZ = ±0.0070

ζ̃ZZ = ±0.1086

ζ̃AZ = ±0.0895

, ρ =

⎛

⎜⎜⎝

1 −.992 .006 −.0002 −.001

- 1 .004 .0003 .0009

- - 1 .0015 −.0014

- - - 1 −.896

- - - - 1

⎞

⎟⎟⎠

ZH at 500 GeV with 500 fb−1

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.0954

ζZZ = ±0.0195

ζAZ = ±0.0053

ζ̃ZZ = ±0.0237

ζ̃AZ = ±0.0013

, ρ =

⎛

⎜⎜⎝

1 −.889 −.004 −.012 −.009

- 1 .041 .012 .010

- - 1 .011 .0005

- - - 1 .658

- - - - 1

⎞

⎟⎟⎠

ZH + ZZ at 500 GeV with 500 fb−1

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.0577

ζZZ = ±0.0134

ζAZ = ±0.0053

ζ̃ZZ = ±0.0220

ζ̃AZ = ±0.0012

, ρ =

⎛

⎜⎜⎝

1 −.758 −.002 −.0.010 −.001

- 1 .051 .008 .012

- - 1 .0076 −.0006

- - - 1 .652

- - - - 1

⎞

⎟⎟⎠

ZH at 250 + 500 GeV with H20
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.0326

ζZZ = ±0.0092

ζAZ = ±0.0024

ζ̃ZZ = ±0.0116

ζ̃AZ = ±0.0007

, ρ =

⎛

⎜⎜⎝

1 −.915 −.186 −.014 −.014

- 1 .0.117 .013 .016

- - 1 .008 −.0007

- - - 1 .600

- - - - 1

⎞

⎟⎟⎠

ZH + ZZ at 250 + 500 GeV with H20
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.0223

ζZZ = ±0.0067

ζAZ = ±0.0024

ζ̃ZZ = ±0.0109

ζ̃AZ = ±0.0006

, ρ =

⎛

⎜⎜⎝

1 −.837 −.134 −.009 −.010

- 1 .040 .008 .013

- - 1 .006 −.0012

- - - 1 .600

- - - - 1

⎞

⎟⎟⎠

Appendix A: The other analysises at 250 GeV1035

In the body of the paper the analysis are mentioned1036

focusing on the two channels of the ZH process as the1037

demonstrations, where the event acceptance and the mi-1038

TABLE X. Sensitivities to the anomalous V V H couplings
described with the general couplings coefficients [23]. The
full ILC operation H20 is assumed, where the total luminosi-
ties of 2 ab−1 and 4 ab−1 are planed to be accumulated for√
s =250 and 500 GeV, respectively. The values correspond

to 1σ bounds for each parameter.

ZH at 250 + 500 GeV with H20⎧
⎪⎨

⎪⎩

CH = ±0.01279

CWW = ±0.00104

C̃WW = ±0.00032

, ρ =

⎛

⎜⎝
1 0.874 −0.0021

- 1 0.00013

- - 1

⎞

⎟⎠

ZH + ZZ at 250 + 500 GeV with H20⎧
⎪⎨

⎪⎩

CH = ±0.00984

CWW = ±0.00085

C̃WW = ±0.00030

, ρ =

⎛

⎜⎝
1 0.802 0.0028

- 1 0.00432

- - 1

⎞

⎟⎠

gration effects are illustrated. To get the results of the1039

sensitivity shown through our paper, we analyzed each1040

four channels of both of the beam polarization states1041

e−Le
+
R and e−Re

+
L using the production processes of the1042

Higgs boson (ZH and ZZ-fusion). In this appendix, we1043

briefly refer to the analysis of the remaining two chan-1044

nels, which are not mentioned in the body of the paper.1045

The results are given with the left-handed state e−Le
+
R,1046

and ones with right-handed state e−Re
+
L are omitted in1047

this paper.1048

1. e+e− → ZH → e+e−H1049

The e+e−H channel of the ZH process has a similar1050

signature with the µ+µ−H channel, thus this channel1051

is also expected to give the similar sensitivity to the1052

anomalous ZZH couplings as with the µ+µ−H channel1053

although the effect of the photon radiations could be1054

larger compared with the µ+µ−H channel. The elec-1055

tron finding and recovering of the photon radiations on1056

the e+e−H channel is performed as with the µ+µ−H1057

channel, and the observables used for the background1058

suppression are same ones with the µ+µ−H channel1059

although detailed values are optimized for the e+e−H1060

channel. Fig. 29 show the migration effects on the ∆Φ1061

distribution of the e+e−H channel of the ZH process.1062

The degree of the migration effects is almost nothing1063

as with the µ+µ−H channel. Table XI shows reduction1064

of the signal process and background processes for each1065

cut.1066

ZZH / γZH  structures  
can be measured ~2%  
 or much better

Five parameters fit

1σ bounds  
    including 500GeV operation
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anomalous WWH : 3 parameters fit

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
˜̂Z
µν

H

LWWH = 2M2
W

(1
v
+

aW
Λ

)
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

→νν

ZH w/ anomalous 
Same final state → contaminate  WWH  
       due to variation shape & norm.

WW-fusion

Annual ILC physics and detector meeting 
https://agenda.linearcollider.org/event/7837/contributions/40946/
attachments/32854/49991/annualMeeting18.pdf

LCWS17 
https://agenda.linearcollider.org/event/7645/contributions/40062/
attachments/32273/49230/LCWS17_Ogawa_v171025.pdf

Ex.  WW-fusion 250GeV,  h→ bb : sig & bkgs distributions

Notation on ZZH       aw,  bw,  btw parameters   

interference

one side of
large elipse

WW-fusion 
norm.

WW-fusion 
+ shape

WW-fusion 
+ (Zh)h→WW* 
    shape

250 GeV 250fb-1 
(Λ=1TeV)

preliminary

https://agenda.linearcollider.org/event/7837/contributions/40946/attachments/32854/49991/annualMeeting18.pdf
https://agenda.linearcollider.org/event/7645/contributions/40062/attachments/32273/49230/LCWS17_Ogawa_v171025.pdf
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1 ANALYSIS ON THE ANOMALOUS WWH COUPLINGS
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√
s = 250 + 500 GeV with Lint = H20 and P(e−, e+) = Both

w/ ZZH contributions

w/ the shape νν̄h+w/ the shape Zh, h → WW ∗
⎧
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aW = [−0.024, 0.019]

bW = [−0.070, 0.036]

b̃W = [−0.175, 0.179]

aZ = [−0.031, 0.031]

bZ = [−0.0090, 0.0090]

b̃Z = [−0.0093, 0.0093]

, ρ =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
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Figure 33: Upper plots show contours projected onto the two-dimensional parameter spaces aW -
bW , aW -b̃W , and bW -b̃W with the simultaneous minimization, which correspond to the 1σ and 2σ
sensitivity to the anomalous WWH couplings at

√
s =250 GeV with Lint =250 fb−1 and beam

polarization of P(e−, e+)= (-80%,+30%) . Middle plots are ∆χ2 distributions as a function of each
parameter space of the anomalous couplings aW , bW , and b̃W . Both of the information: the shape
of the three-dimensional distribution of x(cos θh, Ph, cosφh) binned 5×5×5 and the production
cross-section are combined. Lower values give the 1σ bounds for each anomalous parameter aW ,
bW , and b̃W and correlation matrix indicating correlation coefficients between the parameters.
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anomalous WWH : 3 parameters fit

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
˜̂Z
µν

H

LWWH = 2M2
W

(1
v
+

aW
Λ

)
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

Annual ILC physics and detector meeting 
https://agenda.linearcollider.org/event/7837/contributions/40946/
attachments/32854/49991/annualMeeting18.pdf

LCWS17 
https://agenda.linearcollider.org/event/7645/contributions/40062/
attachments/32273/49230/LCWS17_Ogawa_v171025.pdf

Replaced

Notation on ZZH       aw,  bw,  btw parameters   

SM-like  structure  
can be measured ~2%  
   New structures a few % 
      Need to improve for bt 

Six parameters fit

1σ bounds  
    including 500GeV operation

one side of
large elipse

WW-fusion 
norm.

250 GeV 250fb-1 

Ex.  WW-fusion 250GeV,  h→ bb : sig & bkgs distributions

(Λ=1TeV)

ΔΦ(decay planes H→WW*)  
   need to be reconstructed for bt

WW-fusion 
+ (Zh)h→WW* 
    shape

WW-fusion 
+ shape

preliminary

https://agenda.linearcollider.org/event/7837/contributions/40946/attachments/32854/49991/annualMeeting18.pdf
https://agenda.linearcollider.org/event/7645/contributions/40062/attachments/32273/49230/LCWS17_Ogawa_v171025.pdf
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• ILC full operation (including 500GeV studies) common notation  
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+
1

2

✓
⇣̃Z

h

v0
+

1

2
⇣̃2Z

h2

v20

◆
Ẑµ⌫

ˆ̃Zµ⌫ +

✓
⇣̃W

h

v0
+

1

2
⇣̃2W

h2

v20

◆
Ŵ+

µ⌫
ˆ̃W� µ⌫

+
1

2

✓
⇣̃A

h

v0
+

1

2
⇣̃2A

h2

v20

◆
Âµ⌫

ˆ̃Aµ⌫ +

✓
⇣̃AZ

h

v0
+ ⇣̃2AZ

h2

v20

◆
Âµ⌫

ˆ̃Zµ⌫

~ 0.5% (az~2%)

< 0.3%(bz~1%) ~1~2% (bw=3~7%)

heavy flavor ID, 
jet charge ID 
   can improve more 
   for especially WWH

17

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

must convert them 
  with factor of 4 .07

< 0.3%

< 0.3%

< 0.3%(btz~1%)

~ 0.5% (aw~2%)

~5% (btw=17%)

When performing the global fitting by using the other channels 
    the results could be improved more.

The values given above are direct measurement  
    without any assumption.
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formalism

Ogawa

Hagiwara

CMS

ATLAS

difference can be removed by using EOM + contact interaction

• ILC full operation (including 500GeV studies) 

• LHC ATLAS : EFT analysis JHEP 03 (2018) 095 
DOI: 10.1007/JHEP03(2018)095 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
BSM configuration conf. inter. conf. inter. ̂BSM ̂SM from SM
Agg (Hgg = 1, SM = 1) [�0.47, 0.47] [�0.68, 0.68] ±0.43 - 1.8�
HVV (Hgg = 1, SM = 1) [�2.9, 3.2] [0.8, 4.5] 2.9 - 2.3�
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

P
�
Nj |S(Æ)

j (Æ✓) + Bj(Æ✓)
�
⇥

Nnuisance÷
m

Cm(Æ✓) ,

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,

q = �2 ln
L(Æ,

ˆ̂Æ✓(Æ))

L( Æ̂, Æ̂✓( Æ̂))
= �2 ln �(Æ) ,

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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SM and Hgg described in Section 3.2 are fixed to the SM value of one. The BSM changes in the Higgs
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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

30

b_z   [  -30%, 200%]     ( HL-LHC *1/√10)     
bt_z  [-200%, 200%]  

b_w,  bt_w are not still  
      evaluated using data.

ZZH WWH
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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

common notation  
 difference

must convert them 
  with factor of 4 .07

( given inverse power is Λ )

4 4 

After EWSB we have, +   where∆ = ∆ ∆ + ∆h eehZ TGCL L L L

0 1 2 2In the SM  at tree level           1 , and all others =0 κ η η η η η= = = = = = = = =A Z V V H Z Z W Wg e g gc g

,=V A Z

4 4 

After EWSB we have, +   where∆ = ∆ ∆ + ∆h eehZ TGCL L L L

0 1 2 2In the SM  at tree level           1 , and all others =0 κ η η η η η= = = = = = = = =A Z V V H Z Z W Wg e g gc g

,=V A Z

4 4 

After EWSB we have, +   where∆ = ∆ ∆ + ∆h eehZ TGCL L L L

0 1 2 2In the SM  at tree level           1 , and all others =0 κ η η η η η= = = = = = = = =A Z V V H Z Z W Wg e g gc g

,=V A Z

+
1

2

✓
⇣̃Z

h

v0
+

1

2
⇣̃2Z

h2

v20

◆
Ẑµ⌫

ˆ̃Zµ⌫ +

✓
⇣̃W

h

v0
+

1

2
⇣̃2W

h2

v20

◆
Ŵ+

µ⌫
ˆ̃W� µ⌫

+
1

2

✓
⇣̃A

h

v0
+

1

2
⇣̃2A

h2

v20

◆
Âµ⌫

ˆ̃Aµ⌫ +

✓
⇣̃AZ

h

v0
+ ⇣̃2AZ

h2

v20

◆
Âµ⌫

ˆ̃Zµ⌫

~ 0.5% (az~2%)

< 0.3%(bz~1%) ~1~2% (bw=3~7%)

< 0.3%

< 0.3%

< 0.3%(btz~1%)

~ 0.5% (aw~2%)

~5% (btw=17%)

heavy flavor ID, 
jet charge ID 
   can improve more 
   for especially WWH



1). An overview of  the anomalous VVH study 
  ZZH/γZH and WWH induced with dim-6 operators 

2). An application of a Matrix Element method 
       toward further improvement of the sensitivity

12



→ µ+µ-

13

Probability = 

Try to encode all available kinematical information  
   on an event into a single observable .

LO

NLO effects γ

Matrix Element doesn't fit 
reaction anymore 

Observation in an event 
in terms of differential σ

2

The definition of likelihood function is45

L = Lshape · Lnorm

=
events∏

i=1

Pshape(xi;a) · Pnorm(a)

=
events∏

i=1

[ ∫
dx̄i ·ME(X̄i;a) ·D(Xi; X̄i)∫

dxi

∫
dx̄i ·ME(X̄i;a) ·D(Xi; X̄i)

]
·
[
µ(a)N

N !
· exp

(
−µ(a)

)]

P (p⃗ µ) =
|M(p⃗ µ)|2

σ
dΦ

Each component are represented like below.46

ME(X̄i;a) =
dσ

dX̄i
(X̄i;a)

D(Xi; X̄i) = θ(Xi ∈ D) ·R(Xi; X̄i)

R(Xi; X̄i) =
1√

2π detExi

· exp
[
−1

2
(Xi − X̄i)

TE−1
xi

(Xi − X̄i)

]

µ(a) = L ·
∫

dxi

∫
dx̄i ·

dσ

dX̄i
(X̄i;a) ·D(Xi; X̄i)

Take only a shape part into account and regard the detector resolution which is represented47

by R as 1.48

( ∫
dx̄i ·

dσ

dX̄i
(X̄i;a) · θ(Xi ∈ D) · δ(Xi − X̄i) =

dσ

dXi
(Xi;a) · θ(Xi ∈ D)

)

L =
events∏

i=1

[
LMC

N(a)
· dσ

dXi
(Xi;a) · θ(Xi ∈ D)

]

(
N(a) =

RemainN∑

i=1

w(X̄i;a) =
RemainN∑

i=1

[
dσ

dX̄i
(X̄i;a)

/
dσ

dX̄i
(X̄i; 0)

])

lnL =
RemainN∑

i=1

ln

[
LMC

N(a)
· dσ

dXi
(Xi;a) · θ(Xi ∈ D)

]

χ2 = −2 · ln∆L = −2 · (lnLBSM − lnLSM)

χ2 = −2 · ln∆L = −2 ·
√

LMC

LExp
· (lnLBSM − lnLSM)

χ2 = −2 · ln∆L = −2 · wpol ·
LExpσSM

NGene
· (lnLBSM − lnLSM) (χ2 = χ2

LR + χ2
RL)

6

dΦ

γ

Matrix Element Method
• An objective is clear

→ µ+µ-

• However, ISR,  beam-strahlung, and FSR 　 

→ µ+µ-

Matrix Element

• ILCSoft framework :  Marlin-PHYSSIM
The development is on going by Junping, Keisuke

Matrix Element Calculation  
based on PHYSSIM ,  Junping Tian 
https://agenda.linearcollider.org/event/6301/contributions/29469/
attachments/24440/37804/MatrixElement_AWLC14.pdf 

LHC, Tevatron … have used it !

https://agenda.linearcollider.org/event/6301/contributions/29469/attachments/24440/37804/MatrixElement_AWLC14.pdf


Overall
acceptance 
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χ2 = −2 log∆L = −2(logL(⃗aV )− logLSM)

L(⃗aV ) = Lshape(⃗aV ) · Lnorm(⃗aV )

=
events∏

i=1

Pshape(p⃗
µ
i ; a⃗V ) · Pnorm(⃗aV )

Pshape(p⃗
µ; a⃗V ) =

1

Acc(p⃗ µ) σ(⃗aV )

∫
dΦ̄ |M(⃗̄p µ; a⃗V )|2 T (p⃗ µ → ⃗̄p µ)Acc(p⃗

µ)

Pshape(p⃗
µ; a⃗V ) =

∫
dΦ̄ |MZh(⃗̄p µ; a⃗V )|2 T (p⃗ µ; ⃗̄p µ) +

∫
dΦ̄ |MZZ(⃗̄p µ)|2 T (p⃗ µ; ⃗̄p µ)

σZh(⃗aV ) + σZZ

T (p⃗ µ; ⃗̄p µ) = δ(p⃗ µ − ⃗̄p µ)

Pshape(p⃗
µ; a⃗V ) =

AµµH
cc (O⃗)|MµµH(p⃗ µ; a⃗V )|2 + AµµZ

cc |MµµZ(p⃗ µ)|2

AµµH
cc (⃗aV )σZH→µµH (⃗aV ) + AµµZ

cc σZZ→µµZ

AµµZ
cc =

ZZ → µµZ accpt

ZZ → µµZ gene

5

Matrix Element Transfer function
(detector resolution)Normalization

Integration over phase-space 
for four momenta  Acceptance function

Event probability based on 
diff. cross-section

Assuming momenta 
   are precisely measurable

Transfer is replaced with  δ 

χ2 = −2 log∆L = −2(logL(⃗aV )− logLSM)

L(⃗aV ) = Lshape(⃗aV ) · Lnorm(⃗aV )

=
events∏

i=1

Pshape(p⃗
µ
i ; a⃗V ) · Pnorm(⃗aV )

Pshape(p⃗
µ; a⃗V ) =

1

Acc(p⃗ µ) σ(⃗aV )

∫
dΦ̄ |M(⃗̄p µ; a⃗V )|2 T (p⃗ µ → ⃗̄p µ)Acc(p⃗

µ)

Pshape(p⃗
µ; a⃗V ) =

∫
dΦ̄ |MZh(⃗̄p µ; a⃗V )|2 T (p⃗ µ; ⃗̄p µ) +

∫
dΦ̄ |MZZ(⃗̄p µ)|2 T (p⃗ µ; ⃗̄p µ)

σZh(⃗aV ) + σZZ

T (p⃗ µ; ⃗̄p µ) = δ(p⃗ µ − ⃗̄p µ)

T (p⃗ µ → ⃗̄p µ) = δ(p⃗ µ − ⃗̄p µ)

Pshape(p⃗
µ; a⃗V ) =

AµµH
cc (p⃗ µ)|MZH→µµH(p⃗ µ; a⃗V )|2

AµµH
cc (p⃗ µ)σZH→µµH (⃗aV )

Pshape(p⃗
µ; a⃗V ) =

AµµH
cc (O⃗)|MµµH(p⃗ µ; a⃗V )|2 + AµµZ

cc |MµµZ(p⃗ µ)|2

AµµH
cc (⃗aV )σZH→µµH (⃗aV ) + AµµZ

cc σZZ→µµZ

AµµZ
cc =

ZZ → µµZ accpt

ZZ → µµZ gene

5

χ2 = −2 log∆L = −2(logL(⃗aV )− logLSM)

L(⃗aV ) = Lshape(⃗aV ) · Lnorm(⃗aV )

=
events∏

i=1

Pshape(p⃗
µ
i ; a⃗V ) · Pnorm(⃗aV )

Pshape(p⃗
µ; a⃗V ) =

1

Acc(p⃗ µ) σ(⃗aV )

∫
dΦ̄ |M(⃗̄p µ; a⃗V )|2 T (p⃗ µ → ⃗̄p µ)Acc(p⃗

µ)

Pshape(p⃗
µ; a⃗V ) =

∫
dΦ̄ |MZh(⃗̄p µ; a⃗V )|2 T (p⃗ µ; ⃗̄p µ) +

∫
dΦ̄ |MZZ(⃗̄p µ)|2 T (p⃗ µ; ⃗̄p µ)

σZh(⃗aV ) + σZZ

T (p⃗ µ; ⃗̄p µ) = δ(p⃗ µ − ⃗̄p µ)

T (p⃗ µ → ⃗̄p µ) = δ(p⃗ µ − ⃗̄p µ)

Pshape(p⃗
µ; a⃗V ) =

AµµH
cc (p⃗ µ)|MZH→µµH(p⃗ µ; a⃗V )|2

AµµH
cc (p⃗ µ)σZH→µµH (⃗aV )

Pshape(p⃗
µ; a⃗V ) =

AµµH
cc (O⃗)|MµµH(p⃗ µ; a⃗V )|2 + AµµZ

cc |MµµZ(p⃗ µ)|2

AµµH
cc (⃗aV )σZH→µµH (⃗aV ) + AµµZ

cc σZZ→µµZ

AµµZ
cc =

ZZ → µµZ accpt

ZZ → µµZ gene

5

Application : constructing probability 
• General expression

~aV

~aV

Denominator : integration is done including an acceptance function
                           using PHYSSIM generator

PMC - Preco = ΔP

1 ANALYSIS ON THE ANOMALOUS ZZH COUPLINGS
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Figure 4: Distributions show the summary on the polar angle of the Z boson (cos θZ) after the
background suppression. (Top left and middle) The remaining signal (which are given with the
MC truth and the reconstructed) and the background distribution, in which the statistical error
is given as the standard deviation of the Poisson probability. (Top right) The event acceptance
function ηi shows whether each signal event on each bin is accepted or not after the suppression.
(Bottom left and middle) The distribution shows the probability matrix of the migration that is
applied for reconstructing a realistic distribution of cos θZ , and several plots of 1d.
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Figure 5: Distributions show the summary on the angle between production planes in the labora-
tory frame (∆Φ) after the background suppression. (Top left and middle) The remaining signal
(which are given with the MC truth and the reconstructed) and the background distribution, in
which the statistical error is given as the standard deviation of the Poisson probability. (Top right)
The event acceptance function ηi shows whether each signal event on each bin is accepted or not
after the suppression. (Bottom left and middle) The distribution shows the probability matrix of
the migration that is applied for reconstructing a realistic distribution of ∆Φ, and several plots of
1d.

8

Event acceptance
function is just extracted

ΔP/P
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χ2 = −2 log∆L = −2 log(L(⃗aV )− LSM)

L(⃗aV ) = Lshape(⃗aV ) · Lnorm(⃗aV )

=
events∏

i=1

Pshape(p⃗
µ
i ; a⃗V ) · Pnorm(⃗aV )

Pshape(p⃗
µ; a⃗V ) =

1

σ(⃗aV )

∫
dΩ̄ |M(⃗̄p µ; a⃗V )|2 T (p⃗ µ → ⃗̄p µ)

Pshape(p⃗
µ; a⃗V ) =

∫
dΩ̄ |MZh(⃗̄p µ; a⃗V )|2 T (p⃗ µ; ⃗̄p µ) +

∫
dΩ̄ |MZZ(⃗̄p µ)|2 T (p⃗ µ; ⃗̄p µ)

σZh(⃗aV ) + σZZ

T (p⃗ µ; ⃗̄p µ) = δ(p⃗ µ − ⃗̄p µ)

5

momenta: μ, μ, and it’s recoil info.

MC

w : a factor for scaling the norm. to #expected ~1623 
          (after bkg suppression in the shape analysis)

• Chi-squared 
�2
shape = �2 log�L = �2w(logL(~aV )� logLSM )

• Likelihood function (unbinned  estimation)

χ2 = −2 log∆L = −2(logL(⃗aV )− logLSM)

L(⃗aV ) = Lshape(⃗aV ) · Lnorm(⃗aV )

=
events∏

i=1

Pshape(p⃗
µ
i ; a⃗V ) · Pnorm(⃗aV )

Pshape(p⃗
µ; a⃗V ) =

1

Acc(p⃗ µ) σ(⃗aV )

∫
dΦ̄ |M(⃗̄p µ; a⃗V )|2 T (p⃗ µ → ⃗̄p µ)Acc(p⃗

µ)

Pshape(p⃗
µ; a⃗V ) =

∫
dΦ̄ |MZh(⃗̄p µ; a⃗V )|2 T (p⃗ µ; ⃗̄p µ) +

∫
dΦ̄ |MZZ(⃗̄p µ)|2 T (p⃗ µ; ⃗̄p µ)

σZh(⃗aV ) + σZZ

T (p⃗ µ; ⃗̄p µ) = δ(p⃗ µ − ⃗̄p µ)

T (p⃗ µ → ⃗̄p µ) = δ(p⃗ µ − ⃗̄p µ)

Pshape(p⃗
µ; a⃗V ) =

AµµH
cc (p⃗ µ)|MZH→µµH(p⃗ µ; a⃗V )|2

AµµH
cc (p⃗ µ)σZH→µµH (⃗aV )

Pshape(p⃗
µ; a⃗V ) =

AµµH
cc (O⃗)|MµµH(p⃗ µ; a⃗V )|2 + AµµZ

cc |MµµZ(p⃗ µ)|2

AµµH
cc (⃗aV )σZH→µµH (⃗aV ) + AµµZ

cc σZZ→µµZ

AµµZ
cc =

ZZ → µµZ accpt

ZZ → µµZ gene

5

~aV
Denominator : 
     integration is done including Acc

• Event probability

Application : trial for the signal 

• MarlinPhyssim : Calculator is LO

Sample : 
1). no ISR, no BSL, and no FSR
2). with ISR, BSL and FSR

→ µ+µ-

is also calculated without ISR, BSL, FSR

Mrecoil [GeV]
250GeV
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Application : trial for the signal 
• b bs bt  contours in the 2-parameter space

• A consistent situation: LO,   hopefully it’s perspective improvement

+SM

+SM

ME           :  is LO
Sample     :  no ISR, BSL, and FSR
Denomi.   :  is calculated based on LO

14

fusion processes, and NBSM (⃗aZ) is the number of ex-609

pected events for BSM models determined with the610

anomalous parameters a⃗Z . The relative error of the pro-611

duction cross-section of the ZH process δσZH refers to612

full-simulation based studies, in which 2.0% and 3.0%613

for
√
s =250 GeV and 500 GeV are respectively re-614

ported under accumulated luminosities of 250 fb−1 and615

500 fb−1 [26, 27]. For the ZZ-fusion analysis, the H →616

bb̄ decay channel is selected. However, the partial width617

of the Higgs to Z could be potentially varied due to the618

anomalous couplings, and it brings variation of the total619

width and gives variation of branching fractions. These620

overall considerations are practically difficult, and theo-621

retical considerations are necessary to remove ambiguity622

of the branching fractions depending on the anomalous623

couplings. To cancel out the variation of BRHbb and624

focus on the production vertex, the relative error δσeeH625

is evaluated and used by propagating two independent626

measurements: σeeH = (σeeH · BRHbb)/BRHbb. The627

measurement of relative error δ(σeeH ·BRHbb) is evalu-628

ated for
√
s =250 GeV with 250 fb−1 and 500 GeV with629

500 fb−1 based on the full simulation studies, which630

are 27.0% and 4.0% [28], respectively. The relative631

error of the branching fraction δBRHbb is also given632

under the model independent measurements as 2.9 %633

and 3.5 % for
√
s =250 GeV and 500 GeV with the634

same condition [29]. Thus, an input value to δσeeH is635

27.16 % and 5.32 % for
√
s =250 GeV with 250 fb−1

636

and 500 GeV with 500 fb−1, respectively. For combined637

results which are given based on the combination of638

250 GeV and 500 GeV, the relative error δBRHbb mea-639

sured at 250 GeV is possible to be propagated, where640

2.2 % is inputted as the error of a weighted average of641

the branching fraction.642

VII. SENSITIVITY TO ANOMALOUS ZZH643

COUPLINGS644

In this section, we evaluate the sensitivity to the645

anomalous ZZH couplings at the ILC experiment for646

both of the planned center-of-mass energies
√
s =647

250 and 500 GeV. Both beam polarization states of648

P(e−, e+) = (−80%,+30%) and (+80%, −30%), and649

nominal integrated luminosities are assumed, which are650

respectively 250 fb−1 and 500 fb−1 for
√
s = 250 and651

500 GeV. As a first step, the sensitivity to the anoma-652

lous couplings are separately evaluated by giving each653

information independently, the kinematical distribution654

and the production cross-section, to confirm both of655

impacts. Secondary, the achievable sensitivity to the656

anomalous couplings is evaluated by using both infor-657

mations and performing simultaneous fitting while set-658

ting the parameters a⃗Z to be completely free.659

A. Impacts of shape and normalization at660

250 GeV661

As demonstrations of the evaluation of the sensitivity662

to the anomalous ZZH couplings, two channels µ+µ−H663

and qq̄bb̄ of the ZH process analyzed in the previous664

section are used. The sensitivities to each parameter are665

given based on the χ2
shape and χ2

norm functions defined666

in the previous Section VI.667

The kinematical distribution used for the evaluation668

are properly transferred from the “generator-level” dis-669

tribution to the “detector-level” distribution to realize670

the realistic distribution with the corresponding detec-671

tor response function f , which is discussed in Section672

VI. Fig. 14 show the sensitivity to the anomalous ZZH673

couplings in one parameter space aZ , bZ or b̃Z , where674

∆χ2 is given as∆χ2 = χ2−χ2
min and χ2

min is exactly 0 in675

the analysis condition since 0 value exactly recovers the676

SM distributions. To evaluate the impact of the vari-677

ation of the kinematical distribution, two-dimensional678

distributions x(cos θZ ,∆Φff̄ ) are used for both chan-679

nels µ+µ−H and qq̄bb̄. Additionally, the impact of the680

variation of the normalization is evaluated by taking the681

µ+µ−H channel as an example. Since the parameter aZ682

giving the SM-like coupling does not make any kinemat-683

ical distribution change at all, the values of ∆χ2 is uni-684

formly 0 over the parameter space whereas the normal-685

ization is strongly affected by the parameter aZ . The686

parameters bZ and b̃Z can change the kinematical dis-687

tribution symmetrically and asymmetrically, therefore,688

the impact of the shape can be clearly observed in the689

plots. Both parameters, bZ and b̃Z , can also vary the690

normalization as with the parameter aZ . It also turns691

out that the impact of the shape from both channels692

µ+µ−H and qq̄bb̄ give comparable power for the verifi-693

cation of the anomalous ZZH couplings. This is simply694

because the statistic of the qq̄bb̄ hadronic channel is ten695

times bigger than that of the µ+µ−H channel although696

the hadronic channel has disadvantages such as the lim-697

ited sensitivity of ∆Φff̄ [0–π] due to inapplication of698

jet-charge identification and the large migration effects.699

B. Limits in a three parameter space at 250 GeV700

The sensitivity to the anomalous ZZH couplings at701 √
s = 250 GeV is evaluated assuming the integrated702

luminosity of 250 fb−1 with both of the beam polar-703

ization states. The kinematical distributions of leading704

four channels are combined, which are three channels of705

the ZH process e+e−H, µ+µ−H, and qq̄h(H → bb̄),706

MC truth

bt

b

Bkgs are Not included

• ZH→ µ+µ-H (signal only) 
     250GeV 250fb-1  [b vs bt]

Binned shape analysis 
(previous shape study)

most outer
Δχ2=9

most outer
Δχ2=9

b

bt
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are 27.0% and 4.0% [28], respectively. The relative631

error of the branching fraction δBRHbb is also given632

under the model independent measurements as 2.9 %633

and 3.5 % for
√
s =250 GeV and 500 GeV with the634
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and 500 GeV with 500 fb−1, respectively. For combined637
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sured at 250 GeV is possible to be propagated, where640
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the branching fraction.642
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given based on the χ2
shape and χ2

norm functions defined666
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The kinematical distribution used for the evaluation668

are properly transferred from the “generator-level” dis-669

tribution to the “detector-level” distribution to realize670

the realistic distribution with the corresponding detec-671

tor response function f , which is discussed in Section672
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the analysis condition since 0 value exactly recovers the676
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nels µ+µ−H and qq̄bb̄. Additionally, the impact of the680

variation of the normalization is evaluated by taking the681

µ+µ−H channel as an example. Since the parameter aZ682

giving the SM-like coupling does not make any kinemat-683

ical distribution change at all, the values of ∆χ2 is uni-684

formly 0 over the parameter space whereas the normal-685

ization is strongly affected by the parameter aZ . The686

parameters bZ and b̃Z can change the kinematical dis-687

tribution symmetrically and asymmetrically, therefore,688

the impact of the shape can be clearly observed in the689

plots. Both parameters, bZ and b̃Z , can also vary the690

normalization as with the parameter aZ . It also turns691

out that the impact of the shape from both channels692

µ+µ−H and qq̄bb̄ give comparable power for the verifi-693

cation of the anomalous ZZH couplings. This is simply694

because the statistic of the qq̄bb̄ hadronic channel is ten695

times bigger than that of the µ+µ−H channel although696

the hadronic channel has disadvantages such as the lim-697

ited sensitivity of ∆Φff̄ [0–π] due to inapplication of698

jet-charge identification and the large migration effects.699

B. Limits in a three parameter space at 250 GeV700

The sensitivity to the anomalous ZZH couplings at701 √
s = 250 GeV is evaluated assuming the integrated702

luminosity of 250 fb−1 with both of the beam polar-703

ization states. The kinematical distributions of leading704

four channels are combined, which are three channels of705

the ZH process e+e−H, µ+µ−H, and qq̄h(H → bb̄),706
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Bkgs are Not included
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fusion processes, and NBSM (⃗aZ) is the number of ex-609

pected events for BSM models determined with the610

anomalous parameters a⃗Z . The relative error of the pro-611

duction cross-section of the ZH process δσZH refers to612

full-simulation based studies, in which 2.0% and 3.0%613

for
√
s =250 GeV and 500 GeV are respectively re-614

ported under accumulated luminosities of 250 fb−1 and615

500 fb−1 [26, 27]. For the ZZ-fusion analysis, the H →616

bb̄ decay channel is selected. However, the partial width617

of the Higgs to Z could be potentially varied due to the618

anomalous couplings, and it brings variation of the total619

width and gives variation of branching fractions. These620

overall considerations are practically difficult, and theo-621

retical considerations are necessary to remove ambiguity622

of the branching fractions depending on the anomalous623

couplings. To cancel out the variation of BRHbb and624

focus on the production vertex, the relative error δσeeH625

is evaluated and used by propagating two independent626

measurements: σeeH = (σeeH · BRHbb)/BRHbb. The627

measurement of relative error δ(σeeH ·BRHbb) is evalu-628

ated for
√
s =250 GeV with 250 fb−1 and 500 GeV with629

500 fb−1 based on the full simulation studies, which630

are 27.0% and 4.0% [28], respectively. The relative631

error of the branching fraction δBRHbb is also given632

under the model independent measurements as 2.9 %633

and 3.5 % for
√
s =250 GeV and 500 GeV with the634

same condition [29]. Thus, an input value to δσeeH is635

27.16 % and 5.32 % for
√
s =250 GeV with 250 fb−1

636

and 500 GeV with 500 fb−1, respectively. For combined637

results which are given based on the combination of638

250 GeV and 500 GeV, the relative error δBRHbb mea-639

sured at 250 GeV is possible to be propagated, where640

2.2 % is inputted as the error of a weighted average of641

the branching fraction.642
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In this section, we evaluate the sensitivity to the645

anomalous ZZH couplings at the ILC experiment for646

both of the planned center-of-mass energies
√
s =647

250 and 500 GeV. Both beam polarization states of648

P(e−, e+) = (−80%,+30%) and (+80%, −30%), and649

nominal integrated luminosities are assumed, which are650

respectively 250 fb−1 and 500 fb−1 for
√
s = 250 and651

500 GeV. As a first step, the sensitivity to the anoma-652

lous couplings are separately evaluated by giving each653

information independently, the kinematical distribution654

and the production cross-section, to confirm both of655

impacts. Secondary, the achievable sensitivity to the656

anomalous couplings is evaluated by using both infor-657

mations and performing simultaneous fitting while set-658

ting the parameters a⃗Z to be completely free.659

A. Impacts of shape and normalization at660

250 GeV661

As demonstrations of the evaluation of the sensitivity662

to the anomalous ZZH couplings, two channels µ+µ−H663

and qq̄bb̄ of the ZH process analyzed in the previous664

section are used. The sensitivities to each parameter are665

given based on the χ2
shape and χ2

norm functions defined666

in the previous Section VI.667

The kinematical distribution used for the evaluation668

are properly transferred from the “generator-level” dis-669

tribution to the “detector-level” distribution to realize670

the realistic distribution with the corresponding detec-671

tor response function f , which is discussed in Section672

VI. Fig. 14 show the sensitivity to the anomalous ZZH673

couplings in one parameter space aZ , bZ or b̃Z , where674

∆χ2 is given as∆χ2 = χ2−χ2
min and χ2

min is exactly 0 in675

the analysis condition since 0 value exactly recovers the676

SM distributions. To evaluate the impact of the vari-677

ation of the kinematical distribution, two-dimensional678

distributions x(cos θZ ,∆Φff̄ ) are used for both chan-679

nels µ+µ−H and qq̄bb̄. Additionally, the impact of the680

variation of the normalization is evaluated by taking the681

µ+µ−H channel as an example. Since the parameter aZ682

giving the SM-like coupling does not make any kinemat-683

ical distribution change at all, the values of ∆χ2 is uni-684

formly 0 over the parameter space whereas the normal-685

ization is strongly affected by the parameter aZ . The686

parameters bZ and b̃Z can change the kinematical dis-687

tribution symmetrically and asymmetrically, therefore,688

the impact of the shape can be clearly observed in the689

plots. Both parameters, bZ and b̃Z , can also vary the690

normalization as with the parameter aZ . It also turns691

out that the impact of the shape from both channels692

µ+µ−H and qq̄bb̄ give comparable power for the verifi-693

cation of the anomalous ZZH couplings. This is simply694

because the statistic of the qq̄bb̄ hadronic channel is ten695

times bigger than that of the µ+µ−H channel although696

the hadronic channel has disadvantages such as the lim-697

ited sensitivity of ∆Φff̄ [0–π] due to inapplication of698

jet-charge identification and the large migration effects.699

B. Limits in a three parameter space at 250 GeV700

The sensitivity to the anomalous ZZH couplings at701 √
s = 250 GeV is evaluated assuming the integrated702

luminosity of 250 fb−1 with both of the beam polar-703

ization states. The kinematical distributions of leading704

four channels are combined, which are three channels of705

the ZH process e+e−H, µ+µ−H, and qq̄h(H → bb̄),706

MC truth

Bkgs are Not included

• NLO effects, → change shape, direct usage of momenta give large impact   
                                  →  shift minimum, falsehood sensitivity

• Need to handle NLO effects correctly if wants to exceed 1% sensitivity 

most outer
Δχ2=9

• A consistent situation: LO,   hopefully it’s perspective improvement

• ZH→ µ+µ-H (signal only) 
     250GeV 250fb-1  [b vs bt]

+SM

Binned shape analysis 
(previous shape study)

most outer
Δχ2=9

b

bt
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Summary

1). An overview of  the anomalous VVH study 
  ZZH/γZH and WWH induced with dim-6 operators 

2). An application of a Matrix Element method 
       toward further improvement of the sensitivity

• Model independently the sensitivities to the structures were evaluated.

• new ZZH/γZH structures < 1%      
• new WWH structures 3~7 %  and ~17%

• Try to encode all information into a single observable 

Intrinsically the improvement could be given, 
    however, it turns out that NLO effects (ISR, BSL) 
              affect to results largely when discussing the sensitivity ~1%

• SM-like ZZH/WWH structures ~2%      

(including 500GeV operation)

Need to handle carefully, we will start to develop it to include ISR & BSL
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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。
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1 OBSERVABLES AND ANALYSIS STRATEGIES FOR ANOMALOUS COUPLINGS

1 Observables and analysis strategies for anomalous couplings1

1.1 Observables for interaction of ZZH couplings2

The two kinds of tensor structures appeared in the effective Lagrangian, ẐµνẐµν and Ẑµν
˜̂Zµν ,3

can bring not only a different production total cross-section but also anomalous kinematical dis-4

tributions form predictions of the SM. In the moment the Z boson generate and decay, weak5

charge, or weak hypercharge when a interaction with γ is considered, flow along fermions which6

are production and decay particles of the Z boson. In the same moment, one like an electroweak7

magnetic field could be generated because of running of the weak charge, that can be imagined8

from an analogous phenomenon based on dynamics of electromagnetism. Let me go back the9

electromagnetism for illustration of behaviour which is derived from the new tensor structures10

using a structure of an electromagnetic field tensor F̂µν describing an electromagnetic field given11

as follows.12

F̂µν =

⎡

⎢⎢⎣

0 −E1 −E2 −E3

E1 0 B3 −B2

E2 −B3 0 B1

E3 B2 −B1 0

⎤

⎥⎥⎦

where E and B show an electric field and a magnetic field which are composed of three space com-13

ponents. The most simplest process to describe the phenomenon led by the new tensor structures14

is, for instance, H → ZZ interactions in the Higgs rest-frame.15

When the Higgs boson decays into a pair of the Z bosons which also decay into a pair of16

fermions, charges of each pair of fermions can imitate a state of an electric dipole as illustrated in17

Fig. 1. Because it is possible to consider the state that an electric current is running, a magnetic18

field can be also generated consequently. Inner products of the electromagnetic tensors with the19

electric and the magnetic field can be easily given as follows,20

B1

E1

B2

E2
H

f f+ +

f f- -
Z1 Z*2

Figure 1: A schematic view of generation of an electroweak and an electroweak magnetic fields
as an analogues of an electromagnetism being composed of an electric field and a magnetic field,
which is illustrated with a H → ZZ interaction in the Higgs rest-frame.

F̂µνF̂
µν ∝ B1 ·B2 −E1 ·E2 = (|B1||B2|− |E1||E2|) cos θ

F̂µν
˜̂F
µν

∝ E1 ·B2 = |E1||B2| cos θ

where the indexes 1 and 2 mean each of the fermion pairs originating from each of the Z bosons.21

the existence of the new tensor structures ẐµνẐµν and Ẑµν
˜̂Zµν would give peculiar kinematical22

distributions which are clearly different form SM expectations. One of the observables for identi-23

fying these structures is ∆Φ that is an angle between production planes made up from the initial24

and final state fermions, where the Z boson being a parent of the final state fermions is necessary25

1

ΔΦ

e- e+

In the Laboratory frame 

f

Z

Z*

H

θf*

θz

f
-
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1

Focusing on ZZH

Structures vary kinematics

Result in EM dynamics

makes both planes tend to take 
       a  perpendicular state

take a parallel state

would give peculiar kinematical   distributions

running weak/hyper charge,  

one like 
 an electroweak magnetic field 
    could be generated  

• a different CP-even structure

• a CP-violating structure

SM-like coupling

e+e- →  ZH → l+l-H

cosθz :  a production of the Z.
cosθf*:  a helicity angle of a Z’s daughter.
ΔΦ  :  an angle b/w two production plane.

Observables (anom-ZZ)
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FIG. 3. From left to right, distributions of a production angle of the Z boson calculated in the laboratory frame, a helicity
angle of a decay particle of the Z boson calculated in the Z rest frame based on a direction of the Z boson in the laboratory
frame and an angle between production planes ∆Φff̄ calculated in the Higgs rest-frame. The process e+e− → ZH → l+l−H
at

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

+
R are used for illustrations. The difference of upper and lower rows

are input parameters bZ or b̃Z . The black, green, blue and red lines show the Higgs boson with the state of SM scalar,
pseudo-scalar, and mixed corresponding to bZ = ±1 and b̃Z = ±1, respectively.
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FIG. 4. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
s = 250GeV.

Intrinsic sensitivity to the anomalous couplings gets half (from 0 ∼ 2π to 0 ∼ π) without jet charge identification (middle).
Because a charge of the final state quark is unclear, one can not deicide a direction of plane which is constructed by a
direction of the Z boson and a final state quark. Right plots also show the ∆Φff̄ using the e+e− → ZZ → e+e−H at√
s = 250GeV. The difference of upper and lower rows are similarly the input parameters bZ or b̃Z . The black, green, blue

and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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FIG. 3. From left to right, distributions of a production angle of the Z boson calculated in the laboratory frame, a helicity
angle of a decay particle of the Z boson calculated in the Z rest frame based on a direction of the Z boson in the laboratory
frame and an angle between production planes ∆Φff̄ calculated in the Higgs rest-frame. The process e+e− → ZH → l+l−H
at

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

+
R are used for illustrations. The difference of upper and lower rows

are input parameters bZ or b̃Z . The black, green, blue and red lines show the Higgs boson with the state of SM scalar,
pseudo-scalar, and mixed corresponding to bZ = ±1 and b̃Z = ±1, respectively.
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FIG. 4. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
s = 250GeV.

Intrinsic sensitivity to the anomalous couplings gets half (from 0 ∼ 2π to 0 ∼ π) without jet charge identification (middle).
Because a charge of the final state quark is unclear, one can not deicide a direction of plane which is constructed by a
direction of the Z boson and a final state quark. Right plots also show the ∆Φff̄ using the e+e− → ZZ → e+e−H at√
s = 250GeV. The difference of upper and lower rows are similarly the input parameters bZ or b̃Z . The black, green, blue

and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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FIG. 5. From left to right, distributions of a production angle of the Z boson calculated in the laboratory frame, a helicity
angle of a decay particle of the Z boson calculated in the Z rest frame based on a direction of the Z boson in the laboratory
frame and an angle between production planes ∆Φff̄ calculated in the Higgs rest-frame. The process e+e− → ZH → l+l−H
at

√
s = 500GeV with the beam polarization of e−Le

+
R are used for illustrations. The difference of upper and lower rows

are input parameters bZ or b̃Z . The black, green, blue and red lines show the Higgs boson with the state of SM scalar,
pseudo-scalar, and mixed corresponding to bZ = ±1 and b̃Z = ±1, respectively.
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FIG. 6. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
s = 500GeV.

Intrinsic sensitivity to the anomalous couplings gets half (from 0 ∼ 2π to 0 ∼ π) without jet charge identification (middle).
Because a charge of the final state quark is unclear, one can not deicide a direction of plane which is constructed by a
direction of the Z boson and a final state quark. Right plots also show the ∆Φff̄ using the e+e− → ZZ → e+e−H at√
s = 500GeV. The difference of upper and lower rows are similarly the input parameters bZ or b̃Z . The black, green, blue

and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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FIG. 5. From left to right, distributions of a production angle of the Z boson calculated in the laboratory frame, a helicity
angle of a decay particle of the Z boson calculated in the Z rest frame based on a direction of the Z boson in the laboratory
frame and an angle between production planes ∆Φff̄ calculated in the Higgs rest-frame. The process e+e− → ZH → l+l−H
at

√
s = 500GeV with the beam polarization of e−Le

+
R are used for illustrations. The difference of upper and lower rows

are input parameters bZ or b̃Z . The black, green, blue and red lines show the Higgs boson with the state of SM scalar,
pseudo-scalar, and mixed corresponding to bZ = ±1 and b̃Z = ±1, respectively.
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FIG. 6. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
s = 500GeV.

Intrinsic sensitivity to the anomalous couplings gets half (from 0 ∼ 2π to 0 ∼ π) without jet charge identification (middle).
Because a charge of the final state quark is unclear, one can not deicide a direction of plane which is constructed by a
direction of the Z boson and a final state quark. Right plots also show the ∆Φff̄ using the e+e− → ZZ → e+e−H at√
s = 500GeV. The difference of upper and lower rows are similarly the input parameters bZ or b̃Z . The black, green, blue

and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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FIG. 3. From left to right, distributions of a production angle of the Z boson calculated in the laboratory frame, a helicity
angle of a decay particle of the Z boson calculated in the Z rest frame based on a direction of the Z boson in the laboratory
frame and an angle between production planes ∆Φff̄ calculated in the Higgs rest-frame. The process e+e− → ZH → l+l−H
at

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

+
R are used for illustrations. The difference of upper and lower rows

are input parameters bZ or b̃Z . The black, green, blue and red lines show the Higgs boson with the state of SM scalar,
pseudo-scalar, and mixed corresponding to bZ = ±1 and b̃Z = ±1, respectively.
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FIG. 4. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
s = 250GeV.

Intrinsic sensitivity to the anomalous couplings gets half (from 0 ∼ 2π to 0 ∼ π) without jet charge identification (middle).
Because a charge of the final state quark is unclear, one can not deicide a direction of plane which is constructed by a
direction of the Z boson and a final state quark. Right plots also show the ∆Φff̄ using the e+e− → ZZ → e+e−H at√
s = 250GeV. The difference of upper and lower rows are similarly the input parameters bZ or b̃Z . The black, green, blue

and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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FIG. 5. From left to right, distributions of a production angle of the Z boson calculated in the laboratory frame, a helicity
angle of a decay particle of the Z boson calculated in the Z rest frame based on a direction of the Z boson in the laboratory
frame and an angle between production planes ∆Φff̄ calculated in the Higgs rest-frame. The process e+e− → ZH → l+l−H
at

√
s = 500GeV with the beam polarization of e−Le

+
R are used for illustrations. The difference of upper and lower rows

are input parameters bZ or b̃Z . The black, green, blue and red lines show the Higgs boson with the state of SM scalar,
pseudo-scalar, and mixed corresponding to bZ = ±1 and b̃Z = ±1, respectively.
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FIG. 6. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
s = 500GeV.

Intrinsic sensitivity to the anomalous couplings gets half (from 0 ∼ 2π to 0 ∼ π) without jet charge identification (middle).
Because a charge of the final state quark is unclear, one can not deicide a direction of plane which is constructed by a
direction of the Z boson and a final state quark. Right plots also show the ∆Φff̄ using the e+e− → ZZ → e+e−H at√
s = 500GeV. The difference of upper and lower rows are similarly the input parameters bZ or b̃Z . The black, green, blue

and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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Figure 7: Distributions of polar angles of the final state lepton-minus in the Higgs-strahlung
e+e− → ZH → qq̄H process at

√
s = 250 GeV with the complete beam polarization state of

P(e−, e+)= (-100%,+100%). The calculation is done in the laboratory frame, the Z rest-frame,
and the Higgs rest-frame. The difference of upper and lower row correspond to input parameters
of bZ and b̃Z . Black and green lines show the exactly SM Higgs boson and completely the pseudo-
scalar state, and blue and red lines are mixed states corresponding to bZ = ±1 and b̃Z = ±1.
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Figure 8: Distributions of momentum of the Z boson in the laboratory frame (PZ), (middle)
the full angle between production planes ∆Φ in the laboratory frame in the Higgs-strahlung
e+e− → ZH → qq̄H process at

√
s = 250 GeV, and (right) the folded angle with ∆Φ − π if ∆Φ

exceeds π. The other explanations are same as the others.
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Figure 11: Distributions of polar angles of the final state lepton-minus in the Higgs-strahlung
e+e− → ZH → qq̄H process at

√
s = 500 GeV with the complete beam polarization state of

P(e−, e+)= (-100%,+100%). The calculation is done in the laboratory frame, the Z rest-frame,
and the Higgs rest-frame. The difference of upper and lower row correspond to input parameters
of bZ and b̃Z . Black and green lines show the exactly SM Higgs boson and completely the pseudo-
scalar state, and blue and red lines are mixed states corresponding to bZ = ±1 and b̃Z = ±1.
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Figure 12: Distributions of momentum of the Z boson in the laboratory frame (PZ), (middle)
the full angle between production planes ∆Φ in the laboratory frame in the Higgs-strahlung
e+e− → ZH → qq̄H process at

√
s = 500 GeV, and (right) the folded angle with ∆Φ − π if ∆Φ

exceeds π. The other explanations are same as the others.
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FIG. 20. A plot shows distribution of the migration matrix
in one-dimensional distribution X(∆Φff̄ ) binned in 5.

beams is much larger than
√
s =250 GeV and it be-

comes non-negligible. Before employing the Durham jet
algorithm to cluster particles inclusively, the fT jet clus-
tering [28] is applied, which can remove beam induced
γγ →hadrons events efficiently. After employing the
Durham jet clustering, jet pairing and background sup-
pression are implemented, whose procedures are same
with the

√
s =250 GeV. Fig. 23 shows the migration

matrix for the ZH → qq̄H(H → bb̄) channel. Since final
state jets in this channel have larger energy compared
with the

√
s =250 GeV, the jets are highly boosted and

narrower, so that the migration effect is relatively miti-
gated, especially on the observable cos θZ .

3. e+e− → ZZ → e+e−H(H → bb̄)

At
√
s =500 GeV the process ZZ-fusion becomes very

useful for a distinction of the anomalous couplings. The
analysis procedure is same with the

√
s =250 GeV al-
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FIG. 21. Plots show distributions of the migration matrix of
several bins on the ZH → µ+µ−H channel at

√
s =500 GeV.

The two-dimensional distributionX(cos θZ ,∆Φff̄ ) binned in
10×10 is used for describing the migration effect.
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FIG. 22. Plots show distributions of the migration matrix of
several bins on the ZH → e+e−H channel at

√
s =500 GeV.

The two-dimensional distributionX(cos θZ ,∆Φff̄ ) binned in
10×10 is used for describing the migration effect.
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FIG. 23. Plots show distributions of the migration ma-
trix of several bins on the ZH → qq̄H(H → bb̄) chan-
nel at

√
s =500 GeV. The two-dimensional distribution

X(cos θZ ,∆Φff̄ ) binned in 10×10 is used for describing the
migration effect.

though statistic of this process is more sizable and back-
ground suppression is easier than that of

√
s =250 GeV.

Fig. 24 shows the migration matrix on two-dimensional
distribution X(PH ,∆Φff̄ ).

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
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)2
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( ∂s

∂x2

)2
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∂PT
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8P 2
T
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PT

以上より、運動量分解能の関係は、
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=
(σ(s)
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3/2 · σ(x)

s

)
=

√
3/2 · σ(x) · 8PT
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Focusing on ZZH • a different CP-even structure

• a CP-violating structure

SM-like coupling
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Figure 15: Distributions of the polar angle of the final state electron, the polar angle and the
azimuth angle of the Higgs boson in the laboratory frame in the ZZ-fusion e+e− → ZZ →
e+e−H process at

√
s = 500 GeV with the complete beam polarization state of P(e−, e+)= (-

100%,+100%). The difference of upper and lower row correspond to input parameters of bZ and
b̃Z . Black and green lines show the exactly SM Higgs boson and completely the pseudo-scalar
state, and blue and red lines are mixed states corresponding to bZ = ±1 and b̃Z = ±1.
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Figure 16: Distributions of the momentum of the Higgs boson and the angle between production
planes ∆Φ in the laboratory frame and the Higgs rest-frame in the ZZ-fusion e+e− → ZZ →
e+e−H process at

√
s = 500 GeV. The other explanations are same as the above.
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Figure 15: Distributions of the polar angle of the final state electron, the polar angle and the
azimuth angle of the Higgs boson in the laboratory frame in the ZZ-fusion e+e− → ZZ →
e+e−H process at

√
s = 500 GeV with the complete beam polarization state of P(e−, e+)= (-

100%,+100%). The difference of upper and lower row correspond to input parameters of bZ and
b̃Z . Black and green lines show the exactly SM Higgs boson and completely the pseudo-scalar
state, and blue and red lines are mixed states corresponding to bZ = ±1 and b̃Z = ±1.
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e+e−H process at

√
s = 500 GeV with the complete beam polarization state of P(e−, e+)= (-

100%,+100%). The difference of upper and lower row correspond to input parameters of bZ and
b̃Z . Black and green lines show the exactly SM Higgs boson and completely the pseudo-scalar
state, and blue and red lines are mixed states corresponding to bZ = ±1 and b̃Z = ±1.
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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。
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SM-like coupling1 OBSERVABLES AND ANALYSIS STRATEGIES FOR ANOMALOUS COUPLINGS

1.2 Observables for interaction of WWH couplings100

1.2.1 The Higgs decay process H → WW101
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Figure 17: A schematic view to define angles in the Higgs decay H → WW process. The ob-
servables such as the momentum of the W boson in the Higgs rest frame, the helicity angle of
a daughter fermion of the W boson which are boosted into the W rest-frame and the Higgs
rest-frame, and the angle decay planes in the Higgs rest-frame are useful.

These are several useful observables for verifying the anomalous WWH couplings. Below102

explanations are for each observable and these illustrations are given in Fig. 21, Fig. 22 and103

Fig. ?? for one-dimensional distributions and two-dimensional distributions as examples of a multi-104

dimensional distribution:105

• The partial width to the W boson of the Higgs boson. ***** コメント増 *****106

• The momentum distribution of the W boson interacting with the Higgs boson in the Higgs107

rest-frame.108

• Since the momentum of the W bosons are varied depending on the anomalous couplings,109

the opening angle of the W bosons would also vary.110

• The helicity angle distribution of the daughter fermion decaying from the W boson, which111

is defined an angle between the momentum direction of the W boson in the Higgs rest-frame112

and the momentum direction of its daughter fermion boosted in the W rest-frame. If no113

algorithm identifying jet charged is implemented, the helicity angle must be folded.114

• The angle between decay planes ∆Φ which are composed of momenta directions of a fermion115

derived from one W boson and an anti-fermion derived from another W boson with a116

momentum direction of one W boson as a plane axis in the Higgs rest-frame. In the case jet117

charges and flavors are not tried to identify, the sensitivity of ∆Φ becomes minimum angle118

being a range of [0–π/2] by folding as follows: if ∆Φ exceeds π, ∆Φ must be folded with119

∆Φ − π, and, if it still exceeds π/2, it must additionally be folded with π − ∆Φ, which is120

the minimum angle being constructed with two jets.121

14

The Higgs-straulung

W
W*

affects ZH production

H rest-frame is not affected

H → WW decay

Observable 
Momenta of W  
helicity angle of a W’s daughter  
angle b/w decay palnes 

Observables (anom-WW)



25

L
(

v Λ

)

2Λ 2Λ
˜

LWWH = 2M2
W

(1
v
+

aW
Λ

)
W+

µ W−µH +
bW
Λ

Ŵ+
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Figure 18: Distributions of the momentum of the W boson in the Higgs rest-frame PW , the helicity
angle of the daughter fermion of the W boson, and the folded helicity angle in the W rest-frame
in the Higgs decay H → WW process. The difference of upper and lower row correspond to input
parameters of bW and b̃W . Black and green lines show the exactly SM Higgs boson and completely
the pseudo-scalar state, and blue and red lines are mixed states corresponding to bW = ±2 and
b̃W = ±2.
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Figure 19: Distributions of the opening angle of the W bosons in the laboratory frame, and the
angle between decay planes ∆Φ in the Higgs rest-frame in the Higgs decay H → WW process.
The other explanations are same as the above.
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1.2 Observables for interaction of WWH couplings100

1.2.1 The Higgs decay process H → WW101
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Figure 17: A schematic view to define angles in the Higgs decay H → WW process. The ob-
servables such as the momentum of the W boson in the Higgs rest frame, the helicity angle of
a daughter fermion of the W boson which are boosted into the W rest-frame and the Higgs
rest-frame, and the angle decay planes in the Higgs rest-frame are useful.

These are several useful observables for verifying the anomalous WWH couplings. Below102

explanations are for each observable and these illustrations are given in Fig. 21, Fig. 22 and103

Fig. ?? for one-dimensional distributions and two-dimensional distributions as examples of a multi-104

dimensional distribution:105

• The partial width to the W boson of the Higgs boson. ***** コメント増 *****106

• The momentum distribution of the W boson interacting with the Higgs boson in the Higgs107

rest-frame.108

• Since the momentum of the W bosons are varied depending on the anomalous couplings,109

the opening angle of the W bosons would also vary.110

• The helicity angle distribution of the daughter fermion decaying from the W boson, which111

is defined an angle between the momentum direction of the W boson in the Higgs rest-frame112

and the momentum direction of its daughter fermion boosted in the W rest-frame. If no113

algorithm identifying jet charged is implemented, the helicity angle must be folded.114

• The angle between decay planes ∆Φ which are composed of momenta directions of a fermion115

derived from one W boson and an anti-fermion derived from another W boson with a116

momentum direction of one W boson as a plane axis in the Higgs rest-frame. In the case jet117

charges and flavors are not tried to identify, the sensitivity of ∆Φ becomes minimum angle118

being a range of [0–π/2] by folding as follows: if ∆Φ exceeds π, ∆Φ must be folded with119

∆Φ − π, and, if it still exceeds π/2, it must additionally be folded with π − ∆Φ, which is120

the minimum angle being constructed with two jets.121
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Figure 18: Distributions of the momentum of the W boson in the Higgs rest-frame PW , the helicity
angle of the daughter fermion of the W boson, and the folded helicity angle in the W rest-frame
in the Higgs decay H → WW process. The difference of upper and lower row correspond to input
parameters of bW and b̃W . Black and green lines show the exactly SM Higgs boson and completely
the pseudo-scalar state, and blue and red lines are mixed states corresponding to bW = ±2 and
b̃W = ±2.
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Figure 19: Distributions of the opening angle of the W bosons in the laboratory frame, and the
angle between decay planes ∆Φ in the Higgs rest-frame in the Higgs decay H → WW process.
The other explanations are same as the above.
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Figure 18: Distributions of the momentum of the W boson in the Higgs rest-frame PW , the helicity
angle of the daughter fermion of the W boson, and the folded helicity angle in the W rest-frame
in the Higgs decay H → WW process. The difference of upper and lower row correspond to input
parameters of bW and b̃W . Black and green lines show the exactly SM Higgs boson and completely
the pseudo-scalar state, and blue and red lines are mixed states corresponding to bW = ±2 and
b̃W = ±2.
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Figure 19: Distributions of the opening angle of the W bosons in the laboratory frame, and the
angle between decay planes ∆Φ in the Higgs rest-frame in the Higgs decay H → WW process.
The other explanations are same as the above.
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1.2 Observables for interaction of WWH couplings100

1.2.1 The Higgs decay process H → WW101

+e-

The direction of motion of  
the f in the W rest frame.

The direction of motion of  
the W in the H rest frame.

The difference of  
Higgs decay plane.

The angle between 
the W in the Higgs rest frame  
and the f in the W rest frame. 
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Figure 17: A schematic view to define angles in the Higgs decay H → WW process. The ob-
servables such as the momentum of the W boson in the Higgs rest frame, the helicity angle of
a daughter fermion of the W boson which are boosted into the W rest-frame and the Higgs
rest-frame, and the angle decay planes in the Higgs rest-frame are useful.

These are several useful observables for verifying the anomalous WWH couplings. Below102

explanations are for each observable and these illustrations are given in Fig. 21, Fig. 22 and103

Fig. ?? for one-dimensional distributions and two-dimensional distributions as examples of a multi-104

dimensional distribution:105

• The partial width to the W boson of the Higgs boson. ***** コメント増 *****106

• The momentum distribution of the W boson interacting with the Higgs boson in the Higgs107

rest-frame.108

• Since the momentum of the W bosons are varied depending on the anomalous couplings,109

the opening angle of the W bosons would also vary.110

• The helicity angle distribution of the daughter fermion decaying from the W boson, which111

is defined an angle between the momentum direction of the W boson in the Higgs rest-frame112

and the momentum direction of its daughter fermion boosted in the W rest-frame. If no113

algorithm identifying jet charged is implemented, the helicity angle must be folded.114

• The angle between decay planes ∆Φ which are composed of momenta directions of a fermion115

derived from one W boson and an anti-fermion derived from another W boson with a116

momentum direction of one W boson as a plane axis in the Higgs rest-frame. In the case jet117

charges and flavors are not tried to identify, the sensitivity of ∆Φ becomes minimum angle118

being a range of [0–π/2] by folding as follows: if ∆Φ exceeds π, ∆Φ must be folded with119

∆Φ − π, and, if it still exceeds π/2, it must additionally be folded with π − ∆Φ, which is120

the minimum angle being constructed with two jets.121
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Figure 18: Distributions of the momentum of the W boson in the Higgs rest-frame PW , the helicity
angle of the daughter fermion of the W boson, and the folded helicity angle in the W rest-frame
in the Higgs decay H → WW process. The difference of upper and lower row correspond to input
parameters of bW and b̃W . Black and green lines show the exactly SM Higgs boson and completely
the pseudo-scalar state, and blue and red lines are mixed states corresponding to bW = ±2 and
b̃W = ±2.
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Figure 19: Distributions of the opening angle of the W bosons in the laboratory frame, and the
angle between decay planes ∆Φ in the Higgs rest-frame in the Higgs decay H → WW process.
The other explanations are same as the above.
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1 OBSERVABLES AND ANALYSIS STRATEGIES FOR ANOMALOUS COUPLINGS

However, c tag と lepton....の説明と絵。112

When the final state is the process of WW → qql+ν, whether the lepton is a fermion or113

anti-fermion can be identified. Thus ∆Φ must be folded with ∆Φ = ∆Φ− π if ∆Φ exceeds π. In114

contrast in the process of WW → cq̄qc̄ two flavors can be identified, but which one is a fermion or115

anti-fermion is unknown. Thus, a folding procedure is that ∆Φmust be folded with∆Φ = 2π−∆Φ116

when ∆Φ exceeds π. These are illustrated in Fig. ??117
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Figure 20: Distributions of ∆Φ being a sensitivity range of [0–π]. If two flavors are identified in
the process of WW → cq̄qc̄, ∆Φ can be given as the left whereas ∆Φ can be given as the right if
one charge is identified in the process of WW → qql+ν.
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Figure 18: Distributions of the momentum of the W boson in the Higgs rest-frame PW , the helicity
angle of the daughter fermion of the W boson, and the folded helicity angle in the W rest-frame
in the Higgs decay H → WW process. The difference of upper and lower row correspond to input
parameters of bW and b̃W . Black and green lines show the exactly SM Higgs boson and completely
the pseudo-scalar state, and blue and red lines are mixed states corresponding to bW = ±2 and
b̃W = ±2.

W+W-θcos
1− 0.5− 0 0.5 1

W
+

W
-

θ
/d

co
s

σ
 d

σ
1

/

0

10

20

3−10×

W
impact of b

 = -2Wb  = 0Wb
 =+2Wb  =+2 w/o SM Wb

=250GeVsWW) →vvH(H→(ZH)→+e-e

)=(-100%,+100%)+,e
-

P(e

open angle in the labolatory

plane

f(W)f
Φ∆

0 2 4 6

p
la

n
e f

(W
)f

Φ
∆

/d
σ

 d
σ

1
/

0

10

20

-310×

W
impact of b

 = -2
W

b
 = 0

W
b

 =+2
W

b

 =+2 w/o SM 
W

b

WW) @ 250GeV→qqH(H→(ZH)→+e-e

)=(-100%,+100%)+,e
-

P(e

In the H rest-frame

plane

f(W)f
Φ∆

0 0.5 1 1.5

p
la

n
e f

(W
)f

Φ
∆

/d
σ

 d
σ

1
/

0

10

20

-310×

W
impact of b

 = -2Wb  = 0Wb
 =+2Wb  =+2 w/o SM Wb

WW) @ 250GeV→qqH(H→(ZH)→+e-e

)=(-100%,+100%)+,e
-

P(e

In the H rest-frame

W+W-θcos
1− 0.5− 0 0.5 1

W
+

W
-

θ
/d

co
s

σ
 d

σ
1

/

0

10

20

3−10×

Wb
~

impact of 
 = -2Wb

~
 = 0Wb

~

 =+2Wb
~

 =+2 w/o SM Wb
~

=250GeVsWW) →vvH(H→(ZH)→+e-e

)=(-100%,+100%)+,e
-

P(e

open angle in the labolatory

plane

f(W)f
Φ∆

0 2 4 6

p
la

n
e f

(W
)f

Φ
∆

/d
σ

 d
σ

1
/

0

10

20

-310×

W
b
~

impact of 

 = -2
W

b
~

 = 0
W

b
~

 =+2
W

b
~

 =+2 w/o SM 
W

b
~

WW) @ 250GeV→qqH(H→(ZH)→+e-e

)=(-100%,+100%)+,e
-

P(e

In the H rest-frame

plane

f(W)f
Φ∆

0 0.5 1 1.5

p
la

n
e f

(W
)f

Φ
∆

/d
σ

 d
σ

1
/

0

10

20

-310×

Wb
~

impact of 

 = -2Wb
~

 = 0Wb
~

 =+2Wb
~

 =+2 w/o SM Wb
~

WW) @ 250GeV→qqH(H→(ZH)→+e-e

)=(-100%,+100%)+,e
-

P(e

In the H rest-frame

Figure 19: Distributions of the opening angle of the W bosons in the laboratory frame, and the
angle between decay planes ∆Φ in the Higgs rest-frame in the Higgs decay H → WW process.
The other explanations are same as the above.
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1 OBSERVABLES AND ANALYSIS STRATEGIES FOR ANOMALOUS COUPLINGS
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Figure 21: Distributions of the momentum, the polar angle, and the azimuth angle of the Higgs
boson in the laboratory frame in the WW -fusion e+e− → WW → νν̄H process at

√
s = 250 GeV.

The difference of upper and lower row correspond to input parameters of bW and b̃W . Black and
green lines show the exactly SM Higgs boson and completely the pseudo-scalar state, and blue
and red lines are mixed states corresponding to bW = ±2 and b̃W = ±2.
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Figure 22: Distributions of the momentum, the polar angle, and the azimuth angle of the Higgs
boson in the laboratory frame in the WW -fusion e+e− → WW → νν̄H process at

√
s = 500 GeV.

The difference of upper and lower row correspond to input parameters of bW and b̃W . Black and
green lines show the exactly SM Higgs boson and completely the pseudo-scalar state, and blue
and red lines are mixed states corresponding to bW = ±2 and b̃W = ±2.
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Figure 21: Distributions of the momentum, the polar angle, and the azimuth angle of the Higgs
boson in the laboratory frame in the WW -fusion e+e− → WW → νν̄H process at

√
s = 250 GeV.

The difference of upper and lower row correspond to input parameters of bW and b̃W . Black and
green lines show the exactly SM Higgs boson and completely the pseudo-scalar state, and blue
and red lines are mixed states corresponding to bW = ±2 and b̃W = ±2.
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Figure 22: Distributions of the momentum, the polar angle, and the azimuth angle of the Higgs
boson in the laboratory frame in the WW -fusion e+e− → WW → νν̄H process at

√
s = 500 GeV.

The difference of upper and lower row correspond to input parameters of bW and b̃W . Black and
green lines show the exactly SM Higgs boson and completely the pseudo-scalar state, and blue
and red lines are mixed states corresponding to bW = ±2 and b̃W = ±2.
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Observables (Production Cross-section)

1 ANALYSIS ON THE ANOMALOUS WWH COUPLINGS
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Figure 5: Scatter plots showing x(Ph, cos θh) for both t-channel νν̄h and 2-fermion SM background,
where the index h denotes the di-jets system.

coming form each parameter of the anomalous WWH couplings are slightly small compared to129

the variation of the cross-section of the ZZ-fusion derived from the anomalous ZZH couplings.130

This is because ***なぜ ZZfusionと違い、どこから***.131

Nevertheless, the variation of the cross-section depending on the parameter aW is still strong132

and powerful to find out the anomalous structure whereas ones depending on the parameters bW133

and b̃W might be relatively weak.134

A right plot in Fig. 6 gives ∆χ2 distribution as the sensitivity along each anomalous parameter,135

where only the variation of the cross-section is considered. The error of the cross-section δσννh is136

given through error propagation of the relation σννh = (σννh · BR(h → bb̄))/BR(h → bb̄). The137

variation of the partial width and total width of the Higgs boson can be canceled out by this138

way. Input values to each error are respectively 8.1 % and 2.9 % for (σννh · BR(h → bb̄)) and139

BR(h → bb̄).140
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Figure 6: (Left) A plot shows the variation of the cross-section depending on the anomalous
WWH couplings. (Right) A plot shows ∆χ2 as a function of each anomalous parameter aW , bW ,
and b̃W , where

√
s=250 GeV and Lint=250 fb−1 are assumed.

1.1.4 Consideration on anomalous ZZH couplings141

As given in Fig. ?? and Table 1, the large number of s-channel νν̄h process remain. Since the142

s-channel νν̄h is the interaction through the ZZH vertex, the kinematical distribution and, of143

7

1 ANALYSIS ON THE ANOMALOUS ZZH COUPLINGS

Parameter axis
2− 1− 0 1 2

S
M

σ/
B

S
M

σ

0

1

2

3

=10.4µµBRZhσSM: 

za

zb

zb
~

=250GeVsH -µ+µ →-e+e

-1
Ldt=250fb∫)=(-80%,+30%) +,e

-
P(e

Parameter axis

-1 -0.5 0 0.5 1

2 χ
∆

0

5

10

15

20

w/ norm.

za

zb

zb
~

=250GeVsH -µ+µ →-e+e

-1
Ldt=250fb∫)=(-80%,+30%) +,e

-
P(e

b
1− 0.5− 0 0.5 1

a

1−

0

1

2 χ
∆

0

5

10

15

20

SM

w/ norm.

=250GeVsH -µ+µ →-e+e
-1Ldt=250fb∫)=(-80%,+30%) +,e-P(e

Figure 9: ..

x(cos θ∗f , cos θZ ,∆Φff̄ ) binned 5×5×5 , and the information of the production cross-section is also232

combined.233

Fitting for extracting the sensitivity to each anomalous parameter is perfumed by minimizing234

the two χ2 functions defined in the section ***** *****, where three anomalous parameters aZ ,235

bZ , and b̃Z are set to be completely free. A simultaneous minimization procedure for minimizing236

the χ2 value is carried out by the TMunit package implemented in the ROOT237

Upper plots in Fig. 10 illustrate contours showing 1σ and 2σ bounds for each parameter. The238

contours are projected onto the corresponding two-dimensional parameter space aZ-bZ , aZ-b̃Z , and239

bZ-b̃Z as the results after the simultaneous minimization. A strong correlation between the aZ and240

bZ parameters can be clearly seen in the plot. This is because both of the parameter aZ and bZ241

can try to adjust the cross-section each other so as to recover the SM condition until the impact242

of the angular distributions exceed the impact of the cross-section. The impact of the angular243

distributions itself is relatively smaller compared with that of the cross-section at
√
s =250 GeV,244

which also causes the strong correlation between the parameters aZ and bZ .245

Middle plots in Fig. 10 give ∆χ2 distributions as a function for each anomalous parameter aZ ,246

bZ , and b̃Z . The evaluation is performed by scanning ∆χ2 along one parameter axis while setting247

the other two parameters free, which corresponds to the simultaneous minimization in the three248

parameter space. The results are given using both of the angular and the cross-section information249

of the muon channel only. Explicit values corresponding to the 1σ bounds for each anomalous250

parameter aZ , bZ , and b̃Z and correlation matrix ρ indicating correlation coefficients between251

the parameters are given in the last line of Fig. 10. Both beam polarization states P(e−, e+)= (-252

80%,+30%) and (+80%,-30%) with the benchmark integrated luminosity of 250 fb−1 are assumed.253

The correlation coefficients of the correlation matrix ρ are extracted from the pseudo-experiment254

which is described in the section ***** *****.255
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Figure 23: Distributions show ∆χ2 as a function of each anomalous WWH parameter aW , bW ,
and b̃W . The evaluation is done in the one-parameter axis. Since only the angular information
is considered, the χ2 values of aW is 0 over the given range. (Upper) the polar angle cut is not
imposed. (Lower) the polar angle cut is imposed to maximize the sensitivity of Ph of the Higgs
boson. Each distribution are used: respectively (left) x(Ph), (middle) x(cos θh) which are binned
in 20, and (right) x(Ph, cos θh, cosφh) binned 5×5×5 .
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Figure 24: (Left) A plot shows the variation of the cross-section depending on the anomalous
WWH couplings. (Right) A plot shows ∆χ2 as a function of each anomalous parameter aW , bW ,
and b̃W , where

√
s=500 GeV and Lint=500 fb−1 are assumed.
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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
˜̂Z
µν

H

LWWH = 2M2
W

(1
v
+

aW
Λ

)
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

No energy dependence on a 

Recover the SM with  - Λ/v

b bt  vary depending on momentum

bt change symmetric 

1 OBSERVABLES AND ANALYSIS STRATEGIES FOR ANOMALOUS COUPLINGS

1.1.5 The ZZ-fusion e+e− → ZZ → e+e−H at
√
s =250 GeV and 500 GeV88

1
89

1By the definition of the field strength tensor Fµν , the anomalous structure FµνF
µν in the effective Lagrangian

can be decomposed into,

FµνF
µν = (∂1µA1ν − ∂1νA1µ)(∂

µ
2 A ν

2 − ∂ ν
2 A µ

2 )

= (∂1∂2)(A1A2)− (∂1A2)(A1∂2)− (∂1A2)(A1∂2) + (∂1∂2)(A1A2)

= 2 [ (∂1∂2)(A1A2)− (∂1A2)(A1∂2) ]

(FµνF
µν)2 = 4 [ (∂1∂2)(A1A2)− (∂1A2)(A1∂2) ]

2

= 4 [ i2(q1q2)(ϵ1ϵ2)− i2(q1ϵ2)(ϵ1q2) ]
2 → several terms with different signs.

where the square of the structure is taken since the contribution of amplitude can be given with the square of the
structure. Derivatives and field potentials are translated into four-momenta (quantization) and four-polarization
vectors in going to the last line. In contrast, the structure Fµν F̃

µν can be,

Fµν F̃
µν =

1
2
ϵµνρσFµνFρσ

=
1
2
ϵµνρσ(∂1µA1ν − ∂1νA1µ)(∂2ρA2σ − ∂2σA2ρ)

=
1
2
ϵµνρσ[(∂1µA1ν)(∂2ρA2σ)− (∂1µA1ν)(∂2σA2ρ)− (∂1νA1µ)(∂2ρA2σ) + (∂1νA1µ)(∂2σA2ρ)]

=
1
2
ϵµνρσ4(∂1µA1ν)(∂2ρA2σ)

(Fµν F̃
µν)2 = 4ϵµνρσϵabcd(∂1µA1ν)(∂2ρA2σ)(∂1aA1b)(∂2cA2d)

= 4gµζgνηgρθgσγδabcdζηθγ(∂1µA1ν)(∂2ρA2σ)(∂1aA1b)(∂2cA2d)

= 4(∂ ζ
1 A η

1 )(∂ θ
2 A γ

2 )δabcdζηθγ(∂1aA1b)(∂2cA2d)

= 4(∂1∂1)(A1A1)(∂2∂2)(A2A2)

= 4 i2q21ϵ
2
1 i2q22ϵ

2
2 → one term with positive sign.
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(theoretical distributions   =>   realistic distributions observed in reality )
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0.1.2 Constructing an event acceptance η and a migration matrix f̄60

Required kinematical angular distributions for the evaluation of the sensitivity to the anoma-61

lous couplings are “detector-level” distributions observed with the detector in reality. Because62

reconstructed observables are subject to migration effects derived from detector finite resolutions63

and undetectable particles such as neutrinos, the distributions get smeared and shifted from the64

predicted models of the SM. Since the distributions being possible for us to generate with the65

anomalous parameters are pure “generator-level” distributions, the “generator-level” distributions66

have to be made transfer to the “detector-level” distributions by including all migration effects,67

which could be realistic distributions given in the real experiment.68
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Figure 1: Plots show the two-dimensional distribution of x(cos θZ , cos θ∗f ) of the full hadronic

channel in Higgs-strahlung e+e− → ZH → qq̄bb̄ at
√
s =250 GeV for illustrating the migration

effects, where the left shows a generator distribution and the right shows a distribution that would
be observed in the ILD detector in reality.

To transfer the “generator-level” distributions, two effects are considered as components of a69

detector response function denoted with f . The first effect is an event acceptance represented with70

ηi that gives the meaning that events generated at i-th bin are successfully accepted (or not) after71

the event reconstruction and the background suppression, which can be simply defined for i-th72

bin using Monte Carlo (MC) truth information as ηi = Naccept
i /Ngene

i , where Naccept
i and Ngene

i73

mean the number of accepted and generated events.74

The second effect is a so-called migration effect. The reconstructed observables affected by the75

detector finite resolutions and physical phenomena migrates from a generated bin (a truth bin)76

to the other bin through reconstruction chain and data-manipulation. Thus, special care must be77

taken for consideration of these migration effects, which is important to predict the kinematical78

distributions observed in reality. In order to include these migration effects into the“generator-79

level” distributions, the migration matrix denoted with f̄ji is constructed, that gives probability80

of the migration of bin-to-bin for the reconstruction of j-th bin. Reflecting the event acceptance81

ηi to the migration matrix f̄ji, the overall detector response function f is given as follows.82

NRec(xRec
j ) =

∑

i

f(xRec
j , xGen

i ) ·NGen(xGen
i )

NRec(xRec
j ) =

∑

i

fji ·NGen
i =

∑

i

f̄ji · ηi ·NGen
i

ηi ≡
NAccept

i

NGene
i

(Event acceptance)

f̄ji ≡
NAccept

ji

NAccept
i

(Migration matrix)

3

Analysis Strategy   Detector Responce function
Constructing an event acceptance η and a migration matrix f ̄  

generated
Observed

Two probabilities
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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



 “Generator level” distribution 
calculated dσ/dX with explicit parameters. 

30

Evaluation of the sensitivity

where xRec
j and xGen

i correspond to the number of reconstructed and generated events on j-th83

and i-th bin. The generated distribution receives the event acceptance ηi and the migrations84

through the probability migration matrix f̄ji, in which events are transferred from the i-th bin to85

the j-th bin, and the reconstructed distribution on the j-th bin is given by summing events along86

i. Above equation can be applied for a one-dimensional distribution. The event acceptance and87

the migration matrix for a multi-dimensional distribution are easily expanded based on the above88

equation of the one-dimensional distribution like:89

NReco(xReco
jβ ) =

∑

i

∑

α

f(xReco
jβ , xGene

iα ) ·NGene(xGene
iα ) =

∑

i

∑

α

fjβiα ·NGene
iα

NReco(xReco
jβ ) =

∑

i

∑

α

f̄jβiα · ηiα ·NGene
iα

ηiα ≡
NAccept

iα

NGene
iα

(Event Acceptance)

f̄jβiα ≡
NAccept

jβiα

NAccept
iα

(Migration Matrix)

...

0.1.3 Constructing a chi-squared function for a shape χ2
s90

The chi-squared formula defined as follows is used for extracting an impact derived from the91

variation of the kinematical distributions only. A formula for extracting an impact coming form92

the variation of the production cross-section is constructed later.93

χ2
shape =

n∑

j=1

[
NSM

∑n
i=1

(
1
σ
dσ
dx (xi) · fji −

1
σ
dσ
dx (xi; aV , bV , b̃V ) · fji

)

∆nobs
SM (xj)

]2

(1)

where 1
σ
dσ
dx (xi) and

1
σ
dσ
dx (xi; aV , bV , b̃V ) are the normalized theoretical kinematical distributions for94

the SM and for the non-zero anomalous parameters, respectively, and x is a kinamatical variable.95

The kinematical distributions are renormalized to the number of expected events of the SM NSM96

to extract the variation of the kinematical distributions depending on the parameters from the97

predictions of the SM.98

n and j denote the total number of bins and certain bin number in an kinematical distribu-99

tion. f is the detector response function for reconstructing the j-th bin including the detector100

acceptance, the detector resolutions, and the migration effects, which is composed of the event ac-101

ceptance η and the probability matrix of the migration effectsx f̄ which are defined and given in the102

previous section. ∆nobs
SM (xj) represents an observed statistical error for the j-th bin, where a sim-103

ple standard statistical error based on Poisson probability (=
√

nsig(xj) + nbkg(xj)) is considered104

with full detector simulation. It is also possible to estimate the error by constructing probability105

density functions for the signal and the backgrounds distributions at each bin. However, a tons of106

background MC samples are necessary for constructing them because the kinematical distributions107

are divided into many bins. Thus it does not apply in this thesis. In the case multi-dimensional108

distributions are used for the chi-squared test, the above function can be easily expanded as109

follows,110

χ2
shape =

n∑

β=1

n∑

j=1

[NSM
∑n

α=1

∑n
i=1

(
1
σ
dσ
dx (xiα) · fjβiα − 1

σ
dσ
dx (xiα; aV , bV , b̃V ) · fjβiα

)

∆nobs
SM (xβj)

]2

...
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0.1.4 Constructing a chi-squared function for a cross-section χ2
c111

Another chi-squared formula is defined to include the impact of variation of the (production)112

cross-section affected by existence of the anomalous couplings separately.113

In the processes of the Higgs-strahlung e+e− → ZH and the ZZ-fusion :114

115

χ2
norm =

[
NSM −NBSM (aV , bV , b̃V )

δσZh/eeh ·NSM

]2
(2)

where δσZh/eeh shows relative error of the production cross-section for the Zh and the ZZ-fusion116

processes, and NBSM is the number of expected events for BSM models determined with the117

anomalous parameters. The relative error of the production cross-section of the Zh process is118

referred from the full simulation based studies, in which 2.0% and 3.0% for
√
s =250 GeV and119

500 GeV are evaluated under the assumption of the accumulated luminosities of 250 fb−1 and120

500 fb−1 [?, ?], respectively.121
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Figure 2: Distributions show the variation of the branching fraction BR(H → WW ∗), BR(H →
ZZ∗), and BR(H → bb̄) of the Higgs boson when the anomalous parameters are given.

In the case that the decay channel of the Higgs boson H → bb̄ is selected for the ZZ-fusion122

process and it will be selected in the later analysis, the production cross-section σeeH ·BRhbb will123

vary because the branching fraction of the Higgs boson BRhbb could be affected by the anomalous124

couplings like Fig. 2.125

To cancel out the variation of BRhbb the relative error δσeeh is given by two independent126

measurements through error propagation of the relation:2127

σeeh =
(σeeh ·BRhbb)

BRhbb
.

The measurement of relative error δ(σeeh · BRhbb) have been evaluated for
√
s =250 GeV with128

250 fb−1 and 500 GeV with 500 fb−1 based on the full simulation studies, which are 27.0% and129

4.0% [?], respectively. The relative error of the branching fraction δBRhbb are also given under130

the model independent measurements as 2.9 % and 3.5 % for
√
s =250 GeV and 500 GeV with131

2

σννh =
(σννh ·BRhbb)

BRhbb
.

The relative errors of δ(σννh · BRhbb) were given for
√
s =250 GeV with 250 fb−1 and 500 GeV with 500 fb−1 as

8.1% and 1.0%.

5

Relative errors of  
     cross-section measurement  

(SM Bkgs are taken into account) 

δσ(Zh)  = 2.0 % and 3.0 %  
              for 250 and 500 GeV

                = 27.0 % and 4.0 %  
              for 250 and 500 GeV

full simulation, T. Barklow et al.,
 “ILC Operating Scenarios”, arXiv:1506.07830 [hep-ex] 
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4.0% [?], respectively. The relative error of the branching fraction δBRhbb are also given under130

the model independent measurements as 2.9 % and 3.5 % for
√
s =250 GeV and 500 GeV with131

2

σννh =
(σννh ·BRhbb)

BRhbb
.

The relative errors of δ(σννh · BRhbb) were given for
√
s =250 GeV with 250 fb−1 and 500 GeV with 500 fb−1 as

8.1% and 1.0%.

5

0.1.4 Constructing a chi-squared function for a cross-section χ2
c111

Another chi-squared formula is defined to include the impact of variation of the (production)112

cross-section affected by existence of the anomalous couplings separately.113

In the processes of the Higgs-strahlung e+e− → ZH and the ZZ-fusion :114

115

χ2
norm =

[
NSM −NBSM (aV , bV , b̃V )

δσZh/eeh ·NSM

]2
(2)

where δσZh/eeh shows relative error of the production cross-section for the Zh and the ZZ-fusion116

processes, and NBSM is the number of expected events for BSM models determined with the117

anomalous parameters. The relative error of the production cross-section of the Zh process is118

referred from the full simulation based studies, in which 2.0% and 3.0% for
√
s =250 GeV and119

500 GeV are evaluated under the assumption of the accumulated luminosities of 250 fb−1 and120

500 fb−1 [?, ?], respectively.121
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ZZ∗), and BR(H → bb̄) of the Higgs boson when the anomalous parameters are given.

In the case that the decay channel of the Higgs boson H → bb̄ is selected for the ZZ-fusion122

process and it will be selected in the later analysis, the production cross-section σeeH ·BRhbb will123

vary because the branching fraction of the Higgs boson BRhbb could be affected by the anomalous124

couplings like Fig. 2.125

To cancel out the variation of BRhbb the relative error δσeeh is given by two independent126

measurements through error propagation of the relation:2127

σeeh =
(σeeh ·BRhbb)

BRhbb
.

The measurement of relative error δ(σeeh · BRhbb) have been evaluated for
√
s =250 GeV with128

250 fb−1 and 500 GeV with 500 fb−1 based on the full simulation studies, which are 27.0% and129

4.0% [?], respectively. The relative error of the branching fraction δBRhbb are also given under130

the model independent measurements as 2.9 % and 3.5 % for
√
s =250 GeV and 500 GeV with131

2

σννh =
(σννh ·BRhbb)

BRhbb
.

The relative errors of δ(σννh · BRhbb) were given for
√
s =250 GeV with 250 fb−1 and 500 GeV with 500 fb−1 as

8.1% and 1.0%.

5

= 2.9 % and 3.5 %  
        for 250 and 500 GeV 

the same condition [?]. Therefore, input values to δσeeh are 27.16 % and 5.32 % for the settings of132 √
s =250 GeV with 250 fb−1 and 500 GeV with 500 fb−1, respectively. To produce the combined133

results which are given based on the combination of 250 GeV and 500 GeV, the relative error134

δBRhbb which is measured at 250 GeV is possible to be propagated, where 2.2 % is inputted as135

the error of a weighted average of the branching fraction.136

To calculate the number of expected events with the anomalous parameters NBSM (aV , bV , b̃V )137

the cross section with the different anomalous parameters σBSM (aV , bV , b̃V ) is necessary. The138

σBSM (aV , bV , b̃V ) is also possible to calculate analytically.139

σ(aV , bV , b̃V ) = |A0 + aV AaV + bV AbV + b̃V Ab̃V
|2

= |A0|2 + a2V |AaV |2 + b2V |AbV |
2 + b̃2V |Ab̃V

|2

+2aV Re(A0AaV ) + 2bV Re(A0AbV ) + 2b̃V Re(A0Ab̃V
)

+2aV bV Re(AaV AbV ) + 2aV b̃V Re(AaV Ab̃V
) + 2bV b̃V Re(AbV Ab̃V

)

= σSM + a2V σaV + b2V σbV + b̃2V σb̃V

+2aV I0aV + 2bV I0bV + 2b̃V I0b̃V
+2aV bV IaV bV + 2aV b̃V IaV b̃V

+ 2bV b̃V IbV b̃V

*****イマジナリーパート、リアルパートの扱いについて。***** By the above equation each140

value of the interference terms can be given by making the other parameters cancel with C being141

the certain constant value. For example in the case of σ(1, 0, 0) which the value interfering with142

the SM and the aV ,143

σ(1, 0, 0) = σSM + σaV + 2I0aV
I0aV =

1

2

[
σ(1, 0, 0)− σSM (0, 0, 0)− σaV (−C + 1, 0, 0)

]

, and likewise, the other value of the interference terms can be given as,144

I0bV =
1

2

[
σ(0, 1, 0)− σSM (0, 0, 0)− σbV (−C, 1, 0)

]

I0b̃V =
1

2

[
σ(0, 0, 1)− σSM (0, 0, 0)− σb̃V (−C, 0, 1)

]

IaV bV =
1

2

[
σaV bV (−C + 1, 1, 0)− σaV (−C + 1, 0, 0)− σbV (−C, 1, 0)

]

IaV b̃V
=

1

2

[
σaV b̃V

(−C + 1, 0, 1)− σaV (−C + 1, 0, 0)− σb̃V (−C, 0, 1)
]

IbV b̃V
=

1

2

[
σbV b̃V

(−C, 1, 1)− σbV (−C, 1, 0)− σb̃V (−C, 0, 1)
]

In the processes of the Higgs decay H → WW and the WW -fusion :145

146

0.1.5 Pseudo-experiment and correlation coefficients147

Not only errors of each parameter but also correlated errors between parameters are important148

in the case that these parameter are input values to other evaluations or measurement: when a149

statistical parameter is given with a linear combination of two parameters like c = maV + nbV ,150

6

        for 250 and 500 GeV 
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√
s=250 GeV and Lint=250 fb−1 are assumed.

of the s-channel process can vary in the case that the anomalous ZZH couplings exist in the vertex.139

To consider the contribution of the ZZH couplings, the another term which gives constraints for140

the ZZH couplings was added in the chi-squared formula as follows,141

χ2
tot =

(
N t-ννh

SM −N t-ννh
BSM (⃗aW ) +N s-ννh

SM −N s-ννh
BSM (⃗aZ)

δσννh ·N t-ννh
SM

)2

+
n∑

j

(
St-ννh
SM (xj)− St-ννh

BSM (xj ; a⃗W ) + Ss-ννh
SM (xj)− Ss-ννh

BSM (xj ; a⃗Z)

∆nobs
SM (xj)

)2

+ a⃗ T
Z C−1

ZZH a⃗Z

(
St/s-ννh
j (xj) = N t/s-ννh

SM

n∑

i=1

1

σ

dσ

dx
(xi; a⃗V ) · fji

)

where χ2
s and χ2

c defined in the section **** are the impacts from the shape and the cross-142

section information derived form the t-channel νν̄h (h → bb̄). The column vector a⃗Z represents143

the anomalous ZZH parameters and CZZH is a variance-covariance matrix evaluated from the144

anomalous ZZH studies described in the previous section. The relation between anomalous145

parameters a⃗W and a⃗Z has been understood through the notation of η and ζ in the EFT framework,146

which can be written as,147

v

Λ
aZ = ηZ = −1

2
CH − CT , and

v

Λ
aW = ηW = −1

2
CH

v

Λ
bZ = ζZ = cos2 θwCWW + 2 sin2 θw(8CWB) + (sin4 θw/ cos

2 θw)(8CBB)

= cos2 θw
( v
Λ
bW
)
+X

where CT can be set to be 0 because it is mentioned that it has been strongly constrained by148

electroweak measurements in past studies **** Peskin Takeuchi look Tim *****. Two terms149

parametrized with the parameter CWB and CBB would be also strongly constrained, but it is150

grouped as X in the fitting so far. Because the relation between b̃W and b̃Z is unknown, an151

assumption that any b̃Z can be taken within the constraint of the anomalous parameters aZ and152
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Figure 2: Distributions show the summary plots of the Higgs momentum Ph distribution under
the assumption of

√
s=250 GeV and Lint=250 fb−1. The s-channel νν̄h process overlaps in the

sensitive area of the t-channel νν̄h process.
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Figure 3: Distributions show the summary plots of the Higgs polar angle cos θhiggs distribution
under the assumption of

√
s=250 GeV and Lint=250 fb−1. The s-channel νν̄h process cover over

the area of the t-channel νν̄h process.
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the area of the t-channel νν̄h process.
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t-channel variation 
due to WWH

s-channel variation 
due to ZZH

Evaluated Responce function
   individually  

production cross-section

0.1.4 Constructing a chi-squared function for a cross-section χ2
c111

Another chi-squared formula is defined to include the impact of variation of the (production)112

cross-section affected by existence of the anomalous couplings separately.113

In the processes of the Higgs-strahlung e+e− → ZH and the ZZ-fusion :114

115

χ2
norm =

[
NSM −NBSM (aV , bV , b̃V )

δσZh/eeh ·NSM

]2
(2)

where δσZh/eeh shows relative error of the production cross-section for the Zh and the ZZ-fusion116

processes, and NBSM is the number of expected events for BSM models determined with the117

anomalous parameters. The relative error of the production cross-section of the Zh process is118

referred from the full simulation based studies, in which 2.0% and 3.0% for
√
s =250 GeV and119

500 GeV are evaluated under the assumption of the accumulated luminosities of 250 fb−1 and120

500 fb−1 [?, ?], respectively.121
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Figure 2: Distributions show the variation of the branching fraction BR(H → WW ∗), BR(H →
ZZ∗), and BR(H → bb̄) of the Higgs boson when the anomalous parameters are given.

In the case that the decay channel of the Higgs boson H → bb̄ is selected for the ZZ-fusion122

process and it will be selected in the later analysis, the production cross-section σeeH ·BRhbb will123

vary because the branching fraction of the Higgs boson BRhbb could be affected by the anomalous124

couplings like Fig. 2.125

To cancel out the variation of BRhbb the relative error δσeeh is given by two independent126

measurements through error propagation of the relation:2127

σeeh =
(σeeh ·BRhbb)

BRhbb
.

The measurement of relative error δ(σeeh · BRhbb) have been evaluated for
√
s =250 GeV with128

250 fb−1 and 500 GeV with 500 fb−1 based on the full simulation studies, which are 27.0% and129

4.0% [?], respectively. The relative error of the branching fraction δBRhbb are also given under130

the model independent measurements as 2.9 % and 3.5 % for
√
s =250 GeV and 500 GeV with131

2

σννh =
(σννh ·BRhbb)

BRhbb
.

The relative errors of δ(σννh · BRhbb) were given for
√
s =250 GeV with 250 fb−1 and 500 GeV with 500 fb−1 as

8.1% and 1.0%.
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Figure 9: ..

x(cos θ∗f , cos θZ ,∆Φff̄ ) binned 5×5×5 , and the information of the production cross-section is also232

combined.233

Fitting for extracting the sensitivity to each anomalous parameter is perfumed by minimizing234

the two χ2 functions defined in the section ***** *****, where three anomalous parameters aZ ,235

bZ , and b̃Z are set to be completely free. A simultaneous minimization procedure for minimizing236

the χ2 value is carried out by the TMunit package implemented in the ROOT237

Upper plots in Fig. 10 illustrate contours showing 1σ and 2σ bounds for each parameter. The238

contours are projected onto the corresponding two-dimensional parameter space aZ-bZ , aZ-b̃Z , and239

bZ-b̃Z as the results after the simultaneous minimization. A strong correlation between the aZ and240

bZ parameters can be clearly seen in the plot. This is because both of the parameter aZ and bZ241

can try to adjust the cross-section each other so as to recover the SM condition until the impact242

of the angular distributions exceed the impact of the cross-section. The impact of the angular243

distributions itself is relatively smaller compared with that of the cross-section at
√
s =250 GeV,244

which also causes the strong correlation between the parameters aZ and bZ .245

Middle plots in Fig. 10 give ∆χ2 distributions as a function for each anomalous parameter aZ ,246

bZ , and b̃Z . The evaluation is performed by scanning ∆χ2 along one parameter axis while setting247

the other two parameters free, which corresponds to the simultaneous minimization in the three248

parameter space. The results are given using both of the angular and the cross-section information249

of the muon channel only. Explicit values corresponding to the 1σ bounds for each anomalous250

parameter aZ , bZ , and b̃Z and correlation matrix ρ indicating correlation coefficients between251

the parameters are given in the last line of Fig. 10. Both beam polarization states P(e−, e+)= (-252

80%,+30%) and (+80%,-30%) with the benchmark integrated luminosity of 250 fb−1 are assumed.253

The correlation coefficients of the correlation matrix ρ are extracted from the pseudo-experiment254

which is described in the section ***** *****.255
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Figure 5: Scatter plots showing x(Ph, cos θh) for both t-channel νν̄h and 2-fermion SM background,
where the index h denotes the di-jets system.

coming form each parameter of the anomalous WWH couplings are slightly small compared to129

the variation of the cross-section of the ZZ-fusion derived from the anomalous ZZH couplings.130

This is because ***なぜ ZZfusionと違い、どこから***.131

Nevertheless, the variation of the cross-section depending on the parameter aW is still strong132

and powerful to find out the anomalous structure whereas ones depending on the parameters bW133

and b̃W might be relatively weak.134

A right plot in Fig. 6 gives ∆χ2 distribution as the sensitivity along each anomalous parameter,135

where only the variation of the cross-section is considered. The error of the cross-section δσννh is136

given through error propagation of the relation σννh = (σννh · BR(h → bb̄))/BR(h → bb̄). The137

variation of the partial width and total width of the Higgs boson can be canceled out by this138

way. Input values to each error are respectively 8.1 % and 2.9 % for (σννh · BR(h → bb̄)) and139

BR(h → bb̄).140
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Figure 6: (Left) A plot shows the variation of the cross-section depending on the anomalous
WWH couplings. (Right) A plot shows ∆χ2 as a function of each anomalous parameter aW , bW ,
and b̃W , where

√
s=250 GeV and Lint=250 fb−1 are assumed.

1.1.4 Consideration on anomalous ZZH couplings141

As given in Fig. ?? and Table 1, the large number of s-channel νν̄h process remain. Since the142

s-channel νν̄h is the interaction through the ZZH vertex, the kinematical distribution and, of143
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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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