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Introduction 

Expected deviations from the SM are small. 
 ( ~ a few % or less                                  )  

The SM has been successful to describe nature.    
However, there are phenomena we can’t explain only with the SM.  
(Dark matter, baryon asymmetry in our universe, … ) 

The Higgs is the key particle connecting to New Physics. 
The Higgs is a tool to identify the theory of nature.  

The Lorentz structure of the VVH (V=Z/W/γ) couplings  
plays an important role to probe the new physics beyond the SM. 

      (Higgs CP,  the electroweak symmetry breaking mechanism) 
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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

In the framework of effective field theory, an effective Lagrangian  
containing ZZH couplings can be written:

Tim Barklow et al.  
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Precise measurement is necessary, 
and the ILC is suitable for this purpose. 
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• “az” : a normalization parameter  
   affecting the overall cross section.  
   (rescales the SM-coupling) 

• “bz” : a CP-violating parameter affecting 
angular/spin correlations.

Verification of the Lorentz structures

• “bz” : a different CP-even tensor structure  
     affecting momentum and  
    changes angular distribution.
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to understand the spontaneous symmetry breaking in-
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the Higgs boson, therefore its measurement absolutely
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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
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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
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we demonstrate the analysis using different leading two
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all summary of our anomalous couplings study in the
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the EFT the new effects caused by the new interactions
are possible to define as new tensor terms and incorpo-
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operators as an expansion of the SM, which provides us
a model independent way to introduce the effects of the
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coefficients fi. The new Lagrangian, or so-called the ef-
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formation in order to preserve the Lorenz invariance.
One usually start from dimension-6 operators to im-
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µνH +

b̃Z
2Λ
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the H appearing in the first and second terms of the
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e+e- →  ZH → l+l-H

cosθz :  a production angle of the Z.
cosθf*:  a helicity angle of  a Z’s daughter.
ΔΦ  :  an angle between two production plane.
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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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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-
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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
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are actually several studies on the anomalous V V H
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However, results we produce through this paper is the
sensitivity to the anomalous couplings evaluated based
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of the ILC experiment, where background contributions
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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
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In the case physical phenomena are described assum-
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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
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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
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+
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(3)

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

plane
f(Z)fΦ∆

0 2 4 6

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

15
3−10×

impact of b
b = -1
b = 0
b =+1
b =+1 w/o SM 

H @ 250GeVqq→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

plane
f(Z)fΦ∆

0 1 2 3

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

3−10×

impact of b
b = -1
b = 0
b =+1
b =+1 w/o SM 

H @ 250GeVqq→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

plane
f(Z)fΦ∆

0 2 4 6

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

15

3−10×

impact of b
b = -1
b = 0
b =+1
b =+1 w/o SM 

eeH @ 250GeV→(ZZ)→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

plane
f(Z)fΦ∆

0 2 4 6

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

15
3−10×

impact of bt
bt = -1
bt = 0
bt =+1
bt =+1 w/o SM 

H @ 250GeVqq→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

plane
f(Z)fΦ∆

0 1 2 3

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

3−10×

impact of bt
bt = -1
bt = 0
bt =+1
bt =+1 w/o SM 

H @ 250GeVqq→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

plane
f(Z)fΦ∆

0 2 4 6

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

15

3−10×

impact of bt
bt = -1
bt = 0
bt =+1
bt =+1 w/o SM 

eeH @ 250GeV→(ZZ)→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

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.

impact of b

ZH → l+l-H ,  √s = 250GeV 
6

Zθcos
1− 0.5− 0 0.5 1

Zθ
/d

co
s

σ
 d
σ

1/

0

5

10

3−10×

impact of b
b = -1
b = 0
b =+1
b =+1 w/o SM 

H @ 500GeVµµ→+e-e
=R)+=L, e-Pol(e

Production angle in the Lab. frame

*
fθcos

1− 0.5− 0 0.5 1

* fθ
/d

co
s

σ
 d
σ

1/

0

5

10

3−10×

impact of b
b = -1
b = 0
b =+1
b =+1 w/o SM 

H @ 500GeVµµ→+e-e
=R)+=L, e-Pol(e

Helicity angle in the Z rest-frame

plane
f(Z)fΦ∆

0 2 4 6

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

3−10×

impact of b
b = -1
b = 0
b =+1
b =+1 w/o SM 

H @ 500GeVµµ→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

Zθcos
1− 0.5− 0 0.5 1

Zθ
/d

co
s

σ
 d
σ

1/

0

5

10

3−10×

impact of bt
bt = -1
bt = 0
bt =+1
bt =+1 w/o SM 

H @ 500GeVµµ→+e-e
=R)+=L, e-Pol(e

Production angle in the Lab. frame

*
fθcos

1− 0.5− 0 0.5 1

* fθ
/d

co
s

σ
 d
σ

1/

0

5

10

3−10×

impact of bt
bt = -1
bt = 0
bt =+1
bt =+1 w/o SM 

H @ 500GeVµµ→+e-e
=R)+=L, e-Pol(e

Helicity angle in the Z rest-frame

plane
f(Z)fΦ∆

0 2 4 6

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

3−10×

impact of bt
bt = -1
bt = 0
bt =+1
bt =+1 w/o SM 

H @ 500GeVµµ→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

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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Analysis Strategy on ZZH

Available processes  

HZZ

 → bb

 → µµ/ee/qq

2

This paper reports a study which evaluates the per-
formance of measuring �ZH and MH using the Hig-
gsstrahlung process with a Z boson decaying into a pair
of electrons or muons e+e� ! ZH ! l+l�H ( l = e or µ).
One of the major purposes of this study is to quantify the
impact of center of mass energy and beam polarization on
the precision of �ZH and MH; the analysis is carried out
for three center-of-mass energies (250, 350, and 500 GeV),
as well as two beam polarizations (P e�, P e+) =(�80%,
+30%) and (+80%, �30%), which will be denoted as
e�L e

+
R and e�Re

+
L , respectively.[5] Unless otherwise speci-

fied, the total integrated luminosity is assumed as follows:
For each beam polarization 250 fb�1, 333 fb�1, and 500
fb�1 are accumulated for

p
s = 250, 350, and 500 GeV,

respectively. The H20 program [6], one of the currently
proposed ILC run scenarios which covers startup, energy
stages, and a luminosity upgrade, designates that during
a 20 year period, a total of 2000, 200, and 4000 fb�1 will
be accumulated at

p
s= 250, 350, and 500 GeV, respec-

tively. The analysis results in this paper will be scaled
to the luminosities of the H20 program, and will impact
the planning of future updates of the run scenario.

The model-independence of the leptonic recoil tech-
nique has been evaluated in the context of previous high-
energy e+e�-colliders [7]. This paper demonstrates for
the first time that the bias due to Higgs decay mode-
dependence can be kept at the level well below the ex-
pected statistical uncertainty in the H20 scenario without
sacrificing signal selection efficiency[8].

This paper is structured as follows: Section II explains
the recoil measurement; Section III introduces the sim-
ulation tools, the ILC detector concept, and the signal
and physics background processes; Section IV presents
the methods of data selection; Section V gives the meth-
ods for extracting �ZH and MH, and discusses their ex-
pected precisions; Section VI demonstrates the model in-
dependence of the analysis; Section VII summarizes the
analysis and concludes the paper.

II. HIGGS BOSON MEASUREMENTS USING
THE RECOIL TECHNIQUE

The major Higgs production processes at the ILC
are Higgsstrahlung and WW fusion, whose lowest order
Feynman diagrams are illustrated in Figure 1, along with
the ZZ fusion process which has a significantly smaller
cross section than the other two processes at ILC center-
of-mass energies. Figure 2 shows the production cross
sections as a function of

p
s, assuming a Higgs boson

mass of 125 GeV. The Higgsstrahlung cross section peaks
around

p
s = 250 GeV, and decreases gradually as ⇠ 1/s,

whereas the WW fusion cross section increases with en-
ergy, exceeding the Higgsstrahlung process at around 450
GeV.

The Higgsstrahlung process with a Z boson decaying
into a pair of electrons or muons: e+e� ! ZH ! l+l�H
( l = e or µ) will be hereafter referred to as e+e�H and

Z

Z
He+

e−

ν

ν−

W

W
H

e+

e−

H

e+

e−

Z

Z

e+

e−

FIG. 1. The lowest order Feynman diagrams of the
three major Higgs production processes at the ILC: (top)
Higgsstrahlung process e+e� ! ZH, (center) WW fusion
process e+e� ! ⌫⌫H, and (bottom) ZZ fusion process
e+e� ! e+e�H.

µ

+
µ

�H, respectively. The leptonic recoil technique is
based on the Z boson identification by the invariant mass
of the dilepton system being consistent with the Z boson
mass, and the reconstruction of the mass of the rest of the
final-state system recoiling against the Z boson (Mrec),
corresponding to the Higgs boson mass, which is calcu-
lated as

M

2
rec =

�p
s� El+l�

�2 � |�!p l+l� |
2
, (1)

where El+l� ⌘ El++El� and �!
p l+l� ⌘ �!

p l++
�!
p l� are the

energy and momentum of the lepton pair from Z boson
decay. The Mrec calculated using Equation 1 is expected
to form a peak corresponding to Higgs boson production.
From the location of the Mrec peak and the area beneath
it the Higgs boson mass and the signal yield can be ex-
tracted. The signal selection efficiency, and hence the
production cross section is, in principle, independent of
how the Higgs boson decays, since only the leptons from
the Z decay need to be measured in the recoil technique.
In practice, however, this is not guaranteed since there is
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FIG. 2. The Higgs production cross section as a function ofp
s assuming MH=125 GeV for the following Higgs production

processes: Higgsstrahlung (solid), WW fusion (dashed), and
ZZ fusion (dotted). (Figure taken from [3].)

a possibility of confusion between the leptons from the Z
boson decay and those from the Higgs boson decay. It is
thus an important part of this study to demonstrate an
analysis in which the signal efficiency is indeed indepen-
dent of assumptions regarding Higgs boson decay.

III. ANALYSIS FRAMEWORK, DETECTOR
SIMULATION, AND EVENT GENERATION

A. Analysis Framework

This study used the simulation and reconstruction
tools contained in the software package ILCSoft v01-16
[9]. All parameters of the incoming beams are simulated
with the GUINEA-PIG package [10, 11] and the beam
spectrum, including beamstrahlung and initial state radi-
ation (ISR), are explicitly taken into consideration based
on the parameters in the TDR. The beam crossing an-
gle of 14 mrad in the current ILC design is taken into
account. The µ

+
µ

�H, e+e�H, and SM background
Monte Carlo (MC) samples (see Section III C for de-
tails) are generated using the WHIZARD 1.95 [12] event
generator. The input mass of the Higgs boson is 125
GeV, and its SM decay branching ratios are assumed
[13]. The model for the parton shower and hadroniza-
tion is taken from PYTHIA 6.4 [14]. The generated
events are passed through the ILD [15] simulation per-
formed with the MOKKA[16] software package based on
GEANT4[17]. Event reconstruction is performed using

the Marlin[18] framework. The PandoraPFA[19] algo-
rithm is used for calorimeter clustering and the analysis
of track and calorimeter information based on the parti-
cle flow approach.

B. The ILD Concept

The International Large Detector (ILD) concept is one
of the two detectors being designed for the ILC. It fea-
tures a hybrid tracking system with excellent momentum
resolution. The jet energy resolution is expected to be
better than 3% for jets with energies � 100 GeV, thanks
to its highly granular calorimeters optimized for Parti-
cle Flow reconstruction. This section describes the ILD
sub-detectors important for this study.

The vertex detector (VTX), consisting of three double
layers of extremely fine Si pixel sensors with the inner-
most radius at 15 mm, measures particle tracks with a
typical spatial resolution of 2.8 µm. The hybrid track-
ing system consists of a time projection chamber (TPC)
which provides up to 224 points per track, excellent spa-
tial resolution of better than 100 µm, and dE/dx - based
particle identification, as well as Si-strip sensors placed
in the barrel region both inside and outside the TPC and
in the end cap region outside the TPC in order to fur-
ther improve track momentum resolution. The tracking
system measures charged particle momenta to a preci-
sion of �pt

p

2

t
= 2 ⇥ 10�5 GeV�1. Outside of the tracking

system sits the ECAL, a Si-W sampling electromagnetic
calorimeter with an inner radius of 1.8 m, finely seg-
mented 5 ⇥ 5 mm2 transverse cell size and 30 longitudi-
nal layers equivalent to 24 radiation lengths. The HCAL,
a steel-scintillator type hadronic calorimeter which sur-
rounds the ECAL, has an outer radius of 3.4 m, 3⇥3 cm2

transverse tiles, and 48 longitudinal layers correspond-
ing to 5.9 interaction lengths. Radiation hard calorime-
ters for monitoring the luminosity and quality of the col-
liding beams are installed in the forward region. The
tracking system and calorimeters are placed inside a su-
perconducting solenoid which provides a magnetic field
of 3.5 T. An iron yoke outside the solenoid coil returns
the magnetic flux, and is instrumented with scintillator-
based muon detectors.

C. Signal and Background Processes

The Higgsstrahlung signal is selected by identifying a
pair of prompt, isolated, and oppositely charged muons
or electrons with well-measurable momentum whose in-
variant mass Ml+l� (l=e or µ) is close to the Z boson mass
(MZ). The µ

+
µ

�H and e+e�H channels are analyzed in-
dependently and then statistically combined. Figure 3
shows the Feynman diagrams of the dominant 4-fermion
and 2-fermion processes. Table I gives the cross sec-
tions of signal and major background processes assum-
ing MH=125 GeV. For each process, all SM diagrams are

Higgsstrahlung 
@250, 500GeV 

ZZ-fusion  
@250, 500GeV HZZ

σzh is close to maximum @250GeV  

@500GeV σeeh is similar to lepton channels of the Higgsstrahlung. 

main obs.  ΔΦ, cosθz, cosθf*

main obs.  ΔΦ, cosθh, Ph

→ All analysis is done based on  
           the full simulation of the ILD

arXiv:1306.6352 OLC-TDR2  
Howard Baer



7

Analysis Strategy : χ2 definition 
4

the ∆Φ should be also defined to get full sensitivity that
each process can provide us. In Fig. 3 and Fig. 4 the
angular distributions on ∆Φ, θZ(θH) and θ∗f are plotted
with different anomalous couplings. The cross section
itself is also one of the important observable to test the
anomalous ZZH couplings.

∆Φ(ff̄ ;Z) [−π ≤ ∆Φ ≤ π]

=

{
(cos ξ ≤ 0), arctan( sin ξ

cos ξ )

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

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

cos ξ = (P̂Z × P̂f )× (P̂t × P̂f̄ )

(9)
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FIG. 2. A schematic view of the Higgs-strahlung process
e+e− → ZH → ff̄H. The ∆Φ and θ∗f show the angle
between two production planes and the helicity angle of the Z
daughters, respectively. Design of the original view is taken
from [11].

IV. ANALYSIS STRATEGY

Differential cross section distributions of the angles
and the momentum of related particles to the ZZH cou-
plings in each process or channel are possible to calcu-
late with the SM parameters or even with the anomalous
parameters assuming that explicit anomalous couplings
exist. For the analysis we performed in this paper, each
differential cross section distributions are binned in data
manipulation, and prepared as histograms. Therefore,
we aim for detection of the anomalous couplings based
on the least squared fitting.

A. Chi-squared functions

The following defined chi-squared function Eq. (10)
considers only a impact of difference of the angular
shape itself.

χ2
s =

n∑

i=1

[ NSM
σ

dσ
dX (xi) · fi − NSM

σ
dσ
dX (xi; aZ , bZ , b̃Z) · fi

δNSM (xi)

]2 (10)

where n and i denote the total number of bins and cer-
tain bin number, then aZ , bZ and b̃Z show parameters
for the anomalous couplings. 1/σ · dσ/dX(xi) is a pre-
dicted differential cross section at each bin for an observ-
able X based on a model with the anomalous parame-
ters, which is normalized by a σ and multiply a expected
number of events with the SM NSM in order to extract
the difference of the angular shape from the SM predic-
tion. δNSM (xi) shows an error of the observed num-
ber of events for a corresponding bin. This δNSM (xi)
used here was estimated by full simulation and inputted
as a simple error based on Poisson statistics. fi corre-
sponds to acceptance of events on each bin, which is
composed of an event acceptance ηi and a migration
matrix f̄ explaining later in this section. The cross sec-
tion corresponding to certain process is also important
information to distinguish the existence of the anoma-
lous couplings. Therefore another chi-squared function
to include the effect of difference of the cross section is
defined as follows Eq. (11).

χ2
c =

[
NSM · ϵ−NBSM · ϵ

δσ ·NSM · ϵ

]2
(11)

where the ϵ shows selection efficiency of the signal events
estimated by our full simulation, and δσ shows error ex-
tracted from measurement of total cross section analy-
sis which is also estimated by full simulation for each
center-of-mass energies

√
s=250 and 500 GeV. The er-

rors on the ZH process are evaluated about 2.0% and
3.0% for

√
s =250 GeV and 500 GeV whose numbers

are extracted from a reference [12, 13], respectively.
The errors on ZZ-fusion process at

√
s =250 GeV and

500 GeV are evaluated about 28.0% and 5.0% which are
extracted from [14], respectively.

B. An event acceptance η
and a migration matrix f̄

An angular distribution we really need for the estima-
tion of the sensitivity to the anomalous couplings is a
“detector-level” distribution. Because reconstructed ob-
servables are affected by detector finite resolutions and

Our approach to evaluate the sensitivity to the anomalous couplings  
based on a combined chi2. 

- Kinematical/Shape information 

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

Detector response function  
→ Transfer to “Detector level” distribution

Poisson error on each bin  
(SM Bkgs are taken into account) 

i is Nth-bin
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composed of an event acceptance ηi and a migration
matrix f̄ explaining later in this section. The cross sec-
tion corresponding to certain process is also important
information to distinguish the existence of the anoma-
lous couplings. Therefore another chi-squared function
to include the effect of difference of the cross section is
defined as follows Eq. (11).

χ2
c =

[
NSM · ϵ−NBSM · ϵ

δσ ·NSM · ϵ

]2
(11)

where the ϵ shows selection efficiency of the signal events
estimated by our full simulation, and δσ shows error ex-
tracted from measurement of total cross section analy-
sis which is also estimated by full simulation for each
center-of-mass energies

√
s=250 and 500 GeV. The er-

rors on the ZH process are evaluated about 2.0% and
3.0% for

√
s =250 GeV and 500 GeV whose numbers

are extracted from a reference [12, 13], respectively.
The errors on ZZ-fusion process at

√
s =250 GeV and

500 GeV are evaluated about 28.0% and 5.0% which are
extracted from [14], respectively.

B. An event acceptance η
and a migration matrix f̄

An angular distribution we really need for the estima-
tion of the sensitivity to the anomalous couplings is a
“detector-level” distribution. Because reconstructed ob-
servables are affected by detector finite resolutions and

- Normalization information

Expected #events 
with different models

Erros on σ

δσ(ZH)  = 2.0 % and 3.0 %  
              for 250 and 500 GeV
δσ(ZZf) = 28.0 % and 5.0 %  
           for 250 and 500 GeV

full simulation, T. Barklow et al., 
 “ILC Operating Scenarios”, arXiv:1506.07830 [hep-ex] 
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undetectable particles such as neutrinos, eventually the
distributions of the observables get smeared. The distri-
bution we can produce for each anomalous parameter is
a “generator-level” distribution. We have to make the
“generator-level” distribution transfer to the “detector-
level” distribution to get the realistic distribution which
could be got through the real experiment. In order to
transfer the “generator-level” distribution we defined
two effects. The first effect is an event acceptance ηi
which can be simply defined for i-th bin using Monte
Carlo (MC) truth information like ηi = Naccept

i /Ngene
i ,

which just means whether certain event is accepted or
not. The second effect is a so-called migration effect.
The reconstructed observable affected by the detector
finite resolutions and missing particles migrates from a
generated bin (a truth bin) to the other bin through
and after reconstruction. We constructed the migration
matrix f̄ji which gives probability of the migration from
bin to bin for certain bin in order to include the migra-
tion effect into the“generator-level” distribution. The
migration matrix is reflected to the event acceptance ηi.
A constructed overall event acceptance f is defined in
the following Eq. (12)

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)

(12)

where xRec
j and xGen

i correspond to the number of re-
constructed and generated events on a j-th or an i-th
bin. The generated events get the migration effect fji
that shows migration of events from i to j, and the re-
constructed number of events is summed along i. The
fji is composed of ηi and f̄ji. Above equation is for a
one-dimensional distribution. A multi-dimensional dis-
tribution could be further useful to distinguish the dif-
ference from the SM distribution. The event acceptance
and the migration matrix are easily expanded to the
multi-dimensional distribution based on the equation of
the one-dimensional distribution.

V. ANALYSIS FRAMEWORK AND MC
SAMPLES

This study was performed using the ILCSoft frame-
work [15]. Event samples are generated by the generator
PHYSSIM [16] and WHIZARD [17], where hadroniza-

tion and parton showering are implemented by PYTHIA
[18]. The generated event samples are fed into the
MOKKA [19] which is a Geant4-based [20] realistic de-
scription of the International Large Detector (ILD) for
detailed detector simulation of the ILC experiment. Re-
construction of the detector simulated samples is carried
out using the MARLIN [21] that the PandoraPFA algo-
rithm [22] is installed for realistic reconstruction using
detector information.
The ILD is one of two proposed detectors for the ILC

experiment, which is composed of a high-precision ver-
tex detector followed by a hybrid tracking system re-
alized as a combination of an enveloped silicon tracker
with a time projection chamber (TPC), and a calorime-
ter system of the electromagnetic calorimeter (ECAL)
and the hadron calorimeter (HCAL). These detectors
are located inside a solenoid magnet of 3.5 T. On the
outside of the magnet the iron yoke covers the solenoid,
and a muon detector is installed on the iron yoke. The
key detector performance of the ILD is listed in Table I.
Other details of the ILD are described explicitly in [23].

TABLE I. Resolutions of key performance of the ILD detec-
tor model. pT and Ejet show transverse momentum and jet
energy, respectively.

Key performance Resolution

Impact parameter σrφ = 5⊕ 10
p(GeV) sin3/2 θ

µm

Momentum σ1/pT
∼ 2× 10−5 GeV−1

Jet energy
σEjet

Ejet
∼ 3 % (Ejet < 100 GeV)

Each Monte Carlo (MC) event sample for the signal
processes and the SM background processes are pre-
pared for various physics studies of the ILC experi-
ment [24] by the ILC software working group after gen-
erated and reconstructed with the full detector simu-
lation chain explained in the above text. Although
the event samples are produced with pure beam po-
larizations e−Le

+
R = Pol(−100%, +100%) and e−Re

+
L =

Pol(+100%, −100%), we can assume any beam polar-
ization state by mixing up these pure beam polariza-
tions. The processes and corresponding cross sections
used for the analysis in this paper are listed up in the fol-
lowing Table II for both of the

√
s=250 and 500 GeV and

for two beam polarizations e−Le
+
R = Pol(−80%, +30%)

and e−Re
+
L = Pol(+80%, −30%).

VI. ANALYSIS AS DEMONSTRATIONS

In order to remove the huge SM backgrounds mixed
in the signal process, background suppression needs to

Distributions are subject 
  to migration effects due to

- finite detector resolution  
- jet clustering,  
- missing particles 
- …

detector response
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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

Normalized 
 to 1

For a binned in N distribution, 

an NxN migration matrix is necessary 
to transfer the “generator” level 

to the “detector” level. 

acceptance and transfer 
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Δχ2  distribution in the two-parameter space. :  az  vs  bz

Shape information

Higgsstrahlung and ZZ-fusion are combined.

Normalization information Both information

√s=250GeV and ∫Ldt=250fb-1 are assumed.

There is no shape info. along the parameter “az”, 
the sensitivity is coming from normalization info.  

Correlation between the parameters “az” and “bz” is strong  
and coming from normalization change.

1σ bound1σ bound

The shape can  
improve partially.
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Sensitivity to ZZH couplings   @ 250 GeV 

Δχ2  distribution in the two-parameter space. :  bz  vs  bz

Higgsstrahlung and ZZ-fusion are combined.

Shape information Normalization information Both information

With only normalization info,  
    the sensitivity to “bz” is limited.

√s=250GeV and ∫Ldt=250fb-1 are assumed.

~

~

The Shape info. is very useful  
     to squeeze the sensitive parameter space. 
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FIG. 9. ∆χ2 distributions as a function of each parameter space of the anomalous couplings aZ , bZ , and b̃Z . Only angular
information are considered for the evaluation on the left and middle plots, where the channels µµH (left) and qq̄bb̄(H)
(middle) are used assuming the integrated luminosity of 250 fb−1 with the left-handed beam polarization and the two-
dimensional distributions X(cos θZ ,∆Φff̄ ) binned in 10×10 are used. On the right plot only cross section information is
considered. The channel µµH is used as demonstration.
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FIG. 10. Contour plots showing the sensitivity to the anomalous couplings. Fitting is performed with the three parameters
set to be free and the results are projected to the two-dimensional parameter spaces a-b, a-b̃ and b-b̃. Both information, the
angular distributions and the cross section information, are considered. For the evaluation the four channels of the ZH and
ZZ fusion processes are used. The three-dimensional distributions X(cos θZ , cos θ

∗
f ,∆Φff̄ ) binned in 5×5×5 are used for the

former three channels and the one-dimensional distribution X(∆Φff̄ ) binned in 10 is used for the latter one.
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FIG. 11. ∆χ2 distributions as a function of each parameter space of the anomalous couplings aZ , bZ , and b̃Z . The fitting
results are obtained based on a large number of pseudo-experiments with the three free parameters. The four channels
of the ZH and ZZ fusion processes are used and both of the informations, the angular distributions and the cross section,
are considered. The three-dimensional distributions X(cos θZ , cos θ

∗
f ,∆Φff̄ ) binned in 5×5×5 are used for the former three

channels and the one-dimensional distribution X(∆Φff̄ ) binned in 10 is used for the latter one.
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FIG. 12. ∆χ2 distributions as a function of each parameter space of the anomalous couplings aZ , bZ , and b̃Z . Only angular
information are considered for the evaluation on the left and middle plots, where the channels µµH (left) and qq̄bb̄(H)
(middle) are used assuming the integrated luminosity of 500 fb−1 with the left-handed beam polarization and the two-
dimensional distributions X(cos θZ ,∆Φff̄ ) binned in 10×10 are used. On the right plot only cross section information is
considered. The channel µµH is used as demonstration.
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FIG. 13. Contour plots showing the sensitivity to the anomalous couplings. Simultaneous fitting is performed with the three
parameters set to be free and the results are projected to the two-dimensional parameter spaces a-b, a-b̃ and b-b̃. Both of
the informations, the angular distributions and the cross section information, are considered. For the evaluation the four
channels of the ZH and ZZ fusion processes are used. The three-dimensional distributions X(cos θZ , cos θ

∗
f ,∆Φff̄ ) binned

in 5×5×5 are used for the former three channels and the two-dimensional distribution X(cos θH ,∆Φff̄ ) binned in 10×10 is
used for the latter one.
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FIG. 14. ∆χ2 distributions as a function of each parameter space of the anomalous couplings aZ , bZ , and b̃Z . The fitting
results are obtained based on a large number of pseudo-experiments with the three free parameters. The four channels of the
ZH and ZZ fusion processes are used and both informations, the angular distributions and the cross section, are considered.
The three-dimensional distributions X(cos θZ , cos θ

∗
f ,∆Φff̄ ) binned in 5×5×5 are used for the former three channels and the

two-dimensional distribution X(cos θH ,∆Φff̄ ) binned in 10×10 is used for the latter one.

Sensitivity to ZZH couplings     250 GeV   vs    500 GeV

Simultaneous fitting is performed 
   in three-parameter space.

√s=250GeV and ∫Ldt=250fb-1 

The shape distributions quickly change at 500GeV 
the correlation between “az” and “bz” can be disentangled.

√s=500GeV and ∫Ldt=500fb-1

Δχ2=1
Δχ2=4 Δχ2=4

Δχ2=1
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Sensitivity to ZZH couplings     250 GeV  +  500 GeV

A realistic ILC full operation is assumed T. Barklow and J. Brau et al., “ILC Operating Scenarios”, 
arXiv:1506.07830 [hep-ex]  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TABLE VII. The sensitivity to the anomalous ZZH cou-
plings with the combined results of both

√
s =250 and

500 GeV. The benchmark integrated luminosities of 250 fb−1

and 500 fb−1 for
√
s =250 and 500 GeV are assumed, re-

spectively.

aZ bZ b̃Z

ZH e−Le
+
R - - -

with shape e−Re
+
L - - -

total - ±0.0144 ±0.0126

ZH e−Le
+
R ±0.0763 ±0.0180 ±0.0172

with shape+σ e−Re
+
L ±0.0864 ±0.0204 ±0.0190

total ±0.0576 ±0.0136 ±0.0128

ZH+ZZ-fusion e−Le
+
R - - -

with shape e−Re
+
L - - -

total - ±0.0143 ±0.0122

ZH+ZZ-fusion e−Le
+
R ±0.0522 ±0.0134 ±0.0164

with shape+σ e−Re
+
L ±0.0610 ±0.0158 ±0.0180

total ±0.0407 ±0.0104 ±0.0121

TABLE VIII. The sensitivity to the anomalous ZZH cou-
plings with the combined results of both

√
s =250 and

500 GeV. One of the ILC operating scenario, so-called H20
is assumed.

aZ bZ b̃Z
ZH

with shape total - ±0.0080 ±0.0070

ZH

with shape+σ total ±0.0307 ±0.0074 ±0.0070

ZH+ZZ-fusion

with shape total - ±0.0079 ±0.0067

ZH+ZZ-fusion

with shape+σ total ±0.0218 ±0.0058 ±0.0067

C. Correlation of parameters and
the prospect for including decay channels

As discussed in the Section VIIB, the parameters aZ
and bZ are correlated, which is much stronger at espe-
cially

√
s=250 GeV since the impact of the cross section

is much larger than that of the shape information. This
negative correlation between aZ and bZ is basically de-
rived from the characteristics that both of the related
particles to the Higgs boson are incoming (or outgoing),
or one of them is incoming (or outgoing). Let us assume
that Z1 and Z2 to be Z1(k1, ϵ1) and Z2(k2, ϵ2) where ki
and ϵi denote four-momentum and a polarization vector
on an i-th particle (i = 1, 2), an invariant amplitude cal-
culated from the first term of Eq. (2) is Ma = −ϵ1 · ϵ2,

and the invariant amplitude calculated from the sec-
ond term is Mb = −2[(k1k2)(ϵ1ϵ2) − (k1ϵ2)(k2ϵ1)]. In
the case of ZH process one of the related particles to
the Higgs boson is the incoming particle and another
is outgoing, thus the second amplitude becomes Mb =
−2[

√
sE2ϵ1 · ϵ2]. Since both of the signs of the ampli-

tude are same, the amplitudes cancel out each other for
a negative direction in a aZ-bZ parameter space. Con-
sequently the negative correlation appears, where the
difference of the cross section due to the anomalous pa-
rameters are canceled. In contrast, in the case of the
ZZ-fusion production process the related particles to
the Higgs boson are incoming particles, and the second
amplitude becomes Mb = [(k1 + k2)2 − k21 − k22](ϵ1 · ϵ2)
whose sign is positive, thus the positive correlation ap-
pears consequently. This positive correlation giving by
the ZZ-fusion process can be seen in the Section Ap-
pendix.

One possibility to disentangle the correlation between
aZ and bZ at

√
s =250 GeV is to use a decay process

of the Higgs boson H → ZZ∗ although we focused of
the production process of the Higgs boson in this pa-
per. The amplitude Mb calculated with the decay pro-
cess is also positive because the related particles to the
Higgs boson are both outgoing (The signs of both mo-
menta k1 and k2 are just flipped, andMb dose not vary).
Hence, inclusion of the decay process might be helpful
to disentangle the correlation and get further sensitiv-
ity although a branching ration of the H → ZZ∗ is too
small. (Assuming the H20 scenario and that a selection
efficiency is 30%, the number of remaining signal events
of the ZH → qq̄ZZ∗ process could be around 3000.
However, because the huge migration effect is predicted
because of the full hadronic channel, most of the angular
information could be lost. A possible channel extract-
ing useful information is only the leptonic channel where
expected remaining signal events is around 200.)

D. Sensitivity to anomalous γZH couplings

The e+e− → ZH process is conducted by a s-channel
exchange of the Z boson. Another ZH diagram con-
ducted by an exchange of the photon can be imagined
although the ZH diagram exchanged by the photon is
forbidden at tree level (lowest order) and the γZH cou-
plings is assumed to be 0 in the SM. However, since
fields of the photon Aµ and the Z boson Zµ are mix-
ing through gauge fields Bµ and Wµ

3 generated by the
SU(2)L⊗U(1)Y symmetry in the SM, once the anoma-
lous ZZH couplings are assumed as loop corrections
(higher order) of the SM, the γZH couplings (called the
anomalous γZH couplings) are possible to appear and

H20 scenario : 
Total luminosities of 2000 f b−1 and 4000 f b−1  are planned 
to be accumulated at √s =250 and 500 GeV, respectively. 

1σ bounds
For new tensor structures 

precision of less than 1% or better 
is possible to achieve.

Precision on bz  
is decided by angular info.

For the parameter “a” (SM-like couplings) 
precision is az few %.

~

New physics scale Λ is assumed to be 1 TeV.  
A table showing sensitivity to ZZH 

at 250  +  500 GeV.
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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 ??

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

W3 couples to eL  only.

Sensitivity to ZZH and γZH couplings    

Once ZZH couplings are assumed, γZH couplings should be considered 
  because of the electroweak mixing . 

§20.1] The prototype model 625

parametrizes the electromagnetic gauge transformations in this model, and the
weak mixing angle θW characterizes the embedding of U(1)EM into the full
gauge group SU(2)×U(1). Although we have not yet considered a Lagrangian,
the symmetry structure of the model is already to a large extent determined
by the representation content of the scalar fields. The fact that the model
of this section has precisely one massless gauge field is a direct consequence
of introducing a single doublet field. For other scalar field assignments one
obtains a different mass spectrum for the gauge fields. The gauge fields W 3

µ

and Bµ are now redefined in accordance with the decomposition (20.6),

Bµ = cos θW Aµ − sin θW Zµ ,

Wµ
3 = cos θW Zµ + sin θW Aµ . (20.8)

Let us now examine how the various gauge fields transform under the two
U(1) transformations parametrized by ξEM and ξZ. Using the infinitesimal
gauge transformations of W a

µ and Bµ in terms of the original parameters of
SU(2)×U(1),

δW a
µ = ∂µξ

a + gϵabcW
b
µ ξ

c , δBµ = ∂µξ , (20.9)

it follows that the fields Aµ and Zµ transform according to

δAµ = ∂µξ
EM , δZµ = ∂µξ

Z , (20.10)

which identifies Aµ as the photon field. The other field, denoted by Zµ, corre-
sponds to a neutral massive vector boson, whose mass will be different from
that of the fields W 1,2

µ because of the electroweak mixing. The fields W 1,2
µ are

electrically charged since they transform under electromagnetic gauge trans-
formations. It is convenient to decompose them according to

W±
µ = 1

2

√
2 (W 1

µ ∓ iW 2
µ) . (20.11)

Under infinitesimal electromagnetic gauge transformations W±
µ transform as

δW±
µ = ±i(g sin θW) ξEMW±

µ , (20.12)

which shows that the W-bosons associated with W±
µ carry an electric charge

equal to ±(g sin θW). This charge will be denoted by e, so that we define

e = g sin θW = q cos θW . (20.13)

Henceforth we use a notation in terms of a complex field,

Wµ =W+
µ = 1

2

√
2(W 1

µ − iW 2
µ) ,

W̄µ =W−µ = 1
2

√
2(W 1

µ + iW 2
µ) . (20.14)

By employing beam polarization  ( Left- and Right-state) 
it is possible to disentangle the ZZH and the γZH couplings.

B couples to both eL and eR in the same way.
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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 ??

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

Sensitivity to ZZH and γZH couplings    

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
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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
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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-
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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
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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
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e−Le+R
Z − 0.93 b̃

e−Re+L
Z
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Z

(27)
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⎪⎨

⎪⎩
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103 ζ̃ZZ − 9.71
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103 b̃
e−L e+R
Z

e−Re
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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
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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
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both of the anomalous ZZH and γZH couplings. The
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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
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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

Modification of the Lagrangian

Full formula is given by  Tim Barklow et al.  
https://agenda.linearcollider.org/event/7371/contributions/37884/ 

W3 couples to eL  only.

Once ZZH couplings are assumed, γZH couplings should be considered 
  because of the electroweak mixing . 

§20.1] The prototype model 625

parametrizes the electromagnetic gauge transformations in this model, and the
weak mixing angle θW characterizes the embedding of U(1)EM into the full
gauge group SU(2)×U(1). Although we have not yet considered a Lagrangian,
the symmetry structure of the model is already to a large extent determined
by the representation content of the scalar fields. The fact that the model
of this section has precisely one massless gauge field is a direct consequence
of introducing a single doublet field. For other scalar field assignments one
obtains a different mass spectrum for the gauge fields. The gauge fields W 3

µ

and Bµ are now redefined in accordance with the decomposition (20.6),

Bµ = cos θW Aµ − sin θW Zµ ,

Wµ
3 = cos θW Zµ + sin θW Aµ . (20.8)

Let us now examine how the various gauge fields transform under the two
U(1) transformations parametrized by ξEM and ξZ. Using the infinitesimal
gauge transformations of W a

µ and Bµ in terms of the original parameters of
SU(2)×U(1),

δW a
µ = ∂µξ

a + gϵabcW
b
µ ξ

c , δBµ = ∂µξ , (20.9)

it follows that the fields Aµ and Zµ transform according to

δAµ = ∂µξ
EM , δZµ = ∂µξ

Z , (20.10)

which identifies Aµ as the photon field. The other field, denoted by Zµ, corre-
sponds to a neutral massive vector boson, whose mass will be different from
that of the fields W 1,2

µ because of the electroweak mixing. The fields W 1,2
µ are

electrically charged since they transform under electromagnetic gauge trans-
formations. It is convenient to decompose them according to

W±
µ = 1

2

√
2 (W 1

µ ∓ iW 2
µ) . (20.11)

Under infinitesimal electromagnetic gauge transformations W±
µ transform as

δW±
µ = ±i(g sin θW) ξEMW±

µ , (20.12)

which shows that the W-bosons associated with W±
µ carry an electric charge

equal to ±(g sin θW). This charge will be denoted by e, so that we define

e = g sin θW = q cos θW . (20.13)

Henceforth we use a notation in terms of a complex field,

Wµ =W+
µ = 1

2

√
2(W 1

µ − iW 2
µ) ,

W̄µ =W−µ = 1
2

√
2(W 1

µ + iW 2
µ) . (20.14)

By employing beam polarization  ( Left- and Right-state) 
it is possible to disentangle the ZZH and the γZH couplings.

B couples to both eL and eR in the same way.

https://agenda.linearcollider.org/event/7371/contributions/37884/
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the notation of ζZZ and ζAZ as follows.

aZ = 1− CT − 1

2
CH − C

′

HL

ζZZ = 8(c20CWW + 2s20CWB +
s40
c20

CBB)

ζAZ = 8s20(CWW − 2CWB + CBB)

(30)

IX. SUMMARY AND CONCLUSIONS

In this paper we studied the sensitivity to the anoma-
lous couplings between the Higgs boson and the Z bo-
son by employing the framework of the Effective Field
Theory in order to answer the questions about how
complete tensor structures of the ZZH couplings are
described and how much the ILC experiment can be
sensitive to determine the couplings. The sensitiv-
ity to the anomalous ZZH couplings were estimated
based on the full detector simulation with the realis-
tic ILD detector model at both center-of-mass energies√
s=250 and 500 GeV with two different beam polar-

izations P (e−L , e
+
R) = P (−80%,+30%) and P (e−R, e

+
L) =

P (+80%,−30%) assuming the benchmark luminosities
and also the realistic ILC operating scenario. The eval-
uation was performed by exploiting the angular infor-
mation of the leading channels of the Higgs production
processes and the information of the cross section, where
the detector acceptance (composed of event acceptance
and the migration effect due to the detector finite reso-
lution etc...) is included.

The prospective sensitivity to each anomalous param-
eter aZ , bZ and b̃Z of the anomalous ZZH couplings
at the ILC experiment are given in Table VII and Ta-
ble VIII for both energies assuming the benchmark lu-
minosity and H20 scenario. Slight improvement of the
sensitivity might be possible to attain by including the
decay channels of the H → ZZ∗. The sensitivity to the
γZH couplings and sensitivity to the general coefficients
CH , CWW and C̃WW are also discussed and evaluated,
which are summarized in Table IX.　

At the end it’s worth mentioning the following thing.
In our analysis we used two or three-dimensional angular
distributions for the evaluation of anomalous couplings.
Other kinematical information which are not used in the
analysis are also useful and could have power to verify
the anomalous couplings. However, current our counted
base binned analysis has limitation because available
signal events is limited. The most suitable way to ex-
ploit every information which each process can provide
us is Matrix Element Analysis based on momenta of

related particles to the Higgs boson, which actually cor-
responds to usage of a multi-dimensional angular dis-
tribution since every angle is calculated by using each
momentum. It could given us further improved sensi-
tivity to the anomalous ZZH couplings.
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CH, Cww, Cwwt can be evaluated 
under the assumption that 
other params.        are strongly restricted ~ 0.
by Triple Gauge Couplings (TGCs) 
     and Γ(H → γ γ ) from LHC and ILC

Through the sensitivity of ZZH and γZH couplings,  
sensitivity to general EFT coefficients  

describing the effective Lagrangian is given.  

+ CP violating terms 
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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
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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,
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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
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e−Re+L
Z
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⎧
⎪⎨

⎪⎩

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)
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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
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Detailed description of the Higgs couplings  
in the EFT will be given  

in Tim Barklow’s talk (tomorrow).

The anomalous ZZH and γZH couplings  
     can be measured to 1% or better.

Sensitivity to ZZH and γZH couplings and general EFT coefficients    
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TABLE IX. The sensitivity to the anomalous ZZH and γZH couplings with the combined results of only
√
s =250 GeV.

The ILC operating scenario, so-called H20, is assumed as the integrated luminosity. The values correspond to one sigma
bounds.

aZ ζZZ ζAZ ζ̃ZZ ζ̃AZ CH CWW C̃WW

ZH

with shape - ±0.05029 ±0.03593 ±0.06666 ±0.04650 - ±0.00531 ±0.00224

ZH

with shape+σ ±0.1182 ±0.04195 ±0.00602 ±0.00863 ±0.00051 ±0.0330 ±0.00302 ±0.00226

ZH+ZZ-fusion

with shape - ±0.05039 ±0.03579 ±0.06606 ±0.04611 - ±0.00528 ±0.00225

ZH+ZZ-fusion

with shape+σ ±0.0916 ±0.03269 ±0.00601 ±0.06626 ±0.04629 ±0.0311 ±0.00286 ±0.00223

TABLE X. The sensitivity to the anomalous ZZH and γZH couplings with the combined results of both
√
s =250 and

500 GeV. The ILC operating scenario, so-called H20, is assumed as the integrated luminosity. The values correspond to one
sigma bounds.

aZ ζZZ ζAZ ζ̃ZZ ζ̃AZ CH CWW C̃WW

ZH

with shape - ±0.00799 ±0.00486 ±0.00859 ±0.00051 - ±0.00115 ±0.000245

ZH

with shape+σ ±0.0310 ±0.00741 ±0.00285 ±0.00863 ±0.00051 ±0.0147 ±0.00102 ±0.000251

ZH+ZZ-fusion

with shape - ±0.00790 ±0.00488 ±0.00836 ±0.00049 - ±0.00115 ±0.000234

ZH+ZZ-fusion

with shape+σ ±0.0221 ±0.00573 ±0.00283 ±0.00825 ±0.00049 ±0.0112 ±0.00081 ±0.000240
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FIG. 16. Contour plots showing the sensitivity to the anomalous couplings between the Higgs and the vector bosons in the
three parameter space. The general parametrization CH , CWW and C̃WW of the original Lagrangian [9] is assumed. The
H20 operating scenario for both

√
s =250 and 500 GeV is assumed.

2. e+e− → ZZ → e+e−H(H → bb̄)

The e+e−H(H → bb̄) channel of the ZZ-fusion pro-
cess at

√
s=250 GeV is also included in our analysis of

the anomalous ZZH couplings. Since the cross section
of the ZZ-fusion process at

√
s=250 GeV is very small,

the angular information could not give us sensitivity to

the anomalous couplings. Nevertheless, the information
of the cross section has sizable power for distinction of
the anomalous couplings, and it is still very useful for
distinguish the anomalous couplings. Detail analysis of
this process is shown in the reference [14]. Based on the
results of the reference, we constructed one-dimensional
angular distribution ofX(∆Φff̄ ), which is illustrated on

Under the assumption of the ILC full operation,
New physics scale Λ is assumed to be 1 TeV.  
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TABLE IX. The sensitivity to the anomalous ZZH and γZH couplings with the combined results of only
√
s =250 GeV.

The ILC operating scenario, so-called H20, is assumed as the integrated luminosity. The values correspond to one sigma
bounds.

aZ ζZZ ζAZ ζ̃ZZ ζ̃AZ CH CWW C̃WW

ZH

with shape - ±0.05029 ±0.03593 ±0.06666 ±0.04650 - ±0.00531 ±0.00224

ZH

with shape+σ ±0.1182 ±0.04195 ±0.00602 ±0.00863 ±0.00051 ±0.0330 ±0.00302 ±0.00226

ZH+ZZ-fusion

with shape - ±0.05039 ±0.03579 ±0.06606 ±0.04611 - ±0.00528 ±0.00225

ZH+ZZ-fusion

with shape+σ ±0.0916 ±0.03269 ±0.00601 ±0.06626 ±0.04629 ±0.0311 ±0.00286 ±0.00223

TABLE X. The sensitivity to the anomalous ZZH and γZH couplings with the combined results of both
√
s =250 and

500 GeV. The ILC operating scenario, so-called H20, is assumed as the integrated luminosity. The values correspond to one
sigma bounds.
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with shape - ±0.00799 ±0.00486 ±0.00859 ±0.00051 - ±0.00115 ±0.000245
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with shape+σ ±0.0310 ±0.00741 ±0.00285 ±0.00863 ±0.00051 ±0.0147 ±0.00102 ±0.000251

ZH+ZZ-fusion

with shape - ±0.00790 ±0.00488 ±0.00836 ±0.00049 - ±0.00115 ±0.000234

ZH+ZZ-fusion

with shape+σ ±0.0221 ±0.00573 ±0.00283 ±0.00825 ±0.00049 ±0.0112 ±0.00081 ±0.000240
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s =250 and 500 GeV is assumed.

2. e+e− → ZZ → e+e−H(H → bb̄)

The e+e−H(H → bb̄) channel of the ZZ-fusion pro-
cess at

√
s=250 GeV is also included in our analysis of

the anomalous ZZH couplings. Since the cross section
of the ZZ-fusion process at

√
s=250 GeV is very small,

the angular information could not give us sensitivity to

the anomalous couplings. Nevertheless, the information
of the cross section has sizable power for distinction of
the anomalous couplings, and it is still very useful for
distinguish the anomalous couplings. Detail analysis of
this process is shown in the reference [14]. Based on the
results of the reference, we constructed one-dimensional
angular distribution ofX(∆Φff̄ ), which is illustrated on

1σ bounds

19

TABLE IX. The sensitivity to the anomalous ZZH and γZH couplings with the combined results of only
√
s =250 GeV.

The ILC operating scenario, so-called H20, is assumed as the integrated luminosity. The values correspond to one sigma
bounds.

aZ ζZZ ζAZ ζ̃ZZ ζ̃AZ CH CWW C̃WW

ZH

with shape - ±0.0503 ±0.0359 ±0.0667 ±0.0465 - ±0.00531 ±0.00224

ZH

with shape+σ ±0.118 ±0.0420 ±0.0060 ±0.0669 ±0.0469 ±0.0330 ±0.00302 ±0.00226
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with shape - ±0.0504 ±0.0358 ±0.0661 ±0.0461 - ±0.00528 ±0.00225
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with shape+σ ±0.092 ±0.0327 ±0.0060 ±0.0663 ±0.0463 ±0.0311 ±0.00286 ±0.00223

TABLE X. The sensitivity to the anomalous ZZH and γZH couplings with the combined results of both
√
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500 GeV. The ILC operating scenario, so-called H20, is assumed as the integrated luminosity. The values correspond to one
sigma bounds.
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ZH
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with shape - ±0.0079 ±0.0049 ±0.00836 ±0.00049 - ±0.00115 ±0.000234
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with shape+σ ±0.022 ±0.0057 ±0.0028 ±0.00825 ±0.00049 ±0.0112 ±0.00081 ±0.000240
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FIG. 16. Contour plots showing the sensitivity to the anomalous couplings between the Higgs and the vector bosons in the
three parameter space. The general parametrization CH , CWW and C̃WW of the original Lagrangian [9] is assumed. The
H20 operating scenario for both

√
s =250 and 500 GeV is assumed.

also expected to give the same sensitivity to the anoma-
lous ZZH couplings with the µ+µ−H channel although
the effect of the photon radiation might be larger com-
pared with the µ+µ−H channel. The photon radiation
recovering of this channel is implemented as with the

µ+µ−H channel. Observables used for the background
suppression are same with the µ+µ−H channel although
detailed values are optimized for the e+e−H channel.
Fig. 17 shows the migration of the signal events on the
e+e−H channel of the ZH process. The degree of the
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The Higgs boson is the key particle to new physics. 
The new physics could be imprinted  

in the Lorentz structure of the VVH coupling.

the Higgs couplings in a model independent manner 

Based on full simulation,  
the sensitivity to the anomalous ZZH couplings is evaluated, 

where backgrounds and detector response are taken into account. 

The different Lorentz structures originating from the ZZH and γZH couplings  
can be measured to 1% or better with the ILC full operation. 

Beam polarization has power to disentangle the ZZH and γZH couplings      
and makes it possible to evaluate sensitivity to the γZH couplings. 

Summary

Shape information is important to verify the new tensor structures 
 and higher √s is useful to disentangle the correlation of the parameters. 
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In this report, we present prospective sensitivity to the anomalous couplings between the Higgs
boson and the Z boson at the future International Linear Collider (ILC) experiment. The analysis
is performed by employing a framework of the Effective Field Theory (EFT) where general Lorentz
tensor structures of the ZZH couplings including both CP-even and -odd contributions of the
Higgs boson is assumed with dimension-5 operators and a new physics scale Λ. The evaluation of
the sensitivity is carried out based on full detector simulation in which background contributions
are taken into account. Kinematical distributions of leading channels of main Higgs production
processes e+e− → ZH → ff̄H and e+e− → ZZ → e+e−H and information of cross sections
are used for finding out deviations from the SM. Results are given with assumption of benchmark
integrated luminosities and certain realistic running scenario of the ILC experiment for both center-
of-mass energies

√
s=250 and 500 GeV with two different beam polarization states. Sensitivity to

the anomalous γZH couplings are also given based on the framework of EFT by utilizing two beam
polarizations. A discussion on sensitivity to general parameters describing the new Lorentz tensor
structures related to the Higgs and the vector bosons is given at the end.
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electrons, electroweak gauge bosons, and Higgs bosons. Thus, we should choose an
operator basis that is convenient for analyzing this particular system. For the set of
reactions that determine c6, we will need to consider a set of 10 dimension-6 operators
in the CP-conserving case and 4 more if CP-violating operators are included. In this
section, we will explain how the coe�cients of these operators can be systematically
constrained by measurements that are already within the program of the ILC at
500 GeV.

2.1 Operator basis

For our analysis, we will choose an operator basis that includes the minimum
number of operators that include only gauge fields and Higgs fields, using the equa-
tions of motion to convert purely bosonic operators to operators that include include
quark and lepton fields. Some operators that involve the lepton fields must also be
included in the analysis. The use of equations of motion to make these reductions is
explained in [19,21,22,23] and many other papers. A very convenient choice for our
analysis is the “Warsaw” basis put forward in [19]. In the CP-conserving case, this
basis contains only 7 operators containing only W , Z, and Higgs boson field, and
another 3 relevant operators containing lepton fields. We will slightly rearrange the
pure Higgs operators, as is done in the “SILH” basis [24,25], for convenience in the
analysis. In the CP-violating case, another 4 operators need to be included.

In this section, we will present the basic formalism and notation and describe the
strategy we will use to flesh out this argument. We generally follow the conventions
of [27], which in turn are based on [24,25].

Our analysis will use 10 CP-conserving operators from theWarsaw basis of dimension-
6 operators. We will notate these as
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We will write the 4 dimension-6 CP-violating operators as

�LCP = +
g

2
c̃WW

m

2
W

�†�W a
µ⌫

f
W

aµ⌫ +
4gg0c̃WB

m

2
W

�†
t

a�W a
µ⌫

e
B

µ⌫

4

Tim Barklow et al. 
“Model-Independent Determination of the Triple Higgs Coupling at e+e- Colliders” 
https://agenda.linearcollider.org/event/7371/contributions/37884/

After electro weak symmetry breaking, Lorentz tensor structures between the Higgs and gauge bosons,   

2.4 Constraints from Higgs boson reactions

The third set of constraints comes from the analysis of the reaction e

+
e

� ! Zh.
In this paper, we will represent the nonlinear Higgs boson couplings using the e↵ective
Lagrangian
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The 6 parameters in the first two lines of this equation are given to first order in the
EFT coe�cients by
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The four parameters in the last two lines are given by
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Note that, at the level of the EFT with dimension-6 operators only, the coe�cients
in (20) are equal in pairs. As we will discuss in Section

It is important to note that (18) contains a second structure for the triple Higgs
vertex, with coe�cient ✓h. This term cannot be separated from the Standard Model
triple Higgs coupling except by very high statistics measurement of the angular dis-
tributions in double Higgs production. It must be fixed by the determination of cH
through precision measurement of single Higgs production.

8

+ CP violating terms 
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sumedtobe0intheSM.TheγZHcouplings,however,
ispossibletoappearathigherorderinextensionsofthe
SM,whicharecalledtheanomalousγZHcouplings.
ThesensitivitytotheanomalousγZHcouplingsthat
theILCexperimentprovidesuscanbealsogivenbased
ontwodifferentbeampolarizationsettings.Inorder
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FIG.16.VerticesoftheZZHandtheγZHontheZH
process.

toincludetheanomalousγZHcouplings,wereplaced
ourfirstparameterizationoftheanomalousZZHcou-
plingsinEq.(3)withnewparameterizationcomposedof
bothoftheanomalousZZHandγZHcouplings.The
parametersbZandb̃Zarereplacedwithdimensionless
parametersζZZandζ̃ZZ,thenadditionaldimensionless
parametersζAZandζ̃AZdescribingtheanomalousγZH
couplingsareintroducedasillustratedinFig.16.The
definitionsofnewparametersareasfollows.Ournew
LagrangiandescribingbothoftheanomalousZZHand
γZHcouplingscanberedefinedinEq.(21).
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EachparameterforbothZZHandγZHcanbeevalu-
atedbyconnectingfirstparameterizationwiththenew
oneandusingtwodifferentbeampolarizationsettings.
Fortheconnectionofbothoftheparameterizationswe
calculatedeachcoefficientaffectedbyeachparameter
withPhyssimintermsofrelativedifferenceofthecross
sectionσBSM/σSM.Therelationbetweenparameteri-
zationsasfollowsfor

√
s=250GeV,
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whereb
e−Le+R
Zandb

e−Re+L
Z,forinstance,showtheanoma-

lousparametersforcorrespondingbeampolarizations.
OnEq.(27)andEq.(29)theleftsideshowsvariation
ofthecrosssectiondescribingwiththenewparame-
tersζZZandζAZ,andtherightsideshowsthevari-
ationdescribingwiththebZ.Thesamerelationcan
beestablishedfortheparameterb̃Zandsimilarlyfor
thehigherenergy

√
s=500GeV.ValuesinTableIX

aregivensensitivityforeachanomalousparameterina
largenumberofpseudo-experimentsassumingH20op-
eratingscenario,wheretheleadingthreechannelsofthe
ZHprocess,e+e−H,µ+µ−Handqq̄H(H→b̄b)and
onechanneloftheZZ-fusionprocesse+e−→ZZ→
e+e−H(H→b̄b)areusedaswiththesubsectionVIIIB.

FinallywegobacktoanoriginalLagrangian[9]that
isasourceoftheLagrangiansinEq.(3)andEq.(21),
whereacompleteSU(2)L⊗U(1)YgaugeinvariantLa-
grangianinteractingwiththeHiggsbosonandthevec-
torbosonsisgivenwithHiggsoperatorsintermsof
theEFTandparametrizedwithseveralgeneralcoef-
ficients.Wecanalsogivesensitivitiestoafewgen-
eralcoefficientsCH,CWWandC̃WWbyassumingthat
theothercoefficientsarestronglyconstrained∼0from
othermeasurementsonTripleGaugeCouplings(TGCs)
andΓ(H→γγ)fromLargeHadronCollider(LHC)and
ILC[30,31].Thegeneralcoefficientsaredefinedusing
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atedbyconnectingfirstparameterizationwiththenew
oneandusingtwodifferentbeampolarizationsettings.
Fortheconnectionofbothoftheparameterizationswe
calculatedeachcoefficientaffectedbyeachparameter
withPhyssimintermsofrelativedifferenceofthecross
sectionσBSM/σSM.Therelationbetweenparameteri-
zationsasfollowsfor

√
s=250GeV,

{
e−Le

+
R:1+5.70ζZZ+7.70ζAZ=1+5.70b

e−Le+R
Z

e−Re
+
L:1+5.70ζZZ−9.05ζAZ=1+5.70b

e−Re+L
Z

(22)

{
ζZZ=0.54b

e−Le+R
Z+0.46b

e−Re+L
Z

ζAZ=0.34b
e−Le+R
Z−0.34b

e−Re+L
Z

(23)

⎧
⎪⎨

⎪⎩

e−Le
+
R:1−1.14

103ζ̃ZZ−1.80
103ζ̃AZ=1−1.14

103b̃
e−Le+R
Z

e−Re
+
L:1+2.40

103ζ̃ZZ+1.18
103ζ̃AZ=1+2.40

103b̃
e−Re+L
Z

(24)

{
ζ̃ZZ=−0.46b̃

e−Le+R
Z+1.46b̃

e−Re+L
Z

ζ̃AZ=0.93b̃
e−Le+R
Z−0.93b̃

e−Re+L
Z

(25)

,andfor
√

s=500GeV,

{
e−Le

+
R:1+9.77ζZZ+14.73ζAZ=1+9.77b

e−Le+R
Z

e−Re
+
L:1+9.75ζZZ−17.22ζAZ=1+9.75b

e−Re+L
Z

(26)

{
ζZZ=0.54b

e−Le+R
Z+0.46b

e−Re+L
Z

ζAZ=0.306b
e−Le+R
Z−0.306b

e−Re+L
Z

(27)

⎧
⎪⎨

⎪⎩

e−Le
+
R:1−6.72

103ζ̃ZZ−9.71
103ζ̃AZ=1−6.72

103b̃
e−Le+R
Z

e−Re
+
L:1+2.42

103ζ̃ZZ−6.47
102ζ̃AZ=1+2.42

103b̃
e−Re+L
Z

(28)

{
ζ̃ZZ=0.95b̃

e−Le+R
Z+0.051b̃

e−Re+L
Z

ζ̃AZ=0.0355b̃
e−Le+R
Z−0.0355b̃

e−Re+L
Z

(29)

whereb
e−Le+R
Zandb

e−Re+L
Z,forinstance,showtheanoma-

lousparametersforcorrespondingbeampolarizations.
OnEq.(27)andEq.(29)theleftsideshowsvariation
ofthecrosssectiondescribingwiththenewparame-
tersζZZandζAZ,andtherightsideshowsthevari-
ationdescribingwiththebZ.Thesamerelationcan
beestablishedfortheparameterb̃Zandsimilarlyfor
thehigherenergy

√
s=500GeV.ValuesinTableIX

aregivensensitivityforeachanomalousparameterina
largenumberofpseudo-experimentsassumingH20op-
eratingscenario,wheretheleadingthreechannelsofthe
ZHprocess,e+e−H,µ+µ−Handqq̄H(H→b̄b)and
onechanneloftheZZ-fusionprocesse+e−→ZZ→
e+e−H(H→b̄b)areusedaswiththesubsectionVIIIB.

FinallywegobacktoanoriginalLagrangian[9]that
isasourceoftheLagrangiansinEq.(3)andEq.(21),
whereacompleteSU(2)L⊗U(1)YgaugeinvariantLa-
grangianinteractingwiththeHiggsbosonandthevec-
torbosonsisgivenwithHiggsoperatorsintermsof
theEFTandparametrizedwithseveralgeneralcoef-
ficients.Wecanalsogivesensitivitiestoafewgen-
eralcoefficientsCH,CWWandC̃WWbyassumingthat
theothercoefficientsarestronglyconstrained∼0from
othermeasurementsonTripleGaugeCouplings(TGCs)
andΓ(H→γγ)fromLargeHadronCollider(LHC)and
ILC[30,31].Thegeneralcoefficientsaredefinedusing

+ CP violating terms 

A complete set of an effective Lagrangian with dim-6 operators 

https://agenda.linearcollider.org/event/7371/contributions/37884/
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TABLE V. The sensitivity to the anomalous ZZH couplings
at

√
s =250 GeV assuming the benchmark integrated lumi-

nosity of 250 fb−1 with both beam polarizations. The values
correspond to one sigma bounds. The words, with shape and
+σ, in the table indicate that the only shape information is
used for the evaluation, and the shape information together
with the cross section information are used.

aZ bZ b̃Z

ZH e−Le
+
R - ±0.110 ±0.051

with shape e−Re
+
L - ±0.129 ±0.061

ZH e−Le
+
R ±0.309 ±0.109 ±0.051

with shape+σ e−Re
+
L ±0.356 ±0.125 ±0.061

ZH+ZZ-fusion e−Le
+
R - ±0.110 ±0.051

with shape e−Re
+
L - ±0.129 ±0.061

ZH+ZZ-fusion e−Le
+
R ±0.238 ±0.084 ±0.050

with shape+σ e−Re
+
L ±0.278 ±0.098 ±0.060

TABLE VI. The sensitivity to the anomalous ZZH couplings
at

√
s =500 GeV assuming the benchmark integrated lumi-

nosity of 500 fb−1 with both beam polarizations. The values
correspond to one sigma bounds. The words in the table,
with shape and +σ, indicate that the only shape informa-
tion is used, and the shape information together with the
cross section information are used for the evaluation of the
sensitivity.

aZ bZ b̃Z

ZH e−Le
+
R - ±0.0199 ±0.0183

with shape e−Re
+
L - ±0.0215 ±0.0198

ZH e−Le
+
R ±0.116 ±0.0201 ±0.0183

with shape+σ e−Re
+
L ±0.130 ±0.0217 ±0.0198

ZH+ZZ-fusion e−Le
+
R - ±0.0200 ±0.0174

with shape e−Re
+
L - ±0.0214 ±0.0190

ZH+ZZ-fusion e−Le
+
R ±0.061 ±0.0134 ±0.0174

with shape+σ e−Re
+
L ±0.071 ±0.0156 ±0.0188

the effect of these terms can strongly affect to the La-
grangian and change the angular distributions quickly
when

√
s set to be higher and the momenta of related

particles get larger. Whereas the impact of the parame-
ter aZ gets relatively worse because the cross section of
the ZH process at

√
s=500 GeV is restricted compared

with that of 250 GeV.

D. Limits in a three parameter space at 500 GeV

The sensitivity to the anomalous ZZH couplings at√
s = 500 GeV is also evaluated assuming the integrated

luminosity of 500 fb−1 with both of the beam polariza-

tions e−Le
+
R and e−Re

+
L . The impact of the angular distri-

butions of four processes are merged as with the analysis
at

√
s=250 GeV, in which three channels of the ZH pro-

cess e+e−H, µ+µ−H, qq̄H(H → bb̄), and one channel
of the ZZ-fusion process e+e− → ZZ → e+e−H(H →
bb̄) are combined. The three-dimensional distributions
X(cos θZ , cos θ∗f ,∆Φff̄ ) binned in 5×5×5 are used for
the former three channels, and the two-dimensional dis-
tribution X(cos θH ,∆Φff̄ ) binned in 10×10 is used for
the latter one. The impact of the cross sections of both
processes are also taken into account. The simultaneous
fitting is performed with the three free parameter space
for evaluation of the sensitivity. Contour plots in Fig. 13
illustrate the sensitivity to each anomalous parameter,
where the plots are projected to the two-dimensional
parameter space. The correlation of aZ and bZ are dis-
entangled somewhat because the angular information
gets stronger than that of 250 GeV.
Fig. 14 show the sensitivity on the each parameter

aZ , bZ and b̃Z obtained with a large number of pseudo-
experiments. Expected sensitivity corresponding to the
one sigma bound are also given in Table VI for the
benchmark integrated luminosity of 500 fb−1 with both
beam polarizations e−Le

+
R and e−Re

+
L . The correlation

matrix is shown bellow,

ρ =

⎛

⎝
1 −0.557 0.016
- 1 −0.012
- - 1

⎞

⎠ (20)

VIII. DISCUSSIONS

A. Prospective sensitivity with the benchmark
integrated luminosity

Table VII summarizes the prospective sensitivity to
the anomalous ZZH couplings with the combined re-
sults of both

√
s =250 and 500 GeV with two different

beam polarizations, where the benchmark integrated lu-
minosities of 250 fb−1 and 500 fb−1 for

√
s =250 and

500 GeV are accumulated, respectively.

B. Scale to ILC operating senario

Achievable sensitivity that the ILC full operation pro-
vides for the anomalous ZZH couplings can be also
given. Currently a few ILC operating scenario has been
proposed in a reference [13]. The most promising sce-
nario for the ILC operation is a so-called H20, where a
total luminosity of 2000 fb−1 and 4000 fb−1 are planned
to be accumulated for

√
s =250 and 500 GeV, respec-

tively. In the planning operation at
√
s=250 GeV, an

√s=250GeV and ∫Ldt=250fb-1 √s=500GeV and ∫Ldt=500fb-1
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integrated luminosity
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√
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to be accumulated for
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tively. In the planning operation at
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s=250 GeV, an

correlation matrix (w/ shape+σ P(LR)) correlation matrix (w/ shape+σ P(LR)) 

ρ =

⎛

⎝

1 −0.9917 0.0064

1 −0.0051

1

⎞

⎠ ρ =

⎛

⎝

1 −0.848 0.0136

1 −0.0124

1

⎞

⎠
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3

one in the third term corresponds to the pseudo-scalar
Higgs boson. Field strength tensors Ẑµν and dual field

strength tensors ˜̂Z
µν

of the Z bosons are defined as fol-
lows.

Ẑµν = ∂µZν − ∂νZµ (4)

˜̂Z
µν

=
1

2
ϵµνρσẐ

ρσ (5)

Thus, aZ = bZ = b̃Z = 0 is identical with the accept-
able state of the Higgs boson in the SM. The parameter
aZ can rescale the standard model ZZH coupling. The
parameter bZ and b̃Z are introduced through radiative
corrections originally, and the b̃Z is related to the cou-
pling between the CP-odd Higgs boson and a pair of
the Z bosons. The existence of any parameters can lead
us to the new physics beyond the SM. Unless otherwise
noted, the mass scale Λ is assumed to be 1 TeV in this
paper.

III. OBSERVABLES AND PROCESSES

The two kinds of structures added in the Lagrangian

using the field strength tensors ẐµνẐµν and Ẑµν
˜̂Z
µν

can
be resolved itself into a structure of the electromagnetic
field tensor F̂µν which describes a electromagnetic field.

F̂µν =

⎡

⎢⎢⎣

0 −E1 −E2 −E3

E1 0 B3 −B2

E2 −B3 0 B1

E3 B2 −B1 0

⎤

⎥⎥⎦ (6)

where the E and the B show an electric field and a
magnetic field which are composed of three space com-
ponents. The most simplest process to explain this phe-
nomenon is, for instance, the H → ZZ decay process.
When the Higgs boson decays into a pair of the Z bosons
which also decay into a pair of fermions, charges of each
pair of fermions imitate a state of an electric dipole as
illustrated in Fig. 1. Because it is possible to consider
the state that an electric current is running, a magnetic
field can be also generated consequently. One can eas-
ily calculate inner products of the electromagnetic field
tensors with the electric and the magnetic field, which
are described as follows,

F̂µν F̂
µν ∝ Bp1 ·Bp2 −Ep1 ·Ep2 (7)

F̂µν
˜̂F
µν

∝ Ep1 ·Bp2 (8)

where the indexes p1 and p2 mean each of the fermion
pairs originating from each of the Z bosons. If the struc-

ture of ẐµνẐµν exists, a relation of an angle between two
decay planes formed by each of the fermion pairs tends
to take a parallel state. In contrast, If the structure

of Ẑµν
˜̂Z
µν

exists, the angle between two decay planes
formed by two fermion pairs tends to take a vertical
state. Therefore, a way to approach the measurement
related to the CP properties of the Higgs boson is to
use angular information which is produced by particles
interacting with the Higgs boson. Of course an angle be-
tween two production planes is similarly useful as with
the decay planes. Since secondary particles can pre-
serve the effects of the CP properties of the Higgs bo-
son, we can also exploit these informations to verify the
CP properties.

14
4  Observables and Analysis strategies 
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FIG. 1. A schematic view of generation of the electric and
magnetic fields illustrating with the H → ZZ decay process
in the Higgs rest frame.

At the ILC a leading process to be possible to test
the anomalous ZZH couplings is the Higgs-strahlung
process e+e− → ZH → ff̄H. A cross section of
the Higgs-strahlung process takes a maximum at the
center-of-mass energy of 250 GeV. The ZZ-fusion pro-
cess e+e− → ZZ → e+e−H could be also possible to
include in the verification in order to improve the sen-
sitivity to the anomalous couplings although the cross
section of the ZZ-fusion process is less than 1.0 at

√
s =

250 GeV. Because the anomalous couplings depend on
momenta of related particles to the Higgs boson, it will
allow us to get the further sensitivity to the anoma-
lous couplings when the ILC is operated at higher en-
ergy, e.g.

√
s = 500 GeV although the cross section of

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

gets larger proportional to log2(s/M2
Z), and becomes

a main process to test the anomalous ZZH couplings.
For each process main observables to test the anomalous
ZZH couplings are ∆Φ, defined in Eq. (9), which shows
the angle between production planes as explained in the
above text, θZ(θH) which is a production angle of the
Z(Higgs) boson and θ∗f which shows a helicity angle of
a decay particle of the Z boson. Theses angles are illus-
trated in Fig. 2. Directions of the production planes on
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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 new tensor structures can be resulted in 
a simple field strength of the EM field.  

ΔΦ which is defined by two different planes 
can be the useful observable. 

The Lorentz structure

in the Higgs rest frame

ΔΦ

4 processes for different √s  are available. 
ZH  → ee/µµH  and qqH(H→bb) 
ZZf  → eeH(H→bb)

ΔΦ tends to be parallel / perpendicular .  

current is running

Angular Asymmetry derived from the new structures

• “az” : a normalization parameter  
   affecting the overall cross section.  
   (rescales the SM-coupling) 

• “bz” : a CP-violating parameter affecting 
angular/spin correlations.

• “bz” : a different CP-even tensor structure  
     affecting momentum and  
    changes angular distribution.

~
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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
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√
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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
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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√
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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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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
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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.
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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.

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
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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
√
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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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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. 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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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 Lorentz structure

Change b Change bt
Angular Asymmetry :  500GeV
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Kinematical distribution with the ZH : 2-dimensional @ 500GeV
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FIG. 19. A schematic view of the ZZ-fusion process e+e− →
ZZ → e+e−H. The ∆Φ shows the angle between two pro-
duction planes.
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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 ).

Kinematical distribution with the ZZ-fusion : 250GeV
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Figure 23: Simulated distributions of the observables in the process e+e− → ZZ → eeH at
√
s = 250GeV with

the beam polarization of e−Le
+
R. From left to right plots show momentum and the production angle of the Higgs

boson Ph and cos θH in the laboratory frame, and the difference of the production planes ∆Φff̄ in the Higgs rest
frame. Difference of upper and lower rows correspond to input anomalous parameters. Black land green lines on
each plot show the state of the Higgs boson with SM scalar and pseudo-scalar. Blue and red lines are mixed states
corresponding to b = ±1 and b̃ = ±1.
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Figure 24: Distributions of the observables in the process e+e− → ZZ → eeH at
√
s = 500GeV with the beam

polarization of e−Le
+
R. Similarly plots show momentum and the production angle of the Higgs boson Ph and cos θH

in the laboratory frame, and the difference of the production planes ∆Φff̄ in the Higgs rest frame. Difference of
upper and lower rows correspond to input anomalous parameters. Black land green lines on each plot show the
state of the Higgs boson with SM scalar and pseudo-scalar. Blue and red lines are mixed states corresponding to
b = ±1 and b̃ = ±1.
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Figure 23: Simulated distributions of the observables in the process e+e− → ZZ → eeH at
√
s = 250GeV with

the beam polarization of e−Le
+
R. From left to right plots show momentum and the production angle of the Higgs

boson Ph and cos θH in the laboratory frame, and the difference of the production planes ∆Φff̄ in the Higgs rest
frame. Difference of upper and lower rows correspond to input anomalous parameters. Black land green lines on
each plot show the state of the Higgs boson with SM scalar and pseudo-scalar. Blue and red lines are mixed states
corresponding to b = ±1 and b̃ = ±1.
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Figure 24: Distributions of the observables in the process e+e− → ZZ → eeH at
√
s = 500GeV with the beam

polarization of e−Le
+
R. Similarly plots show momentum and the production angle of the Higgs boson Ph and cos θH

in the laboratory frame, and the difference of the production planes ∆Φff̄ in the Higgs rest frame. Difference of
upper and lower rows correspond to input anomalous parameters. Black land green lines on each plot show the
state of the Higgs boson with SM scalar and pseudo-scalar. Blue and red lines are mixed states corresponding to
b = ±1 and b̃ = ±1.
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Figure 23: Simulated distributions of the observables in the process e+e− → ZZ → eeH at
√
s = 250GeV with

the beam polarization of e−Le
+
R. From left to right plots show momentum and the production angle of the Higgs

boson Ph and cos θH in the laboratory frame, and the difference of the production planes ∆Φff̄ in the Higgs rest
frame. Difference of upper and lower rows correspond to input anomalous parameters. Black land green lines on
each plot show the state of the Higgs boson with SM scalar and pseudo-scalar. Blue and red lines are mixed states
corresponding to b = ±1 and b̃ = ±1.
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Figure 24: Distributions of the observables in the process e+e− → ZZ → eeH at
√
s = 500GeV with the beam

polarization of e−Le
+
R. Similarly plots show momentum and the production angle of the Higgs boson Ph and cos θH

in the laboratory frame, and the difference of the production planes ∆Φff̄ in the Higgs rest frame. Difference of
upper and lower rows correspond to input anomalous parameters. Black land green lines on each plot show the
state of the Higgs boson with SM scalar and pseudo-scalar. Blue and red lines are mixed states corresponding to
b = ±1 and b̃ = ±1.
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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
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FIG. 19. A schematic view of the ZZ-fusion process e+e− →
ZZ → e+e−H. The ∆Φ shows the angle between two pro-
duction planes.
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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 ).
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Figure 23: Simulated distributions of the observables in the process e+e− → ZZ → eeH at
√
s = 250GeV with

the beam polarization of e−Le
+
R. From left to right plots show momentum and the production angle of the Higgs

boson Ph and cos θH in the laboratory frame, and the difference of the production planes ∆Φff̄ in the Higgs rest
frame. Difference of upper and lower rows correspond to input anomalous parameters. Black land green lines on
each plot show the state of the Higgs boson with SM scalar and pseudo-scalar. Blue and red lines are mixed states
corresponding to b = ±1 and b̃ = ±1.
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Figure 24: Distributions of the observables in the process e+e− → ZZ → eeH at
√
s = 500GeV with the beam

polarization of e−Le
+
R. Similarly plots show momentum and the production angle of the Higgs boson Ph and cos θH

in the laboratory frame, and the difference of the production planes ∆Φff̄ in the Higgs rest frame. Difference of
upper and lower rows correspond to input anomalous parameters. Black land green lines on each plot show the
state of the Higgs boson with SM scalar and pseudo-scalar. Blue and red lines are mixed states corresponding to
b = ±1 and b̃ = ±1.
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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
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4

the ∆Φ should be also defined to get full sensitivity that
each process can provide us. In Fig. 3 and Fig. 4 the
angular distributions on ∆Φ, θZ(θH) and θ∗f are plotted
with different anomalous couplings. The cross section
itself is also one of the important observable to test the
anomalous ZZH couplings.

∆Φ(ff̄ ;Z) [−π ≤ ∆Φ ≤ π]

=

{
(cos ξ ≤ 0), arctan( sin ξ

cos ξ )

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

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

cos ξ = (P̂Z × P̂f )× (P̂t × P̂f̄ )

(9)
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FIG. 2. A schematic view of the Higgs-strahlung process
e+e− → ZH → ff̄H. The ∆Φ and θ∗f show the angle
between two production planes and the helicity angle of the Z
daughters, respectively. Design of the original view is taken
from [11].

IV. ANALYSIS STRATEGY

Differential cross section distributions of the angles
and the momentum of related particles to the ZZH cou-
plings in each process or channel are possible to calcu-
late with the SM parameters or even with the anomalous
parameters assuming that explicit anomalous couplings
exist. For the analysis we performed in this paper, each
differential cross section distributions are binned in data
manipulation, and prepared as histograms. Therefore,
we aim for detection of the anomalous couplings based
on the least squared fitting.

A. Chi-squared functions

The following defined chi-squared function Eq. (10)
considers only a impact of difference of the angular
shape itself.

χ2
s =

n∑

i=1

[ NSM
σ

dσ
dX (xi) · fi − NSM

σ
dσ
dX (xi; aZ , bZ , b̃Z) · fi

δNSM (xi)

]2 (10)

where n and i denote the total number of bins and cer-
tain bin number, then aZ , bZ and b̃Z show parameters
for the anomalous couplings. 1/σ · dσ/dX(xi) is a pre-
dicted differential cross section at each bin for an observ-
able X based on a model with the anomalous parame-
ters, which is normalized by a σ and multiply a expected
number of events with the SM NSM in order to extract
the difference of the angular shape from the SM predic-
tion. δNSM (xi) shows an error of the observed num-
ber of events for a corresponding bin. This δNSM (xi)
used here was estimated by full simulation and inputted
as a simple error based on Poisson statistics. fi corre-
sponds to acceptance of events on each bin, which is
composed of an event acceptance ηi and a migration
matrix f̄ explaining later in this section. The cross sec-
tion corresponding to certain process is also important
information to distinguish the existence of the anoma-
lous couplings. Therefore another chi-squared function
to include the effect of difference of the cross section is
defined as follows Eq. (11).

χ2
c =

[
NSM · ϵ−NBSM · ϵ

δσ ·NSM · ϵ

]2
(11)

where the ϵ shows selection efficiency of the signal events
estimated by our full simulation, and δσ shows error ex-
tracted from measurement of total cross section analy-
sis which is also estimated by full simulation for each
center-of-mass energies

√
s=250 and 500 GeV. The er-

rors on the ZH process are evaluated about 2.0% and
3.0% for

√
s =250 GeV and 500 GeV whose numbers

are extracted from a reference [12, 13], respectively.
The errors on ZZ-fusion process at

√
s =250 GeV and

500 GeV are evaluated about 28.0% and 5.0% which are
extracted from [14], respectively.

B. An event acceptance η
and a migration matrix f̄

An angular distribution we really need for the estima-
tion of the sensitivity to the anomalous couplings is a
“detector-level” distribution. Because reconstructed ob-
servables are affected by detector finite resolutions and
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and a migration matrix f̄

An angular distribution we really need for the estima-
tion of the sensitivity to the anomalous couplings is a
“detector-level” distribution. Because reconstructed ob-
servables are affected by detector finite resolutions and

Our approach to evaluate the sensitivity to the anomalous couplings is a binned analysis. 

Deviation of cross section of corresponding 
processes is also important information.

- Kinematical/Shape information ( for an 1-dimensional distribution )

- Cross section information

δσ(ZH)  = 2% and 3% for 250 and 500GeV
δσ(ZZf) = 28% and 5% for 250 and 500GeV

Expected #events
Selection efficiency

full simulation, T. Barklow et al., “ILC Operating Scenarios”, arXiv:1506.07830 [hep-ex] 

i is Nth-bin

Computed differential cross section with SM parameters and BSM parameters 
→ “Generator level” distribution 
Normalized to #event expected with the SM for extracting impact of the shape. 
Detector acceptance function evaluated with full detector simulation 
(event acceptance and detector migration is considered) 
→ Transfer to “Detector level” distribution 

Poisson error on each bin (full simulation, SM Bkgs are taken into account) 
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Figure 38: A schematic view of the migration effect due to the detector finite resolution and misidentified or
undetectable particles (Left). Correlation between generated and reconstructed information on the Higgs momentum
distribution Phiggs in the process e+e− → ZZ → eeH at 500 GeV, which is one clear observable showing the
migration effects (Right).

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

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

i /Ngene
i のように定義することができる。しかしながら、前述の通

り、検出器の分解能、不検出粒子などの影響により、測定される観測量はるmigrationの効果を受
けることになる。
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Figure 4: ssssssss.

したがって、検出器の分解能、不検出粒子の効果を考慮するmigration matrixを構築し、その
影響をイベント acceptance に反映させた 以下のような関数を構築した。
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Figure 39: An example of calculation using the migration matrix. When an observable is divided into 5 bins, a
5× 5 matrix is needed to predict a distribution of the observable including the migration effect.
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7

undetectable particles such as neutrinos, eventually the
distributions of the observables get smeared. The distri-
bution we can produce for each anomalous parameter is
a “generator-level” distribution. We have to make the
“generator-level” distribution transfer to the “detector-
level” distribution to get the realistic distribution which
could be got through the real experiment. In order to
transfer the “generator-level” distribution we defined
two effects. The first effect is an event acceptance ηi
which can be simply defined for i-th bin using Monte
Carlo (MC) truth information like ηi = Naccept

i /Ngene
i ,

which just means whether certain event is accepted or
not. The second effect is a so-called migration effect.
The reconstructed observable affected by the detector
finite resolutions and missing particles migrates from a
generated bin (a truth bin) to the other bin through
and after reconstruction. We constructed the migration
matrix f̄ji which gives probability of the migration from
bin to bin for certain bin in order to include the migra-
tion effect into the“generator-level” distribution. The
migration matrix is reflected to the event acceptance ηi.
A constructed overall event acceptance f is defined in
the following Eq. (12)

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)

(12)

where xRec
j and xGen

i correspond to the number of re-
constructed and generated events on a j-th or an i-th
bin. The generated events get the migration effect fji
that shows migration of events from i to j, and the re-
constructed number of events is summed along i. The
fji is composed of ηi and f̄ji. Above equation is for a
one-dimensional distribution. A multi-dimensional dis-
tribution could be further useful to distinguish the dif-
ference from the SM distribution. The event acceptance
and the migration matrix are easily expanded to the
multi-dimensional distribution based on the equation of
the one-dimensional distribution.

V. ANALYSIS FRAMEWORK AND MC
SAMPLES

This study was performed using the ILCSoft frame-
work [15]. Event samples are generated by the generator
PHYSSIM [16] and WHIZARD [17], where hadroniza-

tion and parton showering are implemented by PYTHIA
[18]. The generated event samples are fed into the
MOKKA [19] which is a Geant4-based [20] realistic de-
scription of the International Large Detector (ILD) for
detailed detector simulation of the ILC experiment. Re-
construction of the detector simulated samples is carried
out using the MARLIN [21] that the PandoraPFA algo-
rithm [22] is installed for realistic reconstruction using
detector information.
The ILD is one of two proposed detectors for the ILC

experiment, which is composed of a high-precision ver-
tex detector followed by a hybrid tracking system re-
alized as a combination of an enveloped silicon tracker
with a time projection chamber (TPC), and a calorime-
ter system of the electromagnetic calorimeter (ECAL)
and the hadron calorimeter (HCAL). These detectors
are located inside a solenoid magnet of 3.5 T. On the
outside of the magnet the iron yoke covers the solenoid,
and a muon detector is installed on the iron yoke. The
key detector performance of the ILD is listed in Table I.
Other details of the ILD are described explicitly in [23].

TABLE I. Resolutions of key performance of the ILD detec-
tor model. pT and Ejet show transverse momentum and jet
energy, respectively.

Key performance Resolution

Impact parameter σrφ = 5⊕ 10
p(GeV) sin3/2 θ

µm

Momentum σ1/pT
∼ 2× 10−5 GeV−1

Jet energy
σEjet

Ejet
∼ 3 % (Ejet < 100 GeV)

Each Monte Carlo (MC) event sample for the signal
processes and the SM background processes are pre-
pared for various physics studies of the ILC experi-
ment [24] by the ILC software working group after gen-
erated and reconstructed with the full detector simu-
lation chain explained in the above text. Although
the event samples are produced with pure beam po-
larizations e−Le

+
R = Pol(−100%, +100%) and e−Re

+
L =

Pol(+100%, −100%), we can assume any beam polar-
ization state by mixing up these pure beam polariza-
tions. The processes and corresponding cross sections
used for the analysis in this paper are listed up in the fol-
lowing Table II for both of the

√
s=250 and 500 GeV and

for two beam polarizations e−Le
+
R = Pol(−80%, +30%)

and e−Re
+
L = Pol(+80%, −30%).

VI. ANALYSIS AS DEMONSTRATIONS

In order to remove the huge SM backgrounds mixed
in the signal process, background suppression needs to
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Figure 38: A schematic view of the migration effect due to the detector finite resolution and misidentified or
undetectable particles (Left). Correlation between generated and reconstructed information on the Higgs momentum
distribution Phiggs in the process e+e− → ZZ → eeH at 500 GeV, which is one clear observable showing the
migration effects (Right).

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

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

i /Ngene
i のように定義することができる。しかしながら、前述の通

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

A reconstructed distribution receives a migration effect due to
Detector finite resolution  
Jet clustering, missing particles etc… 

500GeV 
ZZ-fusion 
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sumedtobe0intheSM.TheγZHcouplings,however,
ispossibletoappearathigherorderinextensionsofthe
SM,whicharecalledtheanomalousγZHcouplings.
ThesensitivitytotheanomalousγZHcouplingsthat
theILCexperimentprovidesuscanbealsogivenbased
ontwodifferentbeampolarizationsettings.Inorder

2

Z Z

H　　H　　

ζAZ   ×  
Z*  γ* 

ζZZ     ×  ＋

FIG.16.VerticesoftheZZHandtheγZHontheZH
process.

toincludetheanomalousγZHcouplings,wereplaced
ourfirstparameterizationoftheanomalousZZHcou-
plingsinEq.(3)withnewparameterizationcomposedof
bothoftheanomalousZZHandγZHcouplings.The
parametersbZandb̃Zarereplacedwithdimensionless
parametersζZZandζ̃ZZ,thenadditionaldimensionless
parametersζAZandζ̃AZdescribingtheanomalousγZH
couplingsareintroducedasillustratedinFig.16.The
definitionsofnewparametersareasfollows.Ournew
LagrangiandescribingbothoftheanomalousZZHand
γZHcouplingscanberedefinedinEq.(21).

ζZZ=
v

Λ
bZ,ζ̃ZZ=

v

Λ
b̃Z(20)

LVVH=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)

EachparameterforbothZZHandγZHcanbeevalu-
atedbyconnectingfirstparameterizationwiththenew
oneandusingtwodifferentbeampolarizationsettings.
Fortheconnectionofbothoftheparameterizationswe
calculatedeachcoefficientaffectedbyeachparameter
withPhyssimintermsofrelativedifferenceofthecross
sectionσBSM/σSM.Therelationbetweenparameteri-
zationsasfollowsfor

√
s=250GeV,

{
e−Le

+
R:1+5.70ζZZ+7.70ζAZ=1+5.70b

e−Le+R
Z

e−Re
+
L:1+5.70ζZZ−9.05ζAZ=1+5.70b

e−Re+L
Z

(22)

{
ζZZ=0.54b

e−Le+R
Z+0.46b

e−Re+L
Z

ζAZ=0.34b
e−Le+R
Z−0.34b

e−Re+L
Z

(23)

⎧
⎪⎨

⎪⎩

e−Le
+
R:1−1.14

103ζ̃ZZ−1.80
103ζ̃AZ=1−1.14

103b̃
e−Le+R
Z

e−Re
+
L:1+2.40

103ζ̃ZZ+1.18
103ζ̃AZ=1+2.40

103b̃
e−Re+L
Z

(24)

{
ζ̃ZZ=−0.46b̃

e−Le+R
Z+1.46b̃

e−Re+L
Z

ζ̃AZ=0.93b̃
e−Le+R
Z−0.93b̃

e−Re+L
Z

(25)

,andfor
√

s=500GeV,

{
e−Le

+
R:1+9.77ζZZ+14.73ζAZ=1+9.77b

e−Le+R
Z

e−Re
+
L:1+9.75ζZZ−17.22ζAZ=1+9.75b

e−Re+L
Z

(26)

{
ζZZ=0.54b

e−Le+R
Z+0.46b

e−Re+L
Z

ζAZ=0.306b
e−Le+R
Z−0.306b

e−Re+L
Z

(27)

⎧
⎪⎨

⎪⎩

e−Le
+
R:1−6.72

103ζ̃ZZ−9.71
103ζ̃AZ=1−6.72

103b̃
e−Le+R
Z

e−Re
+
L:1+2.42

103ζ̃ZZ−6.47
102ζ̃AZ=1+2.42

103b̃
e−Re+L
Z

(28)

{
ζ̃ZZ=0.95b̃

e−Le+R
Z+0.051b̃

e−Re+L
Z

ζ̃AZ=0.0355b̃
e−Le+R
Z−0.0355b̃

e−Re+L
Z

(29)

whereb
e−Le+R
Zandb

e−Re+L
Z,forinstance,showtheanoma-

lousparametersforcorrespondingbeampolarizations.
OnEq.(27)andEq.(29)theleftsideshowsvariation
ofthecrosssectiondescribingwiththenewparame-
tersζZZandζAZ,andtherightsideshowsthevari-
ationdescribingwiththebZ.Thesamerelationcan
beestablishedfortheparameterb̃Zandsimilarlyfor
thehigherenergy

√
s=500GeV.ValuesinTableIX

aregivensensitivityforeachanomalousparameterina
largenumberofpseudo-experimentsassumingH20op-
eratingscenario,wheretheleadingthreechannelsofthe
ZHprocess,e+e−H,µ+µ−Handqq̄H(H→b̄b)and
onechanneloftheZZ-fusionprocesse+e−→ZZ→
e+e−H(H→b̄b)areusedaswiththesubsectionVIIIB.

FinallywegobacktoanoriginalLagrangian[9]that
isasourceoftheLagrangiansinEq.(3)andEq.(21),
whereacompleteSU(2)L⊗U(1)YgaugeinvariantLa-
grangianinteractingwiththeHiggsbosonandthevec-
torbosonsisgivenwithHiggsoperatorsintermsof
theEFTandparametrizedwithseveralgeneralcoef-
ficients.Wecanalsogivesensitivitiestoafewgen-
eralcoefficientsCH,CWWandC̃WWbyassumingthat
theothercoefficientsarestronglyconstrained∼0from
othermeasurementsonTripleGaugeCouplings(TGCs)
andΓ(H→γγ)fromLargeHadronCollider(LHC)and
ILC[30,31].Thegeneralcoefficientsaredefinedusing

Normalized to 1

In order to transfer the generator distribution  
(binned in N) to the detector level distribution,  
a NxN matrix is needed. 
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TABLE IV. The expected number of remaining signal and
background events after applying each cut on the ZH →
qq̄bb̄(H) at 250 GeV with the beam polarization e−Le

+
R. Inte-

grated luminosity is assumed to be 250 fb−1. Signal selection
efficiency ϵ and signal significance Ssig are also given.

Cut variables qq̄bb̄ ϵ 2f 4f Ssig

No cut 30372 100 2.9 · 107 1.0 · 107 -
Nisolep = 0 30314 99.81 2.6 · 107 6.9 · 106 5.3
Npfo ∈ [55, 170] 30218 99.50 6.0 · 106 4.4 · 106 9.4
EZ ∈ [87.8, 118.5] 25712 84.66 3.3 · 106 2.8 · 106 10.4
MZ ∈ [82.3, 102.3] 18658 61.43 3.8 · 105 1.0 · 106 15.6
b-tag ∈ [1.25, 2.0] 11203 36.89 9364 8454 65.8
EH ∈ [98.7, 150.7] 10909 35.92 8242 7998 66.2
Min Npfo ∈ [5, 40] 10841 35.70 6932 7792 67.8
- log y32 ∈ [0.5, 3.62] 10409 34.27 3917 7453 70.5
- log y43 ∈ [1.8, 5.52] 10065 33.14 2921 7027 71.2
T ∈ [0.5, 0.89] 9966 32.81 2520 7004 71.4
MH ∈ [90, 142] 9907 32.62 2419 6382 72.4

gies exist within wider range inside the detectors, miss-
clustering of jets and finite detector resolution of the
detectors bring the larger migration of events compared
with the lepton channel.
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FIG. 8. Distributions showing the migration matrix on
several bins in which the two-dimensional distribution
X(cos θZ ,∆Φff̄ ) binned in 10×10 is used. Compared with
the channel µµH, clear the bin-by-bin migration can be seen,
which is originating from the multiple jet environment.

VII. SENSITIVITY TO ANOMALOUS ZZH
COUPLINGS

In this section, we evaluate the sensitivity to
the anomalous ZZH couplings at the ILC experi-
ment for both of the center-of-mass energies

√
s =

250 and 500 GeV. Both beam polarization e−Le
+
R =

Pol(−80%, +30%) and e−Re
+
L = Pol(+80%, −30%) are

considered at each
√
s and nominal integrated luminosi-

ties are assumed, which are 250 fb−1 and 500 fb−1 for√
s = 250 and 500 GeV, respectively. As the first step

we evaluate the sensitivity to the anomalous couplings
given by the each information, the angular distributions
and the cross section independently, to understand the
impact of both informations. Then, we also evaluate the
achievable sensitivity to the anomalous couplings by si-
multaneous fitting with the three parameter aZ , bZ , and
b̃Z set to be free.

A. Impacts of the angle and the σ at 250 GeV

As demonstrations using two channels µµH and
qq̄bb̄(H) of the ZH process which are estimated in
the previous section, we evaluate the sensitivity to the
anomalous ZZH couplings derived from each informa-
tion of the angular distributions and the cross section.
The sensitivity to the anomalous couplings given by
both informations are evaluated with the χ2 functions
defined in the Section IV. The angular distributions
which are used for evaluation are applied corrections
based on the event acceptance η and the migration ma-
trix f̄ in order to transfer the “generator-level” distribu-
tion to the “detector-level” distribution. Fig. 9 shows
the sensitivity to the anomalous ZZH couplings with
one parameter space aZ , bZ , or b̃Z , where ∆χ2 is de-
fined as ∆χ2 = χ2

s + χ2
c . To estimate the impact of

the angular distributions two-dimensional distributions
X(cos θZ ,∆Φff̄ ) are used for both channels. For the es-
timation of the impact of the σ the channel µµH is used
as the demonstration. Since the parameter aZ which is
the SM-like one does not change the angular informa-
tion at all, the values of ∆χ2 is 0.0 for all parameter
space of aZ whereas the cross section is affected by aZ to
some extent. The parameter bZ and b̃Z can change the
angular information asymmetrically and symmetrically,
which can be clearly seen in Fig. 9, and such effects are
appeared in the plots. Both parameters can also change
the cross section as with the parameter aZ . The angu-
lar information of both channels µµH and qq̄bb̄(H) gives
the similar impacts to the anomalous ZZH couplings al-
though the statistic of the qq̄bb̄(H) channel is ten times
bigger than that of the µµH. This is because we do not
apply any jet charge identifications and the sensitivity
which ∆Φff̄ can produce us becomes half (from 0 ∼ 2π
to 0 ∼ π). The migration effect is also clearly larger
than that of the µµH channel.

B. Limits in a three parameter space at 250 GeV

The sensitivity to the anomalous ZZH couplings at√
s = 250 GeV is evaluated assuming the integrated

luminosity of 250 fb−1 with left-handed beam polariza-
tion (e−Le

+
R). The angular distributions of four processes

9

based technique where a momentum axis of the leptons
is defined, and a polar angle between the axis and a
momentum direction of candidates of the photon is cal-
culated. If the cos θ of the polar angle exceeds 0.995,
the candidates are regarded as a final state radiation
or bremsstrahlung photon, and four momenta are com-
bined into that of the lepton.

2. Background suppression

Since the ZH process with the leptonic decay of the Z
boson is a very clean signature, we can easily distinguish
signals from backgrounds with several kinematical and
topological observables. Cut values of each observable
are decided as explained in the first part of this section.
The following observables and values are imposed for
background suppression.

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

• Ntracks ∈ [6, 60]
The number of charged tracks, which is useful to
remove huge two-fermion backgrounds.

• EZ ∈ [104.6, 111.7]
Since energy of the di-lepton system derived from
one of the dominant background e+e− → ZZ →
llqq process has peak at 125 GeV, this observable
is useful to separate it.

• MZ ∈ [83.0, 96.4]
The invariant mass of di-lepton Mµ+µ− should be
close to the mass of the Z boson.

• Erec ∈ [60.0, 168.5]
Energy of the recoil object for removing other dis-
persed backgrounds.

• Mrec ∈ [120, 137]
Recoil mass against the di-lepton system. Mass
window to determine error of the number of sig-
nal events. Because we perform counted based
analysis in this paper, the window should be set
as much as possible.

The following Table III shows the number of remain-
ing signal and background events assuming the inte-
grated luminosity to be 250 fb−1, and signal efficiency
and signal significance after each cut are also given.

3. Migration effect to observables

For the chi-squared test the observables such as
cos θZ , ∆Φff̄ are binned in the one or two, further three-
dimensional distributions. As demonstration in order

TABLE III. The expected number of remaining signal and
background events after applying each cut on the ZH →
µµH at 250 GeV with the beam polarization e−Le

+
R. Inte-

grated luminosity is assumed to be 250 fb−1. Signal selec-
tion efficiency ϵ and signal significance Ssig are also given.

Cut variables µµH ϵ 2f 4f Ssig

No cut 2603 100 2.9 · 107 1.0 · 107 -
ID of a di-lepton 2433 93.46 4.3 · 105 8.3 · 104 3.4
Ntracks ∈ [6, 60] 2246 86.28 6771 2.4 · 104 12.3
EZ ∈ [104.6, 111.7] 1740 66.84 156 1470 30.0
MZ ∈ [83.0, 96.4] 1673 64.27 104 995 31.6
Erec ∈ [60.0, 168.5] 1628 62.54 34 954 31.7
Mrec ∈ [120, 137] 1624 62.39 34 923 31.8

to show the migration effect of observables, the two-
dimensional distribution of cos θZ and ∆Φff̄ binned in
10×10 binned is shown in Fig. 7.
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FIG. 7. Distributions showing the migration matrix
on several bins when the two-dimensional distribution
X(cos θZ ,∆Φff̄ ) binned in 10×10 is used. Compared with
the channel qq̄bb̄(H) showing in the next section, the mi-
gration is almost nothing because of the clear signature of
the signal process. (f̄jbia: the index jb denotes certain re-
constructed bin in the two-dimensional distribution, and the
index ia corresponds to the other axises defining MC truth
directions which are shown in the distributions. The range
of the Z axis is [0, 1] and the normalization of each distri-
bution is

∑
j, b f̄jbia = 1.)

B. e+e− → ZH → qq̄H(H → bb̄) at 250 GeV

Since a branching fraction of the Z boson decaying to
the lepton pair is a sum of approximately 10 %, as far as
the pair of electrons and muons is concerned, it is about
3.4 % respectively, statistic is limited. In contrast, be-
cause the branching fraction of the Z boson decaying to
a pair of quarks is about 70 %, there is big advantage in
terms of the statistic. By adding the results of analysis
of the Z → qq̄ channel it is expected that the sensitivity
to the anomalous ZZH couplings is farther improved.
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Figure 50: (Top left and right) The remaining backgrounds and signal distribution of the difference of the angle
between production planes ∆Φff̄ after backgrounds suppression is applied ZH → µµH. The error on each point are
calculated based on the Poisson error ±

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

truth) ∆Φff̄ with signal events, which simply shows whether each signal event on each bin are successfully accepted
or not after backgrounds suppression. (Bottom center and right) The migration matrix f̄ji between the generated
and reconstructed ∆Φff̄ , and several examples of the function f̄ji.
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Figure 51: ssssssss.
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ZH → µµH @ 250GeV ZH → qqH(H→bb) @ 250GeV 

Reconstructed distribution of ΔΦ vs cosθz binned in 10x10

Migration matrices  
on several bins

Lepton channel is very clean signature. 
Hadron channel has relatively large migration.

Matrix 
element 
[0~1]
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9

based technique where a momentum axis of the leptons
is defined, and a polar angle between the axis and a
momentum direction of candidates of the photon is cal-
culated. If the cos θ of the polar angle exceeds 0.995,
the candidates are regarded as a final state radiation
or bremsstrahlung photon, and four momenta are com-
bined into that of the lepton.

2. Background suppression

Since the ZH process with the leptonic decay of the Z
boson is a very clean signature, we can easily distinguish
signals from backgrounds with several kinematical and
topological observables. Cut values of each observable
are decided as explained in the first part of this section.
The following observables and values are imposed for
background suppression.

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

• Ntracks ∈ [6, 60]
The number of charged tracks, which is useful to
remove huge two-fermion backgrounds.

• EZ ∈ [104.6, 111.7]
Since energy of the di-lepton system derived from
one of the dominant background e+e− → ZZ →
llqq process has peak at 125 GeV, this observable
is useful to separate it.

• MZ ∈ [83.0, 96.4]
The invariant mass of di-lepton Mµ+µ− should be
close to the mass of the Z boson.

• Erec ∈ [60.0, 168.5]
Energy of the recoil object for removing other dis-
persed backgrounds.

• Mrec ∈ [120, 137]
Recoil mass against the di-lepton system. Mass
window to determine error of the number of sig-
nal events. Because we perform counted based
analysis in this paper, the window should be set
as much as possible.

The following Table III shows the number of remain-
ing signal and background events assuming the inte-
grated luminosity to be 250 fb−1, and signal efficiency
and signal significance after each cut are also given.

3. Migration effect to observables

For the chi-squared test the observables such as
cos θZ , ∆Φff̄ are binned in the one or two, further three-
dimensional distributions. As demonstration in order

TABLE III. The expected number of remaining signal and
background events after applying each cut on the ZH →
µµH at 250 GeV with the beam polarization e−Le

+
R. Inte-

grated luminosity is assumed to be 250 fb−1. Signal selec-
tion efficiency ϵ and signal significance Ssig are also given.

Cut variables µµH ϵ 2f 4f Ssig

No cut 2603 100 2.9 · 107 1.0 · 107 -
ID of a di-lepton 2433 93.46 4.3 · 105 8.3 · 104 3.4
Ntracks ∈ [6, 60] 2246 86.28 6771 2.4 · 104 12.3
EZ ∈ [104.6, 111.7] 1740 66.84 156 1470 30.0
MZ ∈ [83.0, 96.4] 1673 64.27 104 995 31.6
Erec ∈ [60.0, 168.5] 1628 62.54 34 954 31.7
Mrec ∈ [120, 137] 1624 62.39 34 923 31.8

to show the migration effect of observables, the two-
dimensional distribution of cos θZ and ∆Φff̄ binned in
10×10 binned is shown in Fig. 7.
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FIG. 7. Distributions showing the migration matrix
on several bins when the two-dimensional distribution
X(cos θZ ,∆Φff̄ ) binned in 10×10 is used. Compared with
the channel qq̄bb̄(H) showing in the next section, the mi-
gration is almost nothing because of the clear signature of
the signal process. (f̄jbia: the index jb denotes certain re-
constructed bin in the two-dimensional distribution, and the
index ia corresponds to the other axises defining MC truth
directions which are shown in the distributions. The range
of the Z axis is [0, 1] and the normalization of each distri-
bution is

∑
j, b f̄jbia = 1.)

B. e+e− → ZH → qq̄H(H → bb̄) at 250 GeV

Since a branching fraction of the Z boson decaying to
the lepton pair is a sum of approximately 10 %, as far as
the pair of electrons and muons is concerned, it is about
3.4 % respectively, statistic is limited. In contrast, be-
cause the branching fraction of the Z boson decaying to
a pair of quarks is about 70 %, there is big advantage in
terms of the statistic. By adding the results of analysis
of the Z → qq̄ channel it is expected that the sensitivity
to the anomalous ZZH couplings is farther improved.

11

TABLE IV. The expected number of remaining signal and
background events after applying each cut on the ZH →
qq̄bb̄(H) at 250 GeV with the beam polarization e−Le

+
R. Inte-

grated luminosity is assumed to be 250 fb−1. Signal selection
efficiency ϵ and signal significance Ssig are also given.

Cut variables qq̄bb̄ ϵ 2f 4f Ssig

No cut 30372 100 2.9 · 107 1.0 · 107 -
Nisolep = 0 30314 99.81 2.6 · 107 6.9 · 106 5.3
Npfo ∈ [55, 170] 30218 99.50 6.0 · 106 4.4 · 106 9.4
EZ ∈ [87.8, 118.5] 25712 84.66 3.3 · 106 2.8 · 106 10.4
MZ ∈ [82.3, 102.3] 18658 61.43 3.8 · 105 1.0 · 106 15.6
b-tag ∈ [1.25, 2.0] 11203 36.89 9364 8454 65.8
EH ∈ [98.7, 150.7] 10909 35.92 8242 7998 66.2
Min Npfo ∈ [5, 40] 10841 35.70 6932 7792 67.8
- log y32 ∈ [0.5, 3.62] 10409 34.27 3917 7453 70.5
- log y43 ∈ [1.8, 5.52] 10065 33.14 2921 7027 71.2
T ∈ [0.5, 0.89] 9966 32.81 2520 7004 71.4
MH ∈ [90, 142] 9907 32.62 2419 6382 72.4

gies exist within wider range inside the detectors, miss-
clustering of jets and finite detector resolution of the
detectors bring the larger migration of events compared
with the lepton channel.
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FIG. 8. Distributions showing the migration matrix on
several bins in which the two-dimensional distribution
X(cos θZ ,∆Φff̄ ) binned in 10×10 is used. Compared with
the channel µµH, clear the bin-by-bin migration can be seen,
which is originating from the multiple jet environment.

VII. SENSITIVITY TO ANOMALOUS ZZH
COUPLINGS

In this section, we evaluate the sensitivity to
the anomalous ZZH couplings at the ILC experi-
ment for both of the center-of-mass energies

√
s =

250 and 500 GeV. Both beam polarization e−Le
+
R =

Pol(−80%, +30%) and e−Re
+
L = Pol(+80%, −30%) are

considered at each
√
s and nominal integrated luminosi-

ties are assumed, which are 250 fb−1 and 500 fb−1 for√
s = 250 and 500 GeV, respectively. As the first step

we evaluate the sensitivity to the anomalous couplings
given by the each information, the angular distributions
and the cross section independently, to understand the
impact of both informations. Then, we also evaluate the
achievable sensitivity to the anomalous couplings by si-
multaneous fitting with the three parameter aZ , bZ , and
b̃Z set to be free.

A. Impacts of the angle and the σ at 250 GeV

As demonstrations using two channels µµH and
qq̄bb̄(H) of the ZH process which are estimated in
the previous section, we evaluate the sensitivity to the
anomalous ZZH couplings derived from each informa-
tion of the angular distributions and the cross section.
The sensitivity to the anomalous couplings given by
both informations are evaluated with the χ2 functions
defined in the Section IV. The angular distributions
which are used for evaluation are applied corrections
based on the event acceptance η and the migration ma-
trix f̄ in order to transfer the “generator-level” distribu-
tion to the “detector-level” distribution. Fig. 9 shows
the sensitivity to the anomalous ZZH couplings with
one parameter space aZ , bZ , or b̃Z , where ∆χ2 is de-
fined as ∆χ2 = χ2

s + χ2
c . To estimate the impact of

the angular distributions two-dimensional distributions
X(cos θZ ,∆Φff̄ ) are used for both channels. For the es-
timation of the impact of the σ the channel µµH is used
as the demonstration. Since the parameter aZ which is
the SM-like one does not change the angular informa-
tion at all, the values of ∆χ2 is 0.0 for all parameter
space of aZ whereas the cross section is affected by aZ to
some extent. The parameter bZ and b̃Z can change the
angular information asymmetrically and symmetrically,
which can be clearly seen in Fig. 9, and such effects are
appeared in the plots. Both parameters can also change
the cross section as with the parameter aZ . The angu-
lar information of both channels µµH and qq̄bb̄(H) gives
the similar impacts to the anomalous ZZH couplings al-
though the statistic of the qq̄bb̄(H) channel is ten times
bigger than that of the µµH. This is because we do not
apply any jet charge identifications and the sensitivity
which ∆Φff̄ can produce us becomes half (from 0 ∼ 2π
to 0 ∼ π). The migration effect is also clearly larger
than that of the µµH channel.

B. Limits in a three parameter space at 250 GeV

The sensitivity to the anomalous ZZH couplings at√
s = 250 GeV is evaluated assuming the integrated

luminosity of 250 fb−1 with left-handed beam polariza-
tion (e−Le

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

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

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

i /Ngene
i のように定義することができる。しかしながら、前述の通

り、検出器の分解能、不検出粒子などの影響により、測定される観測量はるmigrationの効果を受
けることになる。
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したがって、検出器の分解能、不検出粒子の効果を考慮するmigration matrixを構築し、その
影響をイベント acceptance に反映させた 以下のような関数を構築した。
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Figure 39: An example of calculation using the migration matrix. When an observable is divided into 5 bins, a
5× 5 matrix is needed to predict a distribution of the observable including the migration effect.
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information are considered for the evaluation on the left and middle plots, where the channels µµH (left) and qq̄bb̄(H)
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dimensional distributions X(cos θZ ,∆Φff̄ ) binned in 10×10 are used. On the right plot only cross section information is
considered. The channel µµH is used as demonstration.
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set to be free and the results are projected to the two-dimensional parameter spaces a-b, a-b̃ and b-b̃. Both information, the
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ZZ fusion processes are used. The three-dimensional distributions X(cos θZ , cos θ
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former three channels and the one-dimensional distribution X(∆Φff̄ ) binned in 10 is used for the latter one.
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FIG. 14. ∆χ2 distributions as a function of each parameter space of the anomalous couplings aZ , bZ , and b̃Z . The fitting
results are obtained based on a large number of pseudo-experiments with the three free parameters. The four channels of the
ZH and ZZ fusion processes are used and both informations, the angular distributions and the cross section, are considered.
The three-dimensional distributions X(cos θZ , cos θ

∗
f ,∆Φff̄ ) binned in 5×5×5 are used for the former three channels and the

two-dimensional distribution X(cos θH ,∆Φff̄ ) binned in 10×10 is used for the latter one.

Contours showing sensitivities with three parameter space. 
250fb-1 and 500fb-1 are assumed as the integrated luminosity for 250 and 500GeV.

bt can be evaluated through  
only shape information @ 250 and 500GeV
Correlation a and b is strong  
because σ info. is much stronger than that of the shape

@ 500GeV the shape quickly changes 
the correlation can be disentangled.
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TABLE V. The sensitivity to the anomalous ZZH couplings
at

√
s =250 GeV assuming the benchmark integrated lumi-

nosity of 250 fb−1 with both beam polarizations. The values
correspond to one sigma bounds. The words, with shape and
+σ, in the table indicate that the only shape information is
used for the evaluation, and the shape information together
with the cross section information are used.

aZ bZ b̃Z

ZH e−Le
+
R - ±0.110 ±0.051

with shape e−Re
+
L - ±0.129 ±0.061

ZH e−Le
+
R ±0.309 ±0.109 ±0.051

with shape+σ e−Re
+
L ±0.356 ±0.125 ±0.061

ZH+ZZ-fusion e−Le
+
R - ±0.110 ±0.051

with shape e−Re
+
L - ±0.129 ±0.061

ZH+ZZ-fusion e−Le
+
R ±0.238 ±0.084 ±0.050

with shape+σ e−Re
+
L ±0.278 ±0.098 ±0.060

TABLE VI. The sensitivity to the anomalous ZZH couplings
at

√
s =500 GeV assuming the benchmark integrated lumi-

nosity of 500 fb−1 with both beam polarizations. The values
correspond to one sigma bounds. The words in the table,
with shape and +σ, indicate that the only shape informa-
tion is used, and the shape information together with the
cross section information are used for the evaluation of the
sensitivity.

aZ bZ b̃Z

ZH e−Le
+
R - ±0.0199 ±0.0183

with shape e−Re
+
L - ±0.0215 ±0.0198

ZH e−Le
+
R ±0.116 ±0.0201 ±0.0183

with shape+σ e−Re
+
L ±0.130 ±0.0217 ±0.0198

ZH+ZZ-fusion e−Le
+
R - ±0.0200 ±0.0174

with shape e−Re
+
L - ±0.0214 ±0.0190

ZH+ZZ-fusion e−Le
+
R ±0.061 ±0.0134 ±0.0174

with shape+σ e−Re
+
L ±0.071 ±0.0156 ±0.0188

the effect of these terms can strongly affect to the La-
grangian and change the angular distributions quickly
when

√
s set to be higher and the momenta of related

particles get larger. Whereas the impact of the parame-
ter aZ gets relatively worse because the cross section of
the ZH process at

√
s=500 GeV is restricted compared

with that of 250 GeV.

D. Limits in a three parameter space at 500 GeV

The sensitivity to the anomalous ZZH couplings at√
s = 500 GeV is also evaluated assuming the integrated

luminosity of 500 fb−1 with both of the beam polariza-

tions e−Le
+
R and e−Re

+
L . The impact of the angular distri-

butions of four processes are merged as with the analysis
at

√
s=250 GeV, in which three channels of the ZH pro-

cess e+e−H, µ+µ−H, qq̄H(H → bb̄), and one channel
of the ZZ-fusion process e+e− → ZZ → e+e−H(H →
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tribution X(cos θH ,∆Φff̄ ) binned in 10×10 is used for
the latter one. The impact of the cross sections of both
processes are also taken into account. The simultaneous
fitting is performed with the three free parameter space
for evaluation of the sensitivity. Contour plots in Fig. 13
illustrate the sensitivity to each anomalous parameter,
where the plots are projected to the two-dimensional
parameter space. The correlation of aZ and bZ are dis-
entangled somewhat because the angular information
gets stronger than that of 250 GeV.
Fig. 14 show the sensitivity on the each parameter

aZ , bZ and b̃Z obtained with a large number of pseudo-
experiments. Expected sensitivity corresponding to the
one sigma bound are also given in Table VI for the
benchmark integrated luminosity of 500 fb−1 with both
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VIII. DISCUSSIONS

A. Prospective sensitivity with the benchmark
integrated luminosity

Table VII summarizes the prospective sensitivity to
the anomalous ZZH couplings with the combined re-
sults of both

√
s =250 and 500 GeV with two different

beam polarizations, where the benchmark integrated lu-
minosities of 250 fb−1 and 500 fb−1 for

√
s =250 and

500 GeV are accumulated, respectively.

B. Scale to ILC operating senario

Achievable sensitivity that the ILC full operation pro-
vides for the anomalous ZZH couplings can be also
given. Currently a few ILC operating scenario has been
proposed in a reference [13]. The most promising sce-
nario for the ILC operation is a so-called H20, where a
total luminosity of 2000 fb−1 and 4000 fb−1 are planned
to be accumulated for

√
s =250 and 500 GeV, respec-

tively. In the planning operation at
√
s=250 GeV, an
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TABLE V. The sensitivity to the anomalous ZZH couplings
at

√
s =250 GeV assuming the benchmark integrated lumi-

nosity of 250 fb−1 with both beam polarizations. The values
correspond to one sigma bounds. The words, with shape and
+σ, in the table indicate that the only shape information is
used for the evaluation, and the shape information together
with the cross section information are used.

aZ bZ b̃Z

ZH e−Le
+
R - ±0.110 ±0.051

with shape e−Re
+
L - ±0.129 ±0.061

ZH e−Le
+
R ±0.309 ±0.109 ±0.051

with shape+σ e−Re
+
L ±0.356 ±0.125 ±0.061

ZH+ZZ-fusion e−Le
+
R - ±0.110 ±0.051

with shape e−Re
+
L - ±0.129 ±0.061

ZH+ZZ-fusion e−Le
+
R ±0.238 ±0.084 ±0.050

with shape+σ e−Re
+
L ±0.278 ±0.098 ±0.060

TABLE VI. The sensitivity to the anomalous ZZH couplings
at

√
s =500 GeV assuming the benchmark integrated lumi-

nosity of 500 fb−1 with both beam polarizations. The values
correspond to one sigma bounds. The words in the table,
with shape and +σ, indicate that the only shape informa-
tion is used, and the shape information together with the
cross section information are used for the evaluation of the
sensitivity.
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R ±0.116 ±0.0201 ±0.0183
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+
L ±0.130 ±0.0217 ±0.0198
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R - ±0.0200 ±0.0174

with shape e−Re
+
L - ±0.0214 ±0.0190
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R ±0.061 ±0.0134 ±0.0174
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+
L ±0.071 ±0.0156 ±0.0188
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TABLE XI. The expected number of remaining signal and background events after applying each cut on the ZH → qq̄H(H →
bb̄) at 500 GeV with the beam polarization e−Le

+
R. Integrated luminosity is assumed to be 500 fb−1. Signal selection efficiency

ϵ and signal significance Ssig are given.

Cut variables qq̄bb̄(H) ϵ qq̄+!bb̄(H) (s-&t-)ννH 2f 4f 6f Ssig

No cut 20134 100 14700 84933 1.3 · 107 1.6 · 107 4.1 · 105 -

Nisolep = 0 20094 99.80 11974 78466 1.1 · 107 1.1 · 107 2.2 · 105 4.3

Npfo ∈ [55, 190] 20041 99.53 11021 52906 5.4 · 106 5.5 · 106 2.1 · 105 6.0

MZ ∈ [88.3, 105.4] 11660 57.91 5109 1969 3.9 · 105 4.2 · 105 5.1 · 104 12.4

EZ ∈ [134.3, 257.0] 11062 54.94 4761 1097 3.4 · 105 3.3 · 105 4.1 · 104 13.0

EH ∈ [153.5, 264.5] 9980 49.57 4174 77 1.6 · 105 2.4 · 105 3.2 · 104 14.9

b-tag ∈ [1.46, 2.0] 6911 34.34 140 11 3210 6760 5334 46.2

Min Npfo ∈ [5, 40] 6857 34.57 131 6 2248 6636 5040 47.4

- log y23 ∈ [0.22, 4.3] 6526 32.41 120 5 1538 5130 5003 48.2

- log y34 ∈ [2.3, 6.2] 6330 31.44 118 2 794 4774 4953 48.6

T ∈ [0.8, 0.91] 5731 28.46 93 1 466 1837 1466 58.5

MH ∈ [97, 162] 5638 28.00 85 0 349 1458 1133 60.6
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FIG. 25. A plot shows the sensitivity to the anomalous ZZH couplings. Fitting is performed with simultaneous fitting in
three free parameter space, and each contour showing impact of each channel are projected into the aZ-bZ parameter space.
The integrated luminosity is assumed to be 250 fb−1 with left-handed polarization e−Le

+
R.
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FIG. 26. A plot shows the sensitivity to the anomalous ZZH couplings. Fitting is performed with simultaneous fitting in
three free parameter space, and each contour showing impact of each channel are projected into the aZ-bZ parameter space.
The integrated luminosity is assumed to be 500 fb−1 with left-handed polarization e−Le

+
R.

Power of each process for the anomalous couplings 
ZH   :    leptonic(e/µ) / hadronic (q)  
ZZ   :    H → bb
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anomalous WWH couplings

.

.

The Lorentz tensor structures described by the anomalous parameters  
b and bt affect angular and momentum distributions of the W boson  

and helicity angle of a daughter particle. 
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anomalous WWH couplings

The Lorentz tensor structures described by the anomalous parameters  
b and bt affect angular and momentum distributions of the W boson  

and helicity angle of a daughter particle. 

The most effective observable to catch bt is ΔΦ. 

ZH → vvH (H→WW → qqqq )  
The final state is multi-jet state.   

An original idea to keep sensitivity of ΔΦ 
is to use Jets deriving from Cs in the W bosons.  

two c-jets : sensitivity become harf 
No id        : sensitivity become quarter.
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