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-. EFT and Lagrangian at the ILC 

-. Impact of the anomalous ZZH/WWH couplings on kinematical shape 

-. Estimation of the sensitivity to the anomalous ZZH/WWH couplings 
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-. Summary 



Motivations for Effective Field Theory (EFT) 

-. Several phenomena are not allowed by the SM. 

-. Supersymmetry provides solutions for them.  

-. No conclusive evidence of SUSY/BSM at the LHC. 

-. BSM could exist at an energy scale to be high enough (>TeV) 

   compared to the scale of EW symmetry breaking. 

LHCP 2021 : SUSY search at LHC 
https://indico.cern.ch/event/905399/sessions/373072/#20210608

E. Resseguie (Berkeley lab) LHCP 2021: Searches for Supersymmetry

• Search program split by SUSY particle 
 production


• Strong + stop: S. Andrean's talk, D. Spitzbart's talk


• Largest cross section


• Events with many jets in final state


• Electroweak + slepton:


• Smaller cross section


• Final states depend on decay of  
bosons


• Leptonic final state C.Herwig's talk


• Semileptonic or hadronic S. Guindon's talk


• Consider both promptly decaying and long-lived (LLP) SUSY particles


• LLPs originate from small couplings, near degenerate masses, or decay via heavy 
mediators R. Rosten's talk, E. Kuwertz's talk


• To increase sensitivity to signal, many techniques employed: machine learning, mutl-bins


• Interpretation: several simplified models but starting to include new interpretations 

Overview of SUSY search
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Current limits at the end of 2015-2018 data taking
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scale LNP plays the role of an expansion parameter. Therefore, one can use dimensional analysis and the
ratio between the energy scale of the experiment E and the energy scale LNP (E/LNP) to keep only the
most relevant terms of the expansion. This procedure is known as power counting [83].

The O(D�5) operators are SU(3) ⇥ SU(2) ⇥ U(1) invariant. These operators will modify the SM cou-
plings, and lead to observables deviating from the SM predictions. This defines the strategy of searching
for BSM effects using the EFT: measure (constrain) the Wilson coefficients of D � 5 operators. The
measured values of the Wilson coefficients at a given value of the high energy scale (LNP) can then be
interpreted in a model-dependent manner as parameters of a UV-complete theory. This procedure is
known as matching [44].

In the following section, we will use the Fermi theory of weak interactions as a concrete example of
the different EFT concepts introduced above.

Case study: The Fermi theory of weak-interactions A famous example of the EFT paradigm is from the
Fermi theory of weak interactions [34]. In this paradigm, the Fermi theory plays the role of an effective
theory at lower energies for the SM which plays the role of a UV-complete theory at high energy scale
LNP ⇠ mW = 80.8 GeV. In this case study, we will use the muon decay µ ! enµn̄e as an example. For this
process, the SM energy scale is much higher than the energy scale of the interactions, O(mµ ⇠ 100 MeV).

In the SM, the muon decay is mediated by the exchange of a W boson, induced by the Lagrangian
term:

LSM �
g2
p

2

⇥
n̄µga(1 � g5)µ + ēga(1 � g5)ne

⇤
W+

a + h.c. , (2.4)

where g2 is the dimensionless weak coupling constant.
The muon decay width can be computed from this Lagrangian and expanded as a series of the pa-

rameter p2/m2
W :

dG(µ ! enµn̄e)

dp
⇡

g4(m2
µ � p2)2(m2

µ + 2p2)

3072p3m3
µm4

W
(1 +

2p2

m2
W

+ . . .). (2.5)

where p is the momentum of the muon [84]. Therefore, given that m2
W � m2

µ � p2, the terms p2/m2
W can

be neglected to a good approximation. The expansion is sketched in Figure 2.1, where the first order of
the fundamental interaction is the effective vertex and the sub-leading terms are of the order p2

m2
W

.
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FIGURE 2.1: An example of the muon decay using the EFT paradigm. The SM picture of exchanging
W� boson can be thought of as the UV complete theory of a lower-energy effective Fermi theory with
the addition of O( 1

m2
W

) corrections. The SM coupling constant g2 is dimensionless (renormalizable theory),

whereas the Fermi constant GF has dimensions [GF] = m�2 (non-renormalizable theory).

On the other hand, in the Fermi effective theory, weak interactions are described by contact 4-fermion
vertices with a coupling c

L2 , where c is the Wilson coefficient and L is the energy scale of the EFT, via the
effective Lagrangian:

LEFT �
c

L2
⇥
n̄µga(1 � g5)µ

⇤
[ēga(1 � g5)ne] + h.c. (2.6)

! ( p2

m2
W )
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On the other hand, in the Fermi effective theory, weak interactions are described by contact 4-fermion
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phenomena at high E at low E Once our E gets higher 

-. Now, EFT is valid given that BSM may exists at high energy. 

-. A strong phenomenological approach is EFT as analogous  

   to Fermi’s theory of the beta decay. 

-. Instantaneous appearance of a high-energy field is  
   renormalized into the coupling constants at lower energy.  
   It modifies the constant from the SM expectation.

2

heavy field



4Anomalous VVH couplings in SMEFT at the ILC

-. Model-independent Lagrangian is defined by taking all  
   possible dim-6 combinations consisting of the SM fields. 
-. The SU2xU1 gauge invariance, Lorentz invariance. 
   Define the acronym “SMEFT”: Higgs-strahlung, Weak Boson Fusion  

Δℒh = − ηhλ0v0h3 + θh

v0
h∂μh∂μh

+ηZ
m2

Z

v0
ZμZμh + 1

2 η2Z
m2

Z

v2
0

ZμZμh2

+ηW
2m2

W

v0
W+

μ W−μh + η2W
m2

W

v2
0

W+
μ W−μh2

-. Model independent test for the gauge-Higgs sector.

-. After SSB, several terms relevant to the gauge-Higgs sector:  
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T. Barklow et al.,   
PRD 97, 053004 (2018) 

(Higgs)

(same structure with the SM)

(new tensor structures)
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μνŴ−μν
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-. After SSB, several terms relevant to the gauge-Higgs sector:  

2.4. Higgs measurements at ILC at 250 GeV

Figure 2.7

Production cross
section for the
e+e≠ æ Zh process
as a function of the
center of mass energy
for mh = 125 GeV,
plotted together with
those for the W W and
ZZ fusion processes:
e+e≠ æ ‹‹H and
e+e≠ æ e+e≠H.
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the Standard Model Higgs boson, a Higgs boson of a more general theory, or a particle of a di�erent
origin. Particular important for this question are the values of the Higgs boson mass, mh, and the
Higgs production cross sections and branching ratios.

In this section and the following ones, we will present the measurement accuracies for the Higgs
boson properties expected from the ILC experiments. These measurement accuracies are estimated
from full simulation studies with the ILD and SiD detectors described in the Detector Volume, Volume
4 of this report. Because these full-simulation studies are complex and were begun long before the
LHC discovery, the analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
sections, then, all error estimates refer to 120 GeV Higgs boson. In Section 2.7, we will present a table
in which our results are extrapolated to measurement accuracies for a 125 GeV Higgs boson, taking
into appropriate account the changes in the signal and background levels in these measurements.

2.4.1 Mass and quantum numbers

We first turn our attention to the measurements of the mass and spin of the Higgs boson, which
are necessary to confirm that the Higgs-like object found at the LHC has the properties expected for
the Higgs boson. We have discussed in the previous section that the LHC already o�ers excellent
capabilities to measure the mass and quantum numbers of the Higgs boson. However, the ILC o�ers
new probes of these quantities that are very attractive experimentally. We will review them here.

We first discuss the precision mass measurement of the Higgs boson at the ILC. This measurement
can be made particularly cleanly in the process e+e≠

æ Zh, with Z æ µ+µ≠ and Z æ e+e≠ decays.
Here the distribution of the invariant mass recoiling against the reconstructed Z provides a precise
measurement of mh, independently of the Higgs decay mode. In particular, the µ+µ≠X final state
provides a particularly precise measurement as the e+e≠X channel su�ers from larger experimental
uncertainties due to bremsstrahlung. It should be noted that it is the capability to precisely reconstruct
the recoil mass distribution from Z æ µ+µ≠ that defines the momentum resolution requirement for
an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is produced with four-
momentum (

Ô
s, 0), are shown in Fig.2.8. In the e+e≠X channel FSR and bremsstrahlung photons

are identified and used in the calculation of the e+e≠
(n“) recoil mass. Fits to signal and background

components are used to extract mh. Based on this model-independent analysis of Higgs production
in the ILD detector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ≠X (e+e≠X) channel. When the two channels are combined an uncertainty
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Here v is the vacuum expectation value of 246 GeV and MZ162

is the mass of Z boson. In our study we assume a nominal163

value of ⇤ = 1 TeV but the results can be rescaled to any164

value of ⇤. aZ , bZ and ebZ are three free parameters induced165

by dimension-6 operators and each can be expressed as linear166

combinations of Ci. The first term represents a simple rescal-167

ing of SM ZZH coupling, the second and the third terms are168

anomalous ZZH couplings with CP-even and CP-odd Higgs169

states respectively.170

Ẑ
µ⌫

= @
µ
Z

⌫
� @

⌫
Z

µ
,171

ê
Z

µ⌫

=
1

2
✏µ⌫⇢�Ẑ

⇢�
. (3)172

n fact more couplings induced by dimension-6 operators will173

affect the observables which are to come in next section. But174

it turns out that the parameterization in Eq. (2) is sufficient175

for carrying out experimental studies from which the mea-176

surements on aZ , bZ and ebZ can be recast to more general177

scenarios. We will come back to this point in Section VIII.178

Early studies for the spin, parity and tensor structure of179

the H boson based on the EFT were performed towards post-180

discovery of the H boson in literatures [11–13]. In these liter-181

atures, parity sensitive observables were defined and the sen-182

sitivity to the anomalous couplings was exemplified. After the183

discovery, the new tensor structures of the H boson couplings184

to the gauge bosons have continued to be intensively tested185

by the ATLAS [14, 15] and CMS [5, 16, 17]. The current186

sensitivity to the new CP-even and CP-odd VVH structures187

reported by ATLAS with data of 36.1 fb
�1 [15] is respec-188

tively 4.2 and 4.4 at 95% confidence level assuming the SM-189

like coupling is free. Interpreting these values for assump-190

tion of 3000 fb
�1 as ones with the ab parametrization defined191

in Eq. (2), the sensitivity could corresponds to 0.23 and 0.24192

for the new CP-even and CP-odd structures. CMS also reports193

on relative sensitivity of the new structures to the SM-like194

structure as 0.20 and 0.33 at 95% confidence level [17] with195

the assumption of any full width of the H boson, meaning196

0.036 and 0.060 under the assumption of 3000 fb
�1. These197

values could be compared with the sensitivity at the ILC in198

summary of this paper. [JT: this paragraph will be modified199

later]200

III. LEADING HIGGS PROCESSES AND OBSERVABLES201

TO ACCESS THE ANOMALOUS ZZH COUPLINGS202

In the process called the Higgs-strahlung (ZH): e
+
e
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!203

ZH ! ff̄H , phenomenologically weak charge flows (or204

weak hyper-charge when interacting with � when the Z boson205

decays into a fermion pair subsequent to its generation. In the206

same moment, a field, which is like an electroweak magnetic207

field, could be generated by the running weak charge. This208

can be inferred from an analogous phenomenon based on the209

dynamics of electromagnetism. Therefore, the existence of210

the new two kinds of tensor structures Ẑµ⌫Ẑ
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ê
Z

µ⌫

211

introduced into the effective Lagrangian in Eq. (2), which212

lead admixture of the parity symmetry, can change not only213

production cross-section but also differential cross-section in214

kinematics from the SM expectations.215

At the ILC a leading process to be possible to verify the216

anomalous ZZH couplings is the ZH process: e
+
e
�

!217

ZH ! ff̄H as shown in Fig. 1 where the production cross-218

section takes a maximum at the center-of-mass energy of219
p

s =250 GeV. It is going to be shown in this paper that the220
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+
e
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e
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H also221

has large impact to improve the sensitivity to the anomalous222

ZZH couplings although the production cross-section is less223

than 1.0 fb at
p

s =250 GeV. Since the new tensor structures224
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2 A THEORETICAL FRAMEWORK

Dimension-6 field operators :

It is possible to construct many dimension-6 field operators with imposition of the gauge invariance.

A set of dimension-6 operators was firstly classified in 1986 [33]. After that, a complete non-

redundant set of the field operators are written down based on specific basis in 2010 [34], which is

called Warsaw basis and includes 59 di�erent operators as shown in Fig. 7. In LHC EFT studies,

Higgs Basis [34], which is proposed by the LHC Higgs group, has been used. All bases are generally

equivalent, and selected based on convenience of applications.

!207

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

1.3 Higgs Production at the ILC

The cross section of the Higgs production as a function of
p

s is shown in Figure 1.3.1.
The major diagrams of Higgs production are shown in Figure 1.3.2.

Figure 1.3.1: Cross sections of Higgs production processes as a function of
p

s [25]. A
Higgs mass of 125 GeV and a beam polarization combination of P (e�, e+) = (�0.8, +0.3)
are assumed in this plot.

Figure 1.3.2: The diagrams of Higgs production processes. Left: e+e�
! Zh (Higgs-

strahlung), middle: e+e�
! �e�eh (WW -fusion), right: e+e�

! e+e�h (ZZ-fusion).

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

p
s = 250 GeV, while the contributions

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

s =
500 GeV, the WW -fusion process is the most dominant Higgs production process.
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Figure 8: Diagrams of Higgs production processes in the ILC: (left) Higgs-strahlung, (middle)

WW -fusion, and (right) ZZ-fusion.

Dimension-7 and 8 field operators :

Much higher dimension field operators are just sub-leading of the dimension-6 operators. Thus, it

is possible to ignore them when considering current reachable energy we can provide. Furthermore,

dimensions-7 or -odd operators are generally violating the B � L symmetry (a di�erence between

the Baryon number and the Lepton number) which is strongly suppressed in the SM. However,

one thing we have to notice is that each experimental observable are given with squared of the

amplitude, which means that interference terms between the SM terms and dimension-8 terms can

induce several dimension-6 terms which must be considered in the future for precise evaluation.

Observables �

�
SM +

C
(6)
i

⇤2
+

C
(8)
i

⇤4

�2

2.3.3 Description of the e�ective Lagrangian L
(6)
eff with the dimension-6 operators

Since the theme of this thesis is anomalous couplings between the Higgs boson and vector bosons

such as Z, �, and W , possible production diagrams are shown in Fig. 7. When picking up relevant

operators which are composed of the Higgs field or gauge-boson fields based on the table from

Fig. 8, the Lagrangian involving such operators would be constructed with 9 dimension-6 field

operators, which is as follows,

L
(6)
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C��
⇤2

@µ(�
†
�)@

µ
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†
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†�
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�)(�
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⇤2
(�

†
�)

3

+
C�B

⇤2
�

†
�Bµ�B
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+

C�W
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†
�W
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aµ�
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†
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C�W̃B
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�
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�W̃

a
µ�B
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.

(6)

Coe�cients for each field operator Cxx are dimensionless and show coupling constants of those

corresponding structures. W
a
µ� and Bµ� are the Yang-Mills field-strength tensors for the SU(2)

and U(1) symmetry, which is Vµ� = @µV� � @�Vµ, and Dµ is the covariant derivative for retaining

the gauge invariance of SU(2)⇥U(1) symmetry. �
a

shows the SU(2) generators, which are defined
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s is shown in Figure 1.3.1.
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Figure 1.3.1: Cross sections of Higgs production processes as a function of
p

s [25]. A
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are assumed in this plot.

Figure 1.3.2: The diagrams of Higgs production processes. Left: e+e�
! Zh (Higgs-

strahlung), middle: e+e�
! �e�eh (WW -fusion), right: e+e�

! e+e�h (ZZ-fusion).

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

p
s = 250 GeV, while the contributions

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

s =
500 GeV, the WW -fusion process is the most dominant Higgs production process.
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WW -fusion, and (right) ZZ-fusion.

Dimension-7 and 8 field operators :

Much higher dimension field operators are just sub-leading of the dimension-6 operators. Thus, it

is possible to ignore them when considering current reachable energy we can provide. Furthermore,

dimensions-7 or -odd operators are generally violating the B � L symmetry (a di�erence between

the Baryon number and the Lepton number) which is strongly suppressed in the SM. However,

one thing we have to notice is that each experimental observable are given with squared of the

amplitude, which means that interference terms between the SM terms and dimension-8 terms can

induce several dimension-6 terms which must be considered in the future for precise evaluation.

Observables �

�
SM +

C
(6)
i

⇤2
+

C
(8)
i

⇤4

�2

2.3.3 Description of the e�ective Lagrangian L
(6)
eff with the dimension-6 operators

Since the theme of this thesis is anomalous couplings between the Higgs boson and vector bosons

such as Z, �, and W , possible production diagrams are shown in Fig. 7. When picking up relevant

operators which are composed of the Higgs field or gauge-boson fields based on the table from

Fig. 8, the Lagrangian involving such operators would be constructed with 9 dimension-6 field

operators, which is as follows,

L
(6)
eff =

C��
⇤2

@µ(�
†
�)@

µ
(�

†
�) +

C�D

⇤2
(�

†�
D

µ

�)(�
†�
Dµ�) +

c�

⇤2
(�

†
�)

3

+
C�B

⇤2
�

†
�Bµ�B

µ�
+

C�W

⇤2
�

†
�W

a
µ�W

aµ�
+

C�WB

⇤2
�

†
�

a
�W

a
µ�B

µ�

+
C�B̃

⇤2
�

†
�Bµ�B̃

µ�
+

C�W̃

⇤2
�

†
�W

a
µ�W̃

aµ�
+

C�W̃B

⇤2
�

†
�

a
�W̃

a
µ�B

µ�
.

(6)

Coe�cients for each field operator Cxx are dimensionless and show coupling constants of those

corresponding structures. W
a
µ� and Bµ� are the Yang-Mills field-strength tensors for the SU(2)

and U(1) symmetry, which is Vµ� = @µV� � @�Vµ, and Dµ is the covariant derivative for retaining

the gauge invariance of SU(2)⇥U(1) symmetry. �
a

shows the SU(2) generators, which are defined
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Fig. 1. Diagrams showing the leading Higgs production processes:
(left) the Higgs-strahlung e

+
e
� ! ZH , and (right) the Z boson

fusion e
+
e
� ! ZZ ! e

+
e
�
H .225

226

composed of the field strength tensors are depending on mo-227

menta of the Z boson, higher center-of-mass energy is possi-228

ble to change the kinematics largely from the SM predictions229

and access the further sensitivity to the anomalous couplings.230

Unfortunately, the production cross-section of the ZH process231

is substantially reduced at the higher energy, however, one of232

the ZZ process is sufficiently open as an alternative for veri-233

fying the anomalous couplings.234

In order to verify the anomalous ZZH couplings, parity-235

sensitive observables that can access to the anomalous cou-236

plings are employed, which are as follows. cos ✓Z : a produc-237

tion angle of the Z boson in the laboratory frame. cos ✓
⇤
f

: a238

helicity angle of a daughter fermion of the Z boson in the Z239

rest-frame. ��
ff̄

an angle between production planes with240

respect to the H boson. Each of observables in the ZH and the241

ZZ processes are illustrated in Fig. 2 and Fig. 3. One of the242

strong observables to access those tensor structures is ��
ff̄

243

that is made up from the initial and final state fermions, where244

the Z boson to be a parent of the final state fermions is nec-245
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However, the H ! ZZ
⇤ is not considered in the study be-898

cause of the following reasons. The usage of the normaliza-899

tion gives the theoretical ambiguity for the branching ration900

and full width and it could break the model independence of901

the current estimation. The full hadronic decay channel of902

ZZ
⇤ in the ZH ! qq̄ZZ

⇤ process has a statistically advan-903

tage in extracting the shape, nevertheless, the huge migration904

effect due to six-jet multiplicity could be observed and most905

of the shape information could be lost. The leptonic channels906

might have no migration, however, the expected remaining907

signal events might not be sufficient to further improve the908

sensitivity to the anomalous couplings.909

D. Sensitivity to the anomalous �ZH couplings910

The e
+
e
�

! ZH process is conducted by a s-channel ex-911

change of the Z boson. Another ZH diagram exchanged by a912

photon, �ZH couplings, can be assumed, which is completely913

forbidden at tree level since the H boson does not have inter-914

action via an electric charge, and allowed to include as loop915

corrections caused with charged particles. In the SM frame-916

work, the field of the photon A
µ and Z boson Z

µ are mixing917

through the gauge fields B
µ and W

µ

3 that are generated by918

the SU(2)L ⌦ U(1)Y gauge symmetry. Once the anomalous919

ZZH couplings are assumed to exist as the loop corrections920

of the SM, the �ZH couplings must be possible to exist as921

anomalies. Thus, one must consider these contributions in922

the effective Lagrangian. The sensitivity to the anomalous923

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

1.3 Higgs Production at the ILC

The cross section of the Higgs production as a function of
p

s is shown in Figure 1.3.1.
The major diagrams of Higgs production are shown in Figure 1.3.2.

Figure 1.3.1: Cross sections of Higgs production processes as a function of
p

s [25]. A
Higgs mass of 125 GeV and a beam polarization combination of P (e�, e+) = (�0.8, +0.3)
are assumed in this plot.

Figure 1.3.2: The diagrams of Higgs production processes. Left: e+e�
! Zh (Higgs-

strahlung), middle: e+e�
! �e�eh (WW -fusion), right: e+e�

! e+e�h (ZZ-fusion).

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

p
s = 250 GeV, while the contributions

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

s =
500 GeV, the WW -fusion process is the most dominant Higgs production process.
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925

�ZH couplings that the ILC could reach can be also esti-926

mated by exploiting two different beam polarization states:927

left-handed and right-handed. As mentioned above, because928

of the mixing of the gauge fields B
µ and W

µ

3 , interference929

of both fields can not be disentangled with only one beam930

polarization state. However, utilizing the two beam polar-931

ization states and the fact that the gauge field of B
µ couples932

to both left-handed and right-handed fermions in the same933

way through the U(1)Y gauge symmetry and the field of W
µ

3934

couples to the left-handed fermions only through the SU(2)L935

gauge symmetry, the interference must be disentangled.936

In order to include the anomalous �ZH couplings into937

the effective Lagrangian, the first ab parameterization of the938

anomalous ZZH couplings in Eq. (2) is replaced with new939

parameterization that is composed of both of the ZZH and940

�ZH couplings. The parameters bZ and ebZ are replaced by941

introducing dimensionless parameters ⇣ZZ and e⇣ZZ . In addi-942

tion, new dimensionless parameters ⇣AZ and e⇣AZ describing943

the anomalous �ZH couplings are also introduced into the944

Lagrangian as illustrated in Fig. 23. The definition of new pa-945

rameters are given in Eq. (11), and new effective Lagrangian946

describing both ZZH and �ZH couplings can be redefined947

with Eq. (12).948

⌘Z =
v

⇤
aZ , ⇣ZZ =

v

⇤
bZ , e⇣ZZ =

v

⇤

ebZ (11)949

950

LZZH+�ZH = M
2
Z

1

v

⇣
1 + ⌘Z

⌘
Z
µ
Z

µ
H

+
⇣ZZ

2v
Zµ⌫Z

µ⌫
H +

⇣AZ

v
Aµ⌫Z

µ⌫
H

+

e⇣ZZ

2v
Zµ⌫

eZµ⌫
H +

e⇣AZ

v
Aµ⌫

eZµ⌫
H

(12)951

where v and ⇤ denote the vacuum expectation value and the952

new physics scale, which are 246 GeV and 1 TeV. Âµ⌫ repre-953

sents the field strength of the photon.954

Each parameter for both ZZH and �ZH couplings can be955

estimated by connecting the first parameterization with the956

new one and considering the two different beam polariza-957

tion states. To clarify the relation of both of the parame-958

terization, theoretical calculation for connecting each coeffi-959

cient affected by each parameter was carried out using PHYS-960

SIM while taking relative difference of the production cross-961

section �BSM/�SM . The given coefficients for connecting962

between the two parameterization at the
p

s=250 GeV case963

are as follows,964

(
e
�
L

e
+
R

: 1 + 5.70 ⇣ZZ + 7.70 ⇣AZ = 1 + 5.70 b
e
�
L e

+
R

Z

e
�
R

e
+
L

: 1 + 5.70 ⇣ZZ � 9.05 ⇣AZ = 1 + 5.70 b
e
�
Re

+
L

Z

(13)965

(
⇣ZZ = 0.54 b

e
�
L e

+
R

Z
+ 0.46 b

e
�
Re

+
L

Z

⇣AZ = 0.34 b
e
�
L e

+
R

Z
� 0.34 b

e
�
Re

+
L

Z

(14)966
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cause of the following reasons. The usage of the normaliza-899

tion gives the theoretical ambiguity for the branching ration900

and full width and it could break the model independence of901

the current estimation. The full hadronic decay channel of902

ZZ
⇤ in the ZH ! qq̄ZZ

⇤ process has a statistically advan-903

tage in extracting the shape, nevertheless, the huge migration904

effect due to six-jet multiplicity could be observed and most905

of the shape information could be lost. The leptonic channels906

might have no migration, however, the expected remaining907

signal events might not be sufficient to further improve the908

sensitivity to the anomalous couplings.909
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The e
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! ZH process is conducted by a s-channel ex-911

change of the Z boson. Another ZH diagram exchanged by a912

photon, �ZH couplings, can be assumed, which is completely913

forbidden at tree level since the H boson does not have inter-914

action via an electric charge, and allowed to include as loop915

corrections caused with charged particles. In the SM frame-916

work, the field of the photon A
µ and Z boson Z

µ are mixing917

through the gauge fields B
µ and W
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3 that are generated by918

the SU(2)L ⌦ U(1)Y gauge symmetry. Once the anomalous919

ZZH couplings are assumed to exist as the loop corrections920

of the SM, the �ZH couplings must be possible to exist as921

anomalies. Thus, one must consider these contributions in922

the effective Lagrangian. The sensitivity to the anomalous923

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

1.3 Higgs Production at the ILC

The cross section of the Higgs production as a function of
p

s is shown in Figure 1.3.1.
The major diagrams of Higgs production are shown in Figure 1.3.2.

Figure 1.3.1: Cross sections of Higgs production processes as a function of
p

s [25]. A
Higgs mass of 125 GeV and a beam polarization combination of P (e�, e+) = (�0.8, +0.3)
are assumed in this plot.

Figure 1.3.2: The diagrams of Higgs production processes. Left: e+e�
! Zh (Higgs-

strahlung), middle: e+e�
! �e�eh (WW -fusion), right: e+e�

! e+e�h (ZZ-fusion).

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

p
s = 250 GeV, while the contributions

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

s =
500 GeV, the WW -fusion process is the most dominant Higgs production process.
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where v and ⇤ denote the vacuum expectation value and the952

new physics scale, which are 246 GeV and 1 TeV. Âµ⌫ repre-953

sents the field strength of the photon.954

Each parameter for both ZZH and �ZH couplings can be955

estimated by connecting the first parameterization with the956

new one and considering the two different beam polariza-957

tion states. To clarify the relation of both of the parame-958

terization, theoretical calculation for connecting each coeffi-959

cient affected by each parameter was carried out using PHYS-960

SIM while taking relative difference of the production cross-961

section �BSM/�SM . The given coefficients for connecting962

between the two parameterization at the
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s=250 GeV case963
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ILD@ILC
● The ILD detector

– Detector overview: 1912.04601

– 3 double-layer pixel detectors for vertexing

– Time projection chamber (TPC) for tracking 
with inner/outer Si layers

● Low material assists in low-p tracking

– High granularity sampling calorimeters for 
particle flow reconstruction

● Challenge is reconstructing neutral hadrons
● Precise EM/hadronic design still under study

– Tracking/calorimetry contained in 3.5 T field ILD detector quadrant. Taken 
from Fig. 1 of 1912.04601.

Framework and Software for the study

-. The study was done based on International  Large Detector (ILD) for the ILC.  
   Reconstruction tools developed by 2018 are used in the study.

-. After 2018 the design was updated and reconstruction tools have been  
    developed based on ToF and DNN, which could improve the results.  

https://arxiv.org/abs/1306.6329  Volume 4: Detectors

 https://arxiv.org/abs/1912.04601 The ILD detector at the ILC

-. Physics generator for predicting the shape of kinematics including  
    the anomalous VVH is PHYSSIM, which has been developed for LC  
    physics studies as of today. 
   

-. All MC event samples used in the study was originally generated  
   for ILC physics studies.  https://arxiv.org/abs/1306.6352  Volume 2: Physics

    https://www-jlc.kek.jp/subg/offl/physsim/ 

 https://arxiv.org/abs/1912.04601
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essary to give an axis for both planes. The existence of the246

structure of Ẑµ⌫Ẑ
µ⌫ makes both planes tend to take a paral-247

lel state, whereas the structure of Ẑµ⌫

ê
Z

µ⌫

makes both planes248

tend to take a perpendicular state.249

The observable ��
ff̄

can give the sensitivity of 0 to 2⇡ by250

fully identifying charges of the final state fermions decaying251

from the Z boson, which could be easily done for Z ! l
+
l
�.252

However, there exists difficulty in identifying the charge of a253

quack in Z ! qq̄. Thus, the sensitivity gets half from 0 to254

⇡ since a direction of the production plane can not be identi-255

fied without the charge. In Fig. 4 and Fig. 5, the differential256

cross-section of cos ✓Z(cos ✓H), cos ✓
⇤
f

, and ��
ff̄

are illus-257

trated for the different anomalous ZZH couplings at
p

s =258

250 GeV. Fig. 6 and Fig. 7 show the same observables at259
p

s = 500 GeV. The variation of the production cross-section260

of ZH and ZZ processes due to the anomalous ZZH couplings261

can be also shown in Fig. 8.262

IV. A FRAMEWORK AND MC SAMPLES263

This study was performed using the ILCSoft frame-264

work [18], which provide full-detector simulation environ-265

ment for ILC related studies. Event samples used for the sim-266

ulation are generated by physics generators: PHYSSIM [19]267

and WHIZARD [20], where integration of squared amplitude268

corresponding processes are calculated with HELAS [21],269

and hadronization and parton shower development are im-270

plemented by PYTHIA [22]. Generated Monte Carlo (MC)271

event samples are fed into MOKKA [23], which is a272

GEANT4-based [24] realistic description of the International273

Large Detector (ILD) [25] for the ILC. Reconstruction of the274

detector-simulated events is carried out using MARLIN [26]275

where PandoraPFA algorithm [27] is implemented as a main276

algorithm on reconstruction chain.277

The ILD is one of the proposed detectors for the ILC ex-278

periment, which is composed of a high-precision vertex de-279

tector for detecting decay points of a short life-time parti-280

cle, a hybrid tracking system realized with a combination of281

an enveloped silicon tracker and a time projection chamber282

(TPC), and a fine-granularity calorimeter system configured283

with a silicon based electromagnetic calorimeter (ECAL) and284

a scintillator based hadron calorimeter (HCAL). These detec-285

tors are located inside a solenoid magnet of 3.5 T. On the286

outside of the magnet an iron yoke covers the solenoid, and287

a muon detector is installed on the iron yoke. Detector key288

performance of the ILD is listed in Table 1. Other details289

of the ILD are described explicitly in a literature [25]. Each290

MC event sample for signal and SM background processes291

are prepared for various physics studies of the ILD physics292

program by the ILD software working group. [28].293

The MC event samples are generated under settings of pure294

beam polarization states: P(e
�

, e
+
) = (�100%, +100%)295

and any other combination. Any beam polarization states296

can be managed by mixing up these pure beam polarization297

samples. Cross-section of each process including the sig-298

nal and the SM backgrounds at both of the energies
p

s=250299

and 500 GeV with two kinds of beam polarization states of300

P(e
�

, e
+
) = (�80%, +30%) and (+80%, �30%) are listed301

up in Table 2, where the number of generated MC samples302

for each polarization state used in this study is shown in the303

table as well.304

Table 1. Required resolutions as the key performance of the ILD.
Impact parameter is given as direct sum of point resolution and a
contribution of multiple scattering, and ✓ gives a polar angle of a
charged particle. pT and Ejet respectively stand for transverse mo-
mentum and jet energy.

Resolutions as the key detector performance

Impact parameter �r� = 5 � 10/p · sin
3/2

✓ [µm]

Momentum �1/pT
⇠ 2 ⇥ 10

�5
[GeV

�1
]

Jet energy �Ejet/Ejet ⇠ 3 % (Ejet < 100GeV)

V. ANALYSIS AS DEMONSTRATIONS305

An analysis to extract the observables sensitive to the306

anomalous couplings is demonstrated by taking the leading307

Higgs production processes of ZH ! µ
+
µ
�

H and ZH !308

qq̄H followed by decay of the H boson into a b-quark pair309

H ! bb̄ as examples. A strategy for evaluating the sensitiv-310

ity is described in the next sections.311

In order to remove huge SM background processes con-312

taminating with the signal process, various kinematical and313

topological observables featuring the each process are em-314

ployed. The observables to be used for the reduction are well315

optimized by maximizing signal significance Ssig defined as316

follows,317

Ssig ⌘
Nsigp

Nsig + Nbkg
. (4)318

where Nsig and Nbkg denote the number of remaining sig-319

nal and background events. Since the powerful observables320

for verifying the anomalous couplings are the angular observ-321

ables, those observables and equivalent ones such as momen-322

tum of the relevant particles are not imposed for the reduction323

so as not to get completely insensitive for certain parameter324

A magnetic filed of 3.5 [T] 

https://arxiv.org/abs/1306.6329
https://arxiv.org/abs/1912.04601
https://www-jlc.kek.jp/subg/offl/physsim/
https://arxiv.org/abs/1912.04601
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Fig. 4. (left to right) Distributions of the production angle of the Z boson cos ✓Z , the helicity angle of a fermion decaying from the Z
boson in the Z rest-frame, and the angle between production planes ��ff̄ in the laboratory frame, the process e+e� ! ZH ! l

+
l
�
H at

p
s = 250GeV is assumed. The difference of top and bottom show the different input parameters: bZ and ebZ . The black, green, blue, and

red lines show the H boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and ebZ = ±1, respectively.
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Fig. 5. (left and middle) Distributions of ��ff̄ using ZH ! qq̄H hadronic channel at
p
s = 250GeV with jet charge identification and

without. Since a direction of one of the production planes can not be identified, the sensitivity gets half from 0 to ⇡ in the latter. (right) ��ff̄

using the e
+
e
� ! ZZ ! e

+
e
�
H at

p
s = 250GeV. The top and bottom rows indicate the different input parameters: bZ and ebZ . The

black, green, blue, and red lines show the Higgs boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and
ebZ = ±1, respectively.
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Fig. 6. (left to right) Distributions of the production angle of the Z boson cos ✓Z , the helicity angle of a fermion decaying from the Z
boson in the Z rest-frame, and the angle between production planes ��ff̄ in the laboratory frame, the process e+e� ! ZH ! l
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red lines show the H boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and ebZ = ±1, respectively.
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Fig. 7. (left and middle) Distributions of ��ff̄ using ZH ! qq̄H hadronic channel at
p
s = 500GeV with jet charge identification and

without. Since a direction of one of the production planes can not be identified, the sensitivity gets half from 0 to ⇡ in the latter. (right) ��ff̄

using the e
+
e
� ! ZZ ! e

+
e
�
H at

p
s = 500GeV. The top and bottom rows indicate the different input parameters: bZ and ebZ . The

black, green, blue, and red lines show the Higgs boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and
ebZ = ±1, respectively.
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Fig. 4. (left to right) Distributions of the production angle of the Z boson cos ✓Z , the helicity angle of a fermion decaying from the Z
boson in the Z rest-frame, and the angle between production planes ��ff̄ in the laboratory frame, the process e+e� ! ZH ! l
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red lines show the H boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and ebZ = ±1, respectively.

plane

f(Z)f
Φ∆

0 2 4 6

p
la

n
e f

(Z
)f

Φ
∆

/d
σ

 d
σ

1
/

0

10

20

30

-310×

Z
impact of b

 = -1Zb  = 0Zb
 =+1Zb  =+1 w/o SM Zb

H @ 250GeVqq→+e-e
)=(-100%,+100%)+,e

-
P(e

In the Lab. frame

plane

f(Z)f
Φ∆

0 1 2 3

p
la

n
e f

(Z
)f

Φ
∆

/d
σ

 d
σ

1
/

0

10

20

3−10×

Z
impact of b

 = -1Zb  = 0Zb
 =+1Zb  =+1 w/o SM Zb

H @ 250GeVqq→+e-e
)=(-100%,+100%)+,e

-
P(e

In the Lab. frame

plane

f(Z)f
Φ∆

0 1 2 3 4 5 6

p
la

n
e f

(Z
)f

Φ
∆

/d
σ

 d
σ

1
/

0

10

20

-310×

Z
impact of b

 = -1Zb  = 0Zb
 =+1Zb  =+1 w/o SM Zb

=250GeVseeH →(ZZ)→+e-e

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

P(e

In the Higgs rest-frame

plane

f(Z)f
Φ∆

0 2 4 6

p
la

n
e f

(Z
)f

Φ
∆

/d
σ

 d
σ

1
/

0

10

20

30

-310×

Zb
~

impact of 
 = -1Zb

~
 = 0Zb

~

 =+1Zb
~

 =+1 w/o SM Zb
~

H @ 250GeVqq→+e-e
)=(-100%,+100%)+,e

-
P(e

In the Lab. frame

plane

f(Z)f
Φ∆

0 1 2 3

p
la

n
e f

(Z
)f

Φ
∆

/d
σ

 d
σ

1
/

0

10

20

3−10×

Zb
~

impact of 
 = -1Zb

~
 = 0Zb

~

 =+1Zb
~

 =+1 w/o SM Zb
~

H @ 250GeVqq→+e-e
)=(-100%,+100%)+,e

-
P(e

In the Lab. frame

plane

f(Z)f
Φ∆

0 1 2 3 4 5 6

p
la

n
e f

(Z
)f

Φ
∆

/d
σ

 d
σ

1
/

0

10

20

-310×

Zb
~

impact of 
 = -1Zb

~
 = 0Zb

~

 =+1Zb
~

 =+1 w/o SM Zb
~

=250GeVseeH →(ZZ)→+e-e

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

P(e

In the Higgs rest-frame

Fig. 5. (left and middle) Distributions of ��ff̄ using ZH ! qq̄H hadronic channel at
p
s = 250GeV with jet charge identification and

without. Since a direction of one of the production planes can not be identified, the sensitivity gets half from 0 to ⇡ in the latter. (right) ��ff̄

using the e
+
e
� ! ZZ ! e

+
e
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H at

p
s = 250GeV. The top and bottom rows indicate the different input parameters: bZ and ebZ . The

black, green, blue, and red lines show the Higgs boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and
ebZ = ±1, respectively.
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Fig. 6. (left to right) Distributions of the production angle of the Z boson cos ✓Z , the helicity angle of a fermion decaying from the Z
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red lines show the H boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and ebZ = ±1, respectively.
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red lines show the H boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and ebZ = ±1, respectively.
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Fig. 5. (left and middle) Distributions of ��ff̄ using ZH ! qq̄H hadronic channel at
p
s = 250GeV with jet charge identification and

without. Since a direction of one of the production planes can not be identified, the sensitivity gets half from 0 to ⇡ in the latter. (right) ��ff̄

using the e
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p
s = 250GeV. The top and bottom rows indicate the different input parameters: bZ and ebZ . The

black, green, blue, and red lines show the Higgs boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and
ebZ = ±1, respectively.
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the laboratory frame 

e� e+Z

Z

�Z

�*f

f

f̄ ��ff̄

H

Fig. 2. A schematic view of the Higgs-strahlung process e+e� !
ZH ! ff̄H , where ✓Z , ✓⇤f , and ��ff̄ show the production angle
of the Z boson, the helicity angle of the fermion derived from the Z
boson, and the angle between two production planes.

the Higgs rest frame 

��ff̄

Z

Z

H

e�

e�

e+

e+

Fig. 3. A schematic view of the Z boson fusion process e
+
e
� !

ZZ ! e
+
e
�
H , where ��ff̄ shows the angle constructed from

two production planes. The production angle of the Higgs boson is
also defined as a polar angle along the beam axis.

space of the anomalous couplings.325

A. e
+
e
� ! ZH ! µ

+
µ
�
H at

p
s =250 GeV326

The ZH process e
+
e
�

! ZH is the dominant produc-327

tion process of the H boson in the ILC physics program328

at
p

s =250 GeV. A channel showing up with an isolated329

di-lepton pair in the final state decaying from the Z boson330

has the simplest reaction especially, and this process is the331

centerpiece of precision measurement for all Higgs related332

physics at the ILC. Since the ZH process is a two-body de-333

cay, complete reaction kinematics can be reconstructed based334

on the initial state information and four momenta of the well-335

measured di-lepton pair coming from the Z boson. The fully336

reconstruction of the Higgs boson can be done without look-337

ing at the Higgs boson itself, which is a so-called recoil mass338

technique shown as follows,339

M
2
H

= M
2
rec = (

p
s � EZ)

2
� |~PZ |

2
. (5)340

where EZ and ~PZ respectively stand energy and absolute mo-341

mentum of the Z boson reconstructed with the di-lepton pair.342

1. Finding leptons from the Z boson and343

recovering radiated photons344

Key techniques to make the most of information provided345

by the lepton channels of the ZH process are algorithms for346

finding the isolated leptons coming from the Z boson and re-347

covering photons radiated from the final state leptons due to348

the magnetic field and the electric fields of nuclei of gas in-349

side the TPC. These advanced techniques are implemented in350

IsolatedLeptonFinder [29], where the lepton finding is exe-351

cuted based on Multi-Variate Analysis (MVA) using the im-352

pact parameter, measured momentum, and deposited energy353

in the calorimeters. A requirement that a mass of the lepton354

pair must be |Mll � MZ | < 40(60) GeV is also imposed355

for µ(e) pair to select proper pare from the Z boson. To re-356

cover radiated photons, a cone method is applied. A cone is357

constructed along a momentum axis of the lepton, and a po-358

lar angle is calculated between the cone axis and momentum359

direction of all neutral particles. In the case that cos ✓ of the360

polar angle exceeds 0.995, these neutral particles are regarded361

as the bremsstrahlung or final state radiation photons and four362

momenta of those are combined into that of the lepton.363

2. Background reduction364

Since the channels of the ZH process with the leptonic de-365

cay of the Z boson provides a clear reaction, the process can366

be easily distinguished from the other SM processes by im-367

posing a few kinematical and topological observables only.368

The following observables and values are imposed for the SM369

background reduction.370

• Two opposite-sign leptons belonging to the same gen-371

Impact on the shape in ZZH 

-. a  term is the same structure with the SM. 
-. b  term is a new scalar (Parity=+1) structure    
-. bt term is a new pseudo-scaler  
   (Parity= −1) structure  
-. Field strength has  
   momentum dependence 
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I. INTRODUCTION76

The discovery of the 125 GeV Higgs boson (H boson) [1, 2]77

at the Large Hadron Collider (LHC), a last missing element78

of the Standard Model (SM), provided us an insight that the79

electroweak symmetry breaking is induced by a Higgs con-80

densate in the vacuum, namely the Higgs mechanism. The81

SM, however, does not describe any dynamics as for why and82

how the Higgs condensate is formed. Therefore, new physics83

beyond the SM (BSM) is required to answer the questions:84

not only the above but also other questions such as the matter-85

antimatter asymmetry in the universe, where CP-violation is86

required in the Higgs sector in accordance with the theory of87

electroweak baryogenesis [3]. The spin-parity quantum num-88

bers of the H boson have been verified by both ATLAS [4]89

and CMS [5], which suggested that the H boson is in a state90

of J
CP

= 0
++ which is consistent with the SM expectation.91

However is still allowed the possibility of H boson being an92

admixture of CP-even and CP-odd states as needed in the93

electroweak baryogenesis models.94

By precisely measuring the properties of the Higgs boson95

including the couplings between Higgs and other SM parti-96

cles, an important approach to discover BSM is enabled [].97

This is the primary goal of future e
+
e
� colliders such as the98

International Linear Collider (ILC) [], the Compact Linear99

Collider (CLIC) [], the Circular Electron Positron Collider100

(CEPC) [] and the Future Circular Collider with e
+
e
� de-101

sign (FCC-ee) []. This paper focuses on the precise measure-102

ment of the coupling between Higgs and Z bosons (namely103

the ZZH couplings) at the ILC. In generic BSM models not104

only the strength of SM-like ZZH coupling can be modified105

but also ZZH couplings with new Lorentz structures (namely106

anomalous ZZH couplings) can be induced []. How to ex-107

perimentally determine those anomalous ZZH couplings in108

a model independent way is the main content of this paper,109

which advances the existing studies in [] in various ways:110

performing more realistic physics analyses which are based111

on the full detector simulation; taking into account more112

complete SM background events; making use of more signal113

channels.114

This paper is organized as follows. In Section II, the theo-115

retical framework in which the anomalous ZZH couplings are116

defined is introduced, based on the Effective Field Theory. In117

Section III, the signal channels and experimental observables118

which are employed to probe the anomalous ZZH couplings119

are explained. A software framework for performing detector120

simulation and producing Monte-Carlo (MC) samples is in-121

troduced in Section IV. The physics analysis procedure to se-122

lect signal events and to suppress background events in a few123

representative signal channels is given in Section V. The sta-124

tistical method how to extract the anomalous ZZH couplings125

is described in Section VI. The results of expected sensitiv-126

ities to the anomalous ZZH couplings are presented in VII,127

for individual signal channels and for combined channels. In128

Section VIII, the results are extended into the scenarios which129

include BSM couplings beyond anomalous ZZH couplings,130

and the role of beam polarizations in distinguishing all those131

couplings is discussed. The study is summarized in Section132

IX.133

II. ANOMALOUS ZZH COUPLINGS IN THE EFFECTIVE134

FIELD THEORY135

Given that there is no sign of BSM particles yet at the136

LHC, it is a reasonable assumption that the energy scale137

of BSM is much higher than electroweak scale, which al-138

lows us to probe the BSM effects model independently in the139

framework of the SM Effective Field Theory (SMEFT) [6–140

8]. All effects from BSM are represented in the SMEFT by141

a set of higher dimensional operators which respect the SM142

SU(2)L ⌦ U(1)Y gauge symmetries as follows143

LSMEFT = LSM +

X

i

X

n�

Ci

⇤n�4
O

(n)
i

, (1)144

where ⇤ represents the new mass scale in BSM, O
(n)
i

is an145

operator of SM fields with mass dimension n (n > 4), and146

Ci is a Wilson coefficient. Given that the effects of opera-147

tors are suppressed by 1/⇤
n�4, in this paper we restrict the148

operators up to n = 6 (dimension-6) and consider the ef-149

fects of operators up to only the leading order. There is no150

dimension-5 operator relevant to this study. The complete set151

of dimension-6 operators has been given in [9]. And the com-152

plete set of operators which are relevant to the observables in153

our study can be found in [10]. The operators in considera-154

tion will result in modification of SM-like ZZH coupling and155

presence of anomalous ZZH couplings as shown in Eq. (2)156

where H is scalar field of the physical Higgs boson, Zµ is157

vector field of Z boson, Ẑ
µ⌫ and ê

Z

µ⌫

are field strength ten-158

sor and dual tensor as defined in Eq. (3) where ✏µ⌫⇢� is the159

rank-4 Levi-Civita symbol.160

LZZH = M
2
Z

⇣
1

v
+

aZ

⇤

⌘
Z
µ
Z

µ
H

+
bZ

2⇤
Ẑ
µ⌫

Ẑ
µ⌫

H +

ebZ
2⇤

Ẑ
µ⌫

ê
Z

µ⌫

H.

(2)161
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Fig. 4. (left to right) Distributions of the production angle of the Z boson cos ✓Z , the helicity angle of a fermion decaying from the Z
boson in the Z rest-frame, and the angle between production planes ��ff̄ in the laboratory frame, the process e+e� ! ZH ! l

+
l
�
H at

p
s = 250GeV is assumed. The difference of top and bottom show the different input parameters: bZ and ebZ . The black, green, blue, and

red lines show the H boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and ebZ = ±1, respectively.
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e+e− → Zh
→ l+l−h

e+e− → Zh
→ qq̄h

250 to 500GeV
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Because of the V-A structure  
the coupling of q to Z is different from the lepton, thus, the shape varies

ΔΦ ΔΦ

parity-conserving interaction
pseudo-scalar : CP-odd interaction

parity-conserving interaction
scalar : CP-even interaction

Rescaling 
   the normalization.
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However, the H ! ZZ
⇤ is not considered in the study be-898

cause of the following reasons. The usage of the normaliza-899

tion gives the theoretical ambiguity for the branching ration900

and full width and it could break the model independence of901

the current estimation. The full hadronic decay channel of902

ZZ
⇤ in the ZH ! qq̄ZZ

⇤ process has a statistically advan-903

tage in extracting the shape, nevertheless, the huge migration904

effect due to six-jet multiplicity could be observed and most905

of the shape information could be lost. The leptonic channels906

might have no migration, however, the expected remaining907

signal events might not be sufficient to further improve the908

sensitivity to the anomalous couplings.909

D. Sensitivity to the anomalous �ZH couplings910

The e
+
e
�

! ZH process is conducted by a s-channel ex-911

change of the Z boson. Another ZH diagram exchanged by a912

photon, �ZH couplings, can be assumed, which is completely913

forbidden at tree level since the H boson does not have inter-914

action via an electric charge, and allowed to include as loop915

corrections caused with charged particles. In the SM frame-916

work, the field of the photon A
µ and Z boson Z

µ are mixing917

through the gauge fields B
µ and W

µ

3 that are generated by918

the SU(2)L ⌦ U(1)Y gauge symmetry. Once the anomalous919

ZZH couplings are assumed to exist as the loop corrections920

of the SM, the �ZH couplings must be possible to exist as921

anomalies. Thus, one must consider these contributions in922

the effective Lagrangian. The sensitivity to the anomalous923

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

1.3 Higgs Production at the ILC

The cross section of the Higgs production as a function of
p

s is shown in Figure 1.3.1.
The major diagrams of Higgs production are shown in Figure 1.3.2.

Figure 1.3.1: Cross sections of Higgs production processes as a function of
p

s [25]. A
Higgs mass of 125 GeV and a beam polarization combination of P (e�, e+) = (�0.8, +0.3)
are assumed in this plot.

Figure 1.3.2: The diagrams of Higgs production processes. Left: e+e�
! Zh (Higgs-

strahlung), middle: e+e�
! �e�eh (WW -fusion), right: e+e�

! e+e�h (ZZ-fusion).

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

p
s = 250 GeV, while the contributions

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

s =
500 GeV, the WW -fusion process is the most dominant Higgs production process.
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Fig. 23. Vertices of the ZZH and the �ZH on the ZH process. The
given parameters ⇣ZZ and ⇣AZ are describing both contributions.

924

925

�ZH couplings that the ILC could reach can be also esti-926

mated by exploiting two different beam polarization states:927

left-handed and right-handed. As mentioned above, because928

of the mixing of the gauge fields B
µ and W

µ

3 , interference929

of both fields can not be disentangled with only one beam930

polarization state. However, utilizing the two beam polar-931

ization states and the fact that the gauge field of B
µ couples932

to both left-handed and right-handed fermions in the same933

way through the U(1)Y gauge symmetry and the field of W
µ

3934

couples to the left-handed fermions only through the SU(2)L935

gauge symmetry, the interference must be disentangled.936

In order to include the anomalous �ZH couplings into937

the effective Lagrangian, the first ab parameterization of the938

anomalous ZZH couplings in Eq. (2) is replaced with new939

parameterization that is composed of both of the ZZH and940

�ZH couplings. The parameters bZ and ebZ are replaced by941

introducing dimensionless parameters ⇣ZZ and e⇣ZZ . In addi-942

tion, new dimensionless parameters ⇣AZ and e⇣AZ describing943

the anomalous �ZH couplings are also introduced into the944

Lagrangian as illustrated in Fig. 23. The definition of new pa-945

rameters are given in Eq. (11), and new effective Lagrangian946

describing both ZZH and �ZH couplings can be redefined947

with Eq. (12).948

⌘Z =
v

⇤
aZ , ⇣ZZ =

v

⇤
bZ , e⇣ZZ =

v

⇤

ebZ (11)949

950

LZZH+�ZH = M
2
Z

1

v

⇣
1 + ⌘Z

⌘
Z
µ
Z

µ
H

+
⇣ZZ

2v
Zµ⌫Z

µ⌫
H +

⇣AZ

v
Aµ⌫Z

µ⌫
H

+

e⇣ZZ

2v
Zµ⌫

eZµ⌫
H +

e⇣AZ

v
Aµ⌫

eZµ⌫
H

(12)951

where v and ⇤ denote the vacuum expectation value and the952

new physics scale, which are 246 GeV and 1 TeV. Âµ⌫ repre-953

sents the field strength of the photon.954

Each parameter for both ZZH and �ZH couplings can be955

estimated by connecting the first parameterization with the956

new one and considering the two different beam polariza-957

tion states. To clarify the relation of both of the parame-958

terization, theoretical calculation for connecting each coeffi-959

cient affected by each parameter was carried out using PHYS-960

SIM while taking relative difference of the production cross-961

section �BSM/�SM . The given coefficients for connecting962

between the two parameterization at the
p

s=250 GeV case963

are as follows,964

(
e
�
L

e
+
R

: 1 + 5.70 ⇣ZZ + 7.70 ⇣AZ = 1 + 5.70 b
e
�
L e

+
R

Z

e
�
R

e
+
L

: 1 + 5.70 ⇣ZZ � 9.05 ⇣AZ = 1 + 5.70 b
e
�
Re

+
L

Z

(13)965

(
⇣ZZ = 0.54 b

e
�
L e

+
R

Z
+ 0.46 b

e
�
Re

+
L

Z

⇣AZ = 0.34 b
e
�
L e

+
R

Z
� 0.34 b

e
�
Re

+
L

Z

(14)966
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Fig. 4. (left to right) Distributions of the production angle of the Z boson cos ✓Z , the helicity angle of a fermion decaying from the Z
boson in the Z rest-frame, and the angle between production planes ��ff̄ in the laboratory frame, the process e+e� ! ZH ! l

+
l
�
H at

p
s = 250GeV is assumed. The difference of top and bottom show the different input parameters: bZ and ebZ . The black, green, blue, and

red lines show the H boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and ebZ = ±1, respectively.
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Fig. 5. (left and middle) Distributions of ��ff̄ using ZH ! qq̄H hadronic channel at
p
s = 250GeV with jet charge identification and

without. Since a direction of one of the production planes can not be identified, the sensitivity gets half from 0 to ⇡ in the latter. (right) ��ff̄

using the e
+
e
� ! ZZ ! e

+
e
�
H at

p
s = 250GeV. The top and bottom rows indicate the different input parameters: bZ and ebZ . The

black, green, blue, and red lines show the Higgs boson with the SM scalar, pseudo-scalar, and admixture corresponding to bZ = ±1 and
ebZ = ±1, respectively.
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IV. EFFECT OF THE ANOMALOUS WWH ON65

PRODUCTION AND DECAY KINEMATICS OF66

THE H BOSON67

1. The Higgs production via the WW-fusion68

e+e− → νeν̄eH at
√
s =250, 500 GeV69

The WW-fusion process is one of the main produc-70

tion processes of the H boson, and provides observ-71

able for testing the anomalous WWH couplings. It is72

not possible to reconstruct ∆ΦW
ff̄
, which is one of the73

parity-sensitive observables to test the structure of the74

anomalous ZZH coupling, because of missing neutrinos75

in the final state. Nevertheless, the H boson itself re-76

flects the effect of the anomalous WWH couplings on77

its production kinematics. Differential cross-sections:78

absolute momentum PH , production polar angle θH ,79

and azimuth angle φH at
√
s =250 and 500 GeV with80

the set of the parameter of ±2 are illustrated in Fig. 281

and Fig. 3.82

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

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

The difference of  
Higgs decay plane.

The angle between 
the W in the Higgs rest frame  
and the f in the W rest frame. 

b

e

the W
 rest

 fram
e 

the Higgs rest frame 

ΔΦW
ff̄

the Higgs rest frame 

ΔΦff̄

Z

Z

H

e−

e−

e+

e+

H

W

W*

f

f̄

f

θ*f

f̄

FIG. 1. A schematic view of the H → WW ∗ decay process,
where θ ∗

f and ∆ΦW
ff̄ are shown as the helicity angle of the

fermion derived from the W boson and the angle between
two decay planes.

2. The Higgs decay H → WW ∗ in the ZH-strahlung83

The decay process of the H boson H → WW ∗ also84

provides sizable information for verifying the structure85

of the WWH couplings. Given the four-vectors of the86

W bosons as W1(q1, ε1) and W2(q2, ε2) and the Higgs87

rest-frame where the momenta of both W1 and W2 are88

back-to-back, the matrix element contributed by bV can89

be calculated as90

MH→V V ∗

aV
= ε1µε

µ
2 = − (ε1 · ε2)

MH→V V ∗

bV = −2
[
(q1q2)(ε1ε2)− (q1ε2)(q2ε1)

]

= (m2
H − 2q21 − 2q22)(ε1 · ε2)

where it is clearly seen that the structure of bV affects91

the kinematics of the W bosons, thus the four-momenta92

of particles derived from the W bosons carry away the93

information of the anomalous WWH couplings. A few94

useful kinematical observables for testing the anoma-95

lous WWH couplings are listed below, and those one-96

dimensional distributions are illustrated in Fig. 4 and97

Fig. 5.98

• PW : A momentum of the W boson decaying from99

the H boson calculated in the H rest-frame.100

• θ ∗
f : The polarization of the W boson is affected by101

the new structures. A helicity angle of a daughter102

fermion decaying from the W boson should carry103

away its information. The angle is defined as an104

angle between a momentum direction of the W105

boson in the H rest-frame and a momentum di-106

rection of its daughter fermion boosted in the W107

rest-frame. However, unless identifying charge of108

the final state, the helicity angle must be folded109

and gets half sensitivity.110

• ∆ΦW
ff̄
: The angle between decay planes defined by111

a fermion from one W boson and an anti-fermion112

from another W boson with a momentum direc-113

tion of one W as a plane axis in the H rest-frame114

reflects the effect of the new structure.115

In the case that charges and flavors are not iden-116

tified, the sensitivity of ∆ΦW
ff̄

gets minimum with117

the range of [0–π/2] by folding its value. If ∆ΦW
ff̄

118

exceeds π, ∆ΦW
ff̄

must be folded with ∆ΦW
ff̄

− π,119

and then, if it still exceeds π/2, it must addition-120

ally be folded with π −∆ΦW
ff̄
, which is the mini-121

mum angle constructed with jet environment from122

each W boson.123

In the case that the final state is a semi-leptonic124

process such as WW ∗ → qqlν, the final state125

b  term bt  term
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ff̄ in the Higgs rest-frame in the Higgs decay H → WW process. The other explanations are same as the above.
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Theory 13

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

e+

e− H

Z

Z∗

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

60 70 80 90 100 110 120
Higgs mass (GeV/c2)

ZH
 c

ro
ss

 s
ec

tio
n 

(p
b) √s = 189 GeV

√s = 200 GeV

√s = 207 GeV

Figure 2.4: The left plot shows the Higgsstrahlung Feynman diagram, the dominant Higgs pro-
duction mechanism at LEP. The right plot shows the ZH cross section as a function of the mass
of the Higgs boson at various centre-of-mass energies.

2.4.2 Higgs decay

This section describes the decay of the Higgs boson into fermion pairs (leptons and quarks) and
the decay into a pair of gauge bosons. The decays are shown in figure 2.5.

H

f

f

H

W−/Z

W+/Z
H

q

q

q

g

g

Figure 2.5: This figure shows three decay modes of the Higgs. The left plot shows the decay into
fermion pairs (leptons and quarks). The decay into a pair of electroweak gauge bosons is shown
in the middle plot and the right plot shows the production of a gluon pair.

Theory 13

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

e+

e− H

Z

Z∗

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

60 70 80 90 100 110 120
Higgs mass (GeV/c2)

ZH
 c

ro
ss

 s
ec

tio
n 

(p
b) √s = 189 GeV

√s = 200 GeV

√s = 207 GeV

Figure 2.4: The left plot shows the Higgsstrahlung Feynman diagram, the dominant Higgs pro-
duction mechanism at LEP. The right plot shows the ZH cross section as a function of the mass
of the Higgs boson at various centre-of-mass energies.

2.4.2 Higgs decay
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Z/W
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 Z/W
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\mathcal{L}_{ZZH}= \frac{M_z^2}{v}Z_\mu Z^\mu H  + \frac{b}{\Lambda}Z_{\mu\nu} Z^{\mu\nu} H  

κZ/κW

Figure 6: If new Lorentz structures are introduced, for instance LZZh = M2
z
v ZµZµh+ b

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

2.3.2 The effective field theory

To describe the Effective Field Theory (EFT) here, several papers which are related to EFT
studies are referred. The SM is the succeeded theory which explain low-energy behaviors of the
elementary particles, However, when regarding it as an effective low-energy theory, other new
interaction terms induced by higher dimension operators could appear in the Lagrangian, which
is so-called an effective Lagrangian. A first study based on the effective Lagrangian in the EFT
was given by Buchmuller and Wyler [33] where dimension-5 and dimension-6 operators are listed,
which are constructed with combinations of scalar, vector, and fermion fields in the SM.

Fermi’s theory on 4-point interaction :

Enrico Fermi in 1933 tried to describe the beta decay by introducing a 4-fermion interaction at a
single point, which was a beginning of application of the effective field theory. At sufficiently higher
energy in which a energy scale that the fermions relate to is the mass of the W boson, a propagator
of the W boson 1/(M2

W −q2) plays central roles in the interaction among the fermions. In contrast,
the propagator is approximated as 1/M2

W in the sufficiently low energy scale compared to the mass
of the W boson (E # MW ), that means existence of a heavy particle induces renormalization of
a coupling constant and new Lorentz structures which are suppressed by powers of the mass scale
of the new heavy particle.

General requirements as a field theory :

An effective Lagrangian expanded from the SM-Lagrangian must satisfy several features as the
effective field theory:

• The effective Lagrangian must satisfy the Lorentz invariance and the SU(2) × U(1) gauge
symmetry under the local transformation as the SM-Lagrangian does.

• The Lagrangian has mass dimension of four. Thus, higher dimension operators appear with
a coefficient of inverse power of new energy scale of Λ and the operators are suppressed when
the energy scale is sufficiently large compared to possible experimental energies. Usually,
the scale Λ is assumed to be around TeV to the Planck scale.

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

Construction of dimension-n operators :

The effective Lagrangian is given with a general description, which was originally introduced in [33]
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I. INTRODUCTION55

II. PARAMETERIZATION OF ANOM-WWH56

LWWH = 2M2
W

(1
v
+

aW
Λ

)
WµW

µH

+
bW
Λ

ŴµνŴ
µνH +

b̃W
Λ

Ŵµν
˜̂W

µν

H ,

(1)

Here, v shows a vacuum expectation value of 246 GeV.57

A field of H shows the scalar H boson (parity-even), and58

one in the third term corresponds to the pseudo-scalar59

H boson (parity-odd). Field strength tensors Ŵµν and60

dual field strength tensors ˜̂W
µν

of the W boson are de-61

fined as follows.62

Ŵµν = ∂µW ν − ∂νWµ , (2)

˜̂W
µν

=
1

2
εµνρσŴ

ρσ (3)
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-. Clarification of the impact of shape and normalization on the sensitivity
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B. Two chi-squared formulae570

To extract impact of the differential cross-section in kine-571

matical variables, a chi-squared formula is defined as follows,572
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dx
(xi;~aZ)

(8)573

where S
SM
i

(xi) and S
BSM
i

(xi;~aZ) are respectively normal-574

ized theoretical differential cross-section in certain kinemati-575

cal variable x with certain anomalous couplings. ~aZ is a vec-576

tor of the anomalous parameters (aZ , bZ ,ebZ) for ZZH cou-577

plings.578

Each differential cross-section is renormalized to the num-579

ber of expected SM events NSM to extract the variation from580

the SM expectation. �n
obs

SM
(xi) represents an observed sta-581

tistical error for the j-th bin, where the error is given with er-582

ror of Poisson statistics (=
p

nsig(xj) + nbkg(xj)) taking all583

SM backgrounds into account. n denotes the total number584

of bins, and i and j show a bin number in the generated and585

the reconstructed distribution. f
Det
ji

transfers the “generator-586

level” to the “detector-level”.587

The anomalous couplings also largely affects the Higgs588

production cross-section. Another chi-squared formula is de-589

fined so as to include the effect.590

�
2
norm =


NSM � NBSM(~aZ)

��ZH · NSM

�2

(9)591

where NSM and NBSM (~aZ) are the number of expected592

events for the SM and BSM which is determined with the593

specific anomalous parameters ~aZ . ��ZH shows a relative594

error of the production cross-section of the ZH process (it is595

replaced with ��eeH for analysis of the ZZ process). The596

relative error of the production cross-section of the ZH pro-597

cess ��ZH refers to full-simulation based studies, in which598

2.0% and 3.0% for
p

s =250 GeV and 500 GeV are respec-599

tively reported under accumulated luminosities of 250 fb
�1

600

and 500 fb
�1 [33, 34].601

For the analysis of the ZZ process, the H ! bb̄ decay chan-602

nel is selected. However, the partial width of the Higgs to the603

Z boson could be potentially varied due to the anomalous cou-604

plings. Thus, this valuation could bring the variation of the to-605

tal width, meaning that a branching fraction to b-quark could606

be varied as well. These overall considerations are practi-607

cally difficult under the current simulation framework, added608

to which, theoretical considerations are also necessary to re-609

move ambiguity of the branching fraction depending on the610

anomalous couplings.611

In order to cancel out the ambiguous variation of BRHbb612

and focus on the production vertex, two independent mea-613

surements were propagated through �eeH = (�eeH ·614

BRHbb)/BRHbb, and the relative error ��eeH could be es-615

timated. The measurement of relative error �(�eeH · BRHbb)616

is estimated for
p

s =250 GeV with 250 fb
�1 and 500 GeV617

with 500 fb
�1 based on the full simulation studies, which618

are respectively 27.0% and 4.0% [35]. The relative error of619

the branching fraction �BRHbb is also estimated under the620

model independent measurements as 2.9 % and 3.5 % for621
p

s =250 GeV and 500 GeV with the same condition [36].622

Therefore, input values for ��eeH are respectively 27.16 %623

and 5.32 % for
p

s =250 GeV with 250 fb
�1 and 500 GeV624

with 500 fb
�1. For the sensitivity of combining 250 GeV and625

500 GeV, the relative error of the branching fraction �BRHbb626

measured at 250 GeV can be propagated, where 2.2 % is re-627

ferred to as the error of a weighted average of the branching628

fraction.629

VII. PROSPECTIVE SENSITIVITY TO THE630

ANOMALOUS ZZH COUPLINGS631

In this section, the sensitivity to the anomalous ZZH cou-632

plings at the ILC are estimated for both of the center-of-mass633

energies with benchmark integrated luminosities:
p

s = 250634

GeV with 250 fb
�1 and

p
s = 500 GeV with 500 fb

�1 as-635

suming different two kinds of the beam polarization states:636

P(e
�

, e
+
) = (�80%, +30%) and (+80%, �30%).637

To clarify each impact from the shape (differential cross-638

section) and the normalization (production cross-section), the639

sensitivity to the anomalous couplings are independently es-640

timated using each information. After that, full sensitivity641

is estimated by using both informations and combining the642

leading Higgs process under free parameter of ~aZ .643

A. Power of shape and normalization at 250 GeV644

As demonstration of the estimation of the sensitivity to645

the anomalous ZZH couplings, two channels µ
+
µ
�

H and646

qq̄H(H ! bb̄) of the ZH process that are analyzed in the647

previous sections are referred to. The sensitivities to each648

anomalous parameter are extracted based on �
2
shape in Eq. (8)649

0.1.2 Constructing an event acceptance η and a migration matrix f̄60

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

i , where Naccept
i and Ngene

i73

mean the number of accepted and generated events.74

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

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

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

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

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

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

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

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

NRec(xRec
j ) =

∑

i

f(xRec
j , xGen

i ) ·NGen(xGen
i )

NRec(xRec
j ) =

∑

i

fji ·NGen
i =

∑

i

f̄ji · ηi ·NGen
i

ηi ≡
NAccept

i

NGene
i

(Event acceptance)

f̄ji ≡
NAccept

ji

NAccept
i

(Migration matrix)
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Figure 67: The distributions show the summary of the polar angle of the Z boson (cos θZ) after
the background suppression. (Top left and middle): the remaining signal and the background
distribution, which are given with the MC truth and the reconstructed, where the statistical error
is given as the standard deviation of the Poisson probability. (Top right): the event acceptance
function ηi. (Bottom left and middle): the distribution shows the probability matrix of the
migration (f̄ji) that is applied for the reconstruction of the realistic distribution of cos θZ , and the
cross-sections of f̄ji as 1-dim plots.
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Figure 68: The distributions show the summary of the angle between production planes in the
laboratory frame (∆Φ) after the background suppression. (Top left and middle): the remaining
signal and the background distribution, which are given with the MC truth and the reconstructed.
(Top right): the event acceptance function ηi. (Bottom left and middle): the probability matrix
of the migration (f̄ji) that is applied for the reconstruction of ∆Φ, and the cross-sections of f̄ji as
1-dim plots.
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B. Two chi-squared formulae570

To extract impact of the differential cross-section in kine-571

matical variables, a chi-squared formula is defined as follows,572
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where S
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(xi) and S
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(xi;~aZ) are respectively normal-574

ized theoretical differential cross-section in certain kinemati-575

cal variable x with certain anomalous couplings. ~aZ is a vec-576

tor of the anomalous parameters (aZ , bZ ,ebZ) for ZZH cou-577

plings.578

Each differential cross-section is renormalized to the num-579

ber of expected SM events NSM to extract the variation from580

the SM expectation. �n
obs

SM
(xi) represents an observed sta-581

tistical error for the j-th bin, where the error is given with er-582

ror of Poisson statistics (=
p

nsig(xj) + nbkg(xj)) taking all583

SM backgrounds into account. n denotes the total number584

of bins, and i and j show a bin number in the generated and585

the reconstructed distribution. f
Det
ji

transfers the “generator-586

level” to the “detector-level”.587

The anomalous couplings also largely affects the Higgs588

production cross-section. Another chi-squared formula is de-589

fined so as to include the effect.590

�
2
norm =


NSM � NBSM(~aZ)

��ZH · NSM

�2

(9)591

where NSM and NBSM (~aZ) are the number of expected592

events for the SM and BSM which is determined with the593

specific anomalous parameters ~aZ . ��ZH shows a relative594

error of the production cross-section of the ZH process (it is595

replaced with ��eeH for analysis of the ZZ process). The596

relative error of the production cross-section of the ZH pro-597

cess ��ZH refers to full-simulation based studies, in which598

2.0% and 3.0% for
p

s =250 GeV and 500 GeV are respec-599

tively reported under accumulated luminosities of 250 fb
�1

600

and 500 fb
�1 [33, 34].601

For the analysis of the ZZ process, the H ! bb̄ decay chan-602

nel is selected. However, the partial width of the Higgs to the603

Z boson could be potentially varied due to the anomalous cou-604

plings. Thus, this valuation could bring the variation of the to-605

tal width, meaning that a branching fraction to b-quark could606

be varied as well. These overall considerations are practi-607

cally difficult under the current simulation framework, added608

to which, theoretical considerations are also necessary to re-609

move ambiguity of the branching fraction depending on the610

anomalous couplings.611

In order to cancel out the ambiguous variation of BRHbb612

and focus on the production vertex, two independent mea-613

surements were propagated through �eeH = (�eeH ·614

BRHbb)/BRHbb, and the relative error ��eeH could be es-615

timated. The measurement of relative error �(�eeH · BRHbb)616

is estimated for
p

s =250 GeV with 250 fb
�1 and 500 GeV617

with 500 fb
�1 based on the full simulation studies, which618

are respectively 27.0% and 4.0% [35]. The relative error of619

the branching fraction �BRHbb is also estimated under the620

model independent measurements as 2.9 % and 3.5 % for621
p

s =250 GeV and 500 GeV with the same condition [36].622

Therefore, input values for ��eeH are respectively 27.16 %623

and 5.32 % for
p

s =250 GeV with 250 fb
�1 and 500 GeV624

with 500 fb
�1. For the sensitivity of combining 250 GeV and625

500 GeV, the relative error of the branching fraction �BRHbb626

measured at 250 GeV can be propagated, where 2.2 % is re-627

ferred to as the error of a weighted average of the branching628

fraction.629

VII. PROSPECTIVE SENSITIVITY TO THE630

ANOMALOUS ZZH COUPLINGS631

In this section, the sensitivity to the anomalous ZZH cou-632

plings at the ILC are estimated for both of the center-of-mass633

energies with benchmark integrated luminosities:
p

s = 250634

GeV with 250 fb
�1 and

p
s = 500 GeV with 500 fb

�1 as-635

suming different two kinds of the beam polarization states:636

P(e
�

, e
+
) = (�80%, +30%) and (+80%, �30%).637

To clarify each impact from the shape (differential cross-638

section) and the normalization (production cross-section), the639

sensitivity to the anomalous couplings are independently es-640

timated using each information. After that, full sensitivity641

is estimated by using both informations and combining the642

leading Higgs process under free parameter of ~aZ .643

A. Power of shape and normalization at 250 GeV644

As demonstration of the estimation of the sensitivity to645

the anomalous ZZH couplings, two channels µ
+
µ
�

H and646

qq̄H(H ! bb̄) of the ZH process that are analyzed in the647

previous sections are referred to. The sensitivities to each648

anomalous parameter are extracted based on �
2
shape in Eq. (8)649
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normalization

Detector migration matrix

Detector  
acceptance

Normalized  
shape

×=

Smear following the detector effects↪︎ Inputs from the past full simulation studies. 
     δσzh = 2%, 3% for 250GeV, 500GeV  

-. The variation of partial widths due to anomalous VVH is not considered. 
     Thus, normalization of the decay is not included in this study.   
     Consideration of variation of partial widths will be a next step. 

-. Prepared a multi dimensional distribution in each process, 
    which is sensitive to the anomalous VVH couplings.  

     (e.g. arXiv:1604.07524 )

e.g. 2-dim
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Table 7. The sensitivities to the anomalous ZZH couplings as the
benchmark results.

p
s =250 GeV with 250 fb

�1 and 500 GeV
with 500 fb

�1, and both beam polarization states are assumed. The
values correspond to the 1� bound.
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><

>:

aZ = ±0.0588
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Table 8. The sensitivities to the anomalous ZZH couplings for
the H20 program at the ILC. The total luminosities of 2 ab

�1 and
4 ab

�1 are assumed to be accumulated for
p
s =250 and 500 GeV.

The values correspond to the 1� bound.

ZH with P(e
�

, e
+
) = both8

><

>:

aZ = ±0.0321

bZ = ±0.0091

ebZ = ±0.0092
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0

B@
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- 1 0.0056
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0
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Fig. 21. A plot shows the contours corresponding to the 1� bounds
in the aZ -bZ plane where the impacts of each energy are shown,
combining the leading four process and assuming the H20 program
at the ILC.
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Fig. 22. A plot shows the constraints of the parameters in three
parameter space. The impact of the normalization and the shape are
shown in the color map and the lines, where the µ+

µ
�
H process atp

s =250 GeV is picked up.

This phenomenon can be understood from calculations of the870

amplitude based on the first and the second new tensor struc-871

tures of the Lagrangian in Eq. (2).872

In the case of the ZH process, where one of the Z bosons is873

the incoming and another is the outgoing particle, the contri-874

butions to the amplitude from the new tensor structures give875

different signs. Therefore, along the negative diagonal di-876

rection in the aZ-bZ parameter space, the contributions from877

both parameters are canceled out each other, consequently,878

the negative correlation appears until the impact of the varia-879

tion of the shape exceeds that of the normalization. In com-880

parison with the ZH process, in the ZZ process both of the881

interacting particles with the H boson are the incoming par-882

ticles. Thus, both new tensor structures in the Lagrangian883

give the same signs, and when assuming the ZZ process, the884

positive correlation appears in the aZ-bZ parameter space as885

shown in Fig. 19.886

Since the contribution from the ZZ process is statistically887

limited at
p

s =250 GeV, one possibility for disentangling the888

strong correlation between the parameters could be to include889

the H ! ZZ
⇤ decay process, where both of the Z bosons890

are the outgoing particles and the contributions from the new891

tensor structures have the same signs, which give the oppo-892

site correlation compared with the ZH process. Although the893

branching fraction of the H ! ZZ
⇤ is relatively small in the894

SM (2.7 %), considering this decay process could be help-895

ful to disentangle the correlation and improve the sensitivity,896

especially under the full program.897
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limited at
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strong correlation between the parameters could be to include889
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-. Analyzed dominant processes for Ecm of 250 & 500GeV.

12

 [GeV]ZE
0 20 40 60 80 100 120 140 160

E
v
en

ts
/0

.5

10

210

310

410

510 )bb→H(Hqq
h_f2
sl_f4
h_f4

Bkg higgs

-1
=250fbint=250GeV. Ls)bb→H(Hqq→

-e+e

 [GeV]ZM
0 20 40 60 80 100 120

E
v
en

ts
/0

.5

10

210

310

410

510 )bb→H(Hqq
h_f2
sl_f4
h_f4

Bkg higgs

-1
=250fbint=250GeV. Ls)bb→H(Hqq→

-e+e

Sum of b-tag (Higgs-jets)
0 0.5 1 1.5 2

E
v
en

ts
/0

.0
2

10

210

310

410

510
)bb→H(Hqq

h_f2
sl_f4
h_f4

Bkg higgs

-1
=250fbint=250GeV. Ls)bb→H(Hqq→

-e+e

 [GeV]HiggsE
90 100 110 120 130 140 150 160

E
v

en
ts

/0
.8

7
5

0

500

1000
)bb→H(Hqq

h_f2
sl_f4
h_f4

Bkg higgs

-1
=250fbint=250GeV. Ls)bb→H(Hqq→

-e+e

 [GeV]HiggsM
80 90 100 110 120 130 140 150

E
v
en

ts
/1

0

200

400

600

800 )bb→H(Hqq
h_f2
sl_f4
h_f4

Bkg higgs

-1
=250fbint=250GeV. Ls)bb→H(Hqq→

-e+e

Fig. 12. Plots show major observables for the background reduction: (top-left, middle) the energy and the mass of the Z boson (EZ , MZ )
where it must be noticed that the signal statistics is multiplied by 100 to make it visible, (top-right) the sum of b-likeness tagged for the two
jets from the Higgs boson, and (bottom-left, right) the energy and the invariant mass of the Higgs boson (EH , MH ).

p
s =250 GeV with the

beam polarization state of P(e�, e+)=(�80%,+30%) and the integrated luminosity of 250 fb
�1 is assumed.
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Fig. 13. Distributions show MC truth and the reconstructed observables: cos ✓Z , cos ✓⇤f , and ��ff̄ after the background reduction. A blue
line is MC truth, and red and black dots correspond to the signal and all SM backgrounds.
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Fig. 14. (Left) The event acceptance ⌘ on ��ff̄ . The jet charge identification is not implemented so that the sensitivity is 0 to ⇡. (Right)
The migration matrix f̄ on ��ff̄ binned in 30. The large migration effect can be seen due to the detector resolution and miss clustering.

Ssig ≡
Nsig

Nsig + Nbkg
= 72.4

e+e− → Zh → μ+μ−h, e+e−h
e+e− → Zh → qq̄h (h → bb̄)
e+e− → ZZ → e+e−h (h → bb̄)
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Fig. 15. Plots show ��
2 distributions as a function of each anomalous couplings aZ , bZ , and ebZ assuming

p
s =250 GeV with 250 fb

�1

and the beam polarization state of P(e�, e+)=(�80%,+30%). The sensitivity is tested using only the variation of the shape where two-
dimensional distribution of x(cos ✓Z ,��ff̄ ) binned in 10⇥10 is used for µ+

µ
�
H (left) and qq̄H(H ! bb̄) (middle). Similarly, the one

using the variation of normalization only, taking the µ
+
µ
�
H channel as the example.
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process, and the one-dimensional distribution of x(��ff̄ ) binned in 5 for one channel of the ZZ process.
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Fit in three parameters.  
-. Inclusion of the norm. only is color. 
-. Contours include the shape.

-. qqH has significant sensitivity  
     even w/o jet charge identification.  
-. The ZZ-fusion can disentangle the correlation 
    → it gets significant more at 500GeV.

-. The sensitive in ILC full operation  
    500GeV gives better sensitivities, and 
    w/250 GeV squeezes the area more.

has large statistics. e+e− → qq̄h (h → bb̄)
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A and Z are mixing through SU2xU1 gauge symmetry.

2

Higgs condensate is formed. On the other hand, the SM
can not provide candidate particles for the dark matter,
and can not explain the baryon number asymmetry in
our universe, etc... New physics beyond the SM, there-
fore, is needed to answer all of those questions, and a lot
of theories providing us the answer require an extended
Higgs sector featuring several CP-even and -odd Higgs
bosons. The effects of new physics will be inevitably
imprinted in the properties of the Higgs boson, which
are shown in its interactions and couplings to other SM
particles or its CP nature.

At the future International Linear Collider (ILC),
one of the most important goals is precise measure-
ment those properties related to the Higgs boson. Espe-
cially the precise measurement of the Lorentz structure
of the couplings between the Higgs boson and vector
bosons such as the W and the Z boson is a crucial point
to understand the spontaneous symmetry breaking in-
cluding the Higgs mechanism and the CP-properties of
the Higgs boson, therefore its measurement absolutely
could be a compass to the new physics. The non-SM
Higgs couplings to the vector bosons, which are so-called
anomalous V V H couplings, come in through radiative
corrections, and they are expected to be relatively small.
At the ILC, however, even if contributions of the anoma-
lous V V H couplings are quite small, these couplings will
be detected by taking advantage of the cleaner environ-
ment of collisions with well-defined initial state infor-
mation and using the leading Higgs production and de-
cay processes which relate to the V V H vertices. There
are actually several studies on the anomalous V V H
couplings [3–5] assuming a future e+e− linear collider.
However, results we produce through this paper is the
sensitivity to the anomalous couplings evaluated based
on full detector simulation of a realistic detector model
of the ILC experiment, where background contributions
are also taken into account.

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

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

II. EFFECTIVE FIELD THEORY AND
PARAMETERIZATION OF ZZH COUPLINGS

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

L = LSM + Leff (1)

Leff =
∑

i

∑

n≥

fi
Λn−4

O(n)
i (2)

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

LZZH =M2
Z

(1
v
+

aZ
Λ

)
ZµZ

µH

+
bZ
2Λ

ẐµνẐ
µνH +

b̃Z
2Λ

Ẑµν
˜̂Z
µν

H

(3)

the H appearing in the first and second terms of the
equation corresponds to the scalar Higgs boson, and
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FIG. 26. Plots show the contours projected onto the aZ-bZ parameter space, which correspond to bounds of ∆χ2 = 1 as the
sensitivity to the anomalous ZZH couplings. The contours are given with individual channels and combined one under the
assumption of the H20 scenario: (left)

√
s =250 GeV with 2 ab−1, (middle)

√
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full hadronic decay of the ZH → qq̄ZZ∗ process and859

remaining events could be around 3000 under the as-860

sumption of the H20 scenario and selection efficiency of861

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

because of a full hadronic environment, and most of the863

angular information could be lost. Leptonic channels864

might have clear information, but expected remaining865

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

to give further improvement of the sensitivity.867

C. Sensitivity to anomalous γZH couplings868

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

exchange of the Z boson. The ZH diagram conducted870

by an exchange of a photon and direct γZH couplings871

can be imagined although it is completely forbidden at872

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

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

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

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

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

the anomalous ZZH couplings are assumed to exist as878

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

called the anomalous γZH couplings, must be possible880

to exist, thus one must consider them in the effective881

Lagrangian.882

The sensitivity to the anomalous γZH couplings that883

the ILC experiment will reach can be also evaluated884

by exploiting two different beam polarization states,885

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

+
L . As886

mentioned above, because of the mixing of the gauge887

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

be disentangled with only one beam polarization state.889

However, utilizing the two beam polarization states and890
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Table 1: The leading-order Higgs unpolarized cross sections for the Higgs-strahlung, WW-fusion, and ZZ-
fusion processes for mH = 125 GeV at the three center-of-mass energies discussed in this document. The
quoted cross sections include the effects of ISR but do not include the effects of beamstrahlung. Also listed
are the numbers of expected events including the effects of beamstrahlung and ISR.

350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1500 fb�1 2000 fb�1

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

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

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

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

In addition to high cross section processes, an access is provided to top Yukawa coupling and
trilinear Higgs self-coupling through the e
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� ! tt̄H and e
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� ! HHnen̄e processes, shown in

Figure 2.
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Figure 2: Rare processes at CLIC involving, from left to right, the top Yukawa coupling gttH , the Higgs
boson trilinear self-coupling l and the quartic coupling gHHWW .
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FIG. 27. Vertices of the ZZH and the γZH on the ZH
process, and given parameters for describing both contribu-
tions.

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

handed and right-handed fermions in the same way892

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

couples to the left-handed fermions only through the894

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

entangled.896

To include the anomalous γZH couplings, we re-897

placed our first parameterization of the anomalous898

ZZH couplings in Eq. (3) with new parameterization899

composed of both of the anomalous ZZH and γZH900

couplings. The parameters bZ and b̃Z are replaced with901

dimensionless parameters ζZZ and ζ̃ZZ , then additional902

dimensionless parameters ζAZ and ζ̃AZ which are de-903

scribing the anomalous γZH couplings are introduced904

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

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

describing both of the anomalous ZZH and γZH cou-907

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

ζZZ =
v

Λ
bZ , ζ̃ZZ =

v

Λ
b̃Z (12)

21

However, the H ! ZZ
⇤ is not considered in the study be-898

cause of the following reasons. The usage of the normaliza-899

tion gives the theoretical ambiguity for the branching ration900

and full width and it could break the model independence of901

the current estimation. The full hadronic decay channel of902

ZZ
⇤ in the ZH ! qq̄ZZ

⇤ process has a statistically advan-903

tage in extracting the shape, nevertheless, the huge migration904

effect due to six-jet multiplicity could be observed and most905

of the shape information could be lost. The leptonic channels906

might have no migration, however, the expected remaining907

signal events might not be sufficient to further improve the908

sensitivity to the anomalous couplings.909

D. Sensitivity to the anomalous �ZH couplings910

The e
+
e
�

! ZH process is conducted by a s-channel ex-911

change of the Z boson. Another ZH diagram exchanged by a912

photon, �ZH couplings, can be assumed, which is completely913

forbidden at tree level since the H boson does not have inter-914

action via an electric charge, and allowed to include as loop915

corrections caused with charged particles. In the SM frame-916

work, the field of the photon A
µ and Z boson Z

µ are mixing917

through the gauge fields B
µ and W

µ

3 that are generated by918

the SU(2)L ⌦ U(1)Y gauge symmetry. Once the anomalous919

ZZH couplings are assumed to exist as the loop corrections920

of the SM, the �ZH couplings must be possible to exist as921

anomalies. Thus, one must consider these contributions in922

the effective Lagrangian. The sensitivity to the anomalous923

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

1.3 Higgs Production at the ILC

The cross section of the Higgs production as a function of
p

s is shown in Figure 1.3.1.
The major diagrams of Higgs production are shown in Figure 1.3.2.

Figure 1.3.1: Cross sections of Higgs production processes as a function of
p

s [25]. A
Higgs mass of 125 GeV and a beam polarization combination of P (e�, e+) = (�0.8, +0.3)
are assumed in this plot.

Figure 1.3.2: The diagrams of Higgs production processes. Left: e+e�
! Zh (Higgs-

strahlung), middle: e+e�
! �e�eh (WW -fusion), right: e+e�

! e+e�h (ZZ-fusion).

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

p
s = 250 GeV, while the contributions

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

s =
500 GeV, the WW -fusion process is the most dominant Higgs production process.
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924

925

�ZH couplings that the ILC could reach can be also esti-926

mated by exploiting two different beam polarization states:927

left-handed and right-handed. As mentioned above, because928

of the mixing of the gauge fields B
µ and W

µ

3 , interference929

of both fields can not be disentangled with only one beam930

polarization state. However, utilizing the two beam polar-931

ization states and the fact that the gauge field of B
µ couples932

to both left-handed and right-handed fermions in the same933

way through the U(1)Y gauge symmetry and the field of W
µ

3934

couples to the left-handed fermions only through the SU(2)L935

gauge symmetry, the interference must be disentangled.936

In order to include the anomalous �ZH couplings into937

the effective Lagrangian, the first ab parameterization of the938

anomalous ZZH couplings in Eq. (2) is replaced with new939

parameterization that is composed of both of the ZZH and940

�ZH couplings. The parameters bZ and ebZ are replaced by941

introducing dimensionless parameters ⇣ZZ and e⇣ZZ . In addi-942

tion, new dimensionless parameters ⇣AZ and e⇣AZ describing943

the anomalous �ZH couplings are also introduced into the944

Lagrangian as illustrated in Fig. 23. The definition of new pa-945

rameters are given in Eq. (11), and new effective Lagrangian946

describing both ZZH and �ZH couplings can be redefined947

with Eq. (12).948

⌘Z =
v

⇤
aZ , ⇣ZZ =

v

⇤
bZ , e⇣ZZ =

v

⇤

ebZ (11)949

950

LZZH+�ZH = M
2
Z

1

v

⇣
1 + ⌘Z

⌘
Z
µ
Z

µ
H

+
⇣ZZ

2v
Zµ⌫Z

µ⌫
H +

⇣AZ

v
Aµ⌫Z

µ⌫
H

+

e⇣ZZ

2v
Zµ⌫

eZµ⌫
H +

e⇣AZ

v
Aµ⌫

eZµ⌫
H

(12)951

where v and ⇤ denote the vacuum expectation value and the952

new physics scale, which are 246 GeV and 1 TeV. Âµ⌫ repre-953

sents the field strength of the photon.954

Each parameter for both ZZH and �ZH couplings can be955

estimated by connecting the first parameterization with the956

new one and considering the two different beam polariza-957

tion states. To clarify the relation of both of the parame-958

terization, theoretical calculation for connecting each coeffi-959

cient affected by each parameter was carried out using PHYS-960

SIM while taking relative difference of the production cross-961

section �BSM/�SM . The given coefficients for connecting962

between the two parameterization at the
p

s=250 GeV case963

are as follows,964

(
e
�
L

e
+
R

: 1 + 5.70 ⇣ZZ + 7.70 ⇣AZ = 1 + 5.70 b
e
�
L e

+
R

Z

e
�
R

e
+
L

: 1 + 5.70 ⇣ZZ � 9.05 ⇣AZ = 1 + 5.70 b
e
�
Re

+
L

Z

(13)965

(
⇣ZZ = 0.54 b

e
�
L e

+
R

Z
+ 0.46 b

e
�
Re

+
L

Z

⇣AZ = 0.34 b
e
�
L e

+
R

Z
� 0.34 b

e
�
Re

+
L

Z

(14)966
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cause of the following reasons. The usage of the normaliza-899

tion gives the theoretical ambiguity for the branching ration900

and full width and it could break the model independence of901

the current estimation. The full hadronic decay channel of902
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⇤ in the ZH ! qq̄ZZ
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tage in extracting the shape, nevertheless, the huge migration904

effect due to six-jet multiplicity could be observed and most905

of the shape information could be lost. The leptonic channels906

might have no migration, however, the expected remaining907

signal events might not be sufficient to further improve the908
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of the SM, the �ZH couplings must be possible to exist as921

anomalies. Thus, one must consider these contributions in922

the effective Lagrangian. The sensitivity to the anomalous923

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

1.3 Higgs Production at the ILC

The cross section of the Higgs production as a function of
p

s is shown in Figure 1.3.1.
The major diagrams of Higgs production are shown in Figure 1.3.2.

Figure 1.3.1: Cross sections of Higgs production processes as a function of
p

s [25]. A
Higgs mass of 125 GeV and a beam polarization combination of P (e�, e+) = (�0.8, +0.3)
are assumed in this plot.

Figure 1.3.2: The diagrams of Higgs production processes. Left: e+e�
! Zh (Higgs-

strahlung), middle: e+e�
! �e�eh (WW -fusion), right: e+e�

! e+e�h (ZZ-fusion).

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

p
s = 250 GeV, while the contributions

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

s =
500 GeV, the WW -fusion process is the most dominant Higgs production process.
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given parameters ⇣ZZ and ⇣AZ are describing both contributions.
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�ZH couplings that the ILC could reach can be also esti-926

mated by exploiting two different beam polarization states:927

left-handed and right-handed. As mentioned above, because928

of the mixing of the gauge fields B
µ and W

µ

3 , interference929

of both fields can not be disentangled with only one beam930

polarization state. However, utilizing the two beam polar-931

ization states and the fact that the gauge field of B
µ couples932

to both left-handed and right-handed fermions in the same933

way through the U(1)Y gauge symmetry and the field of W
µ

3934

couples to the left-handed fermions only through the SU(2)L935

gauge symmetry, the interference must be disentangled.936

In order to include the anomalous �ZH couplings into937

the effective Lagrangian, the first ab parameterization of the938

anomalous ZZH couplings in Eq. (2) is replaced with new939

parameterization that is composed of both of the ZZH and940

�ZH couplings. The parameters bZ and ebZ are replaced by941

introducing dimensionless parameters ⇣ZZ and e⇣ZZ . In addi-942

tion, new dimensionless parameters ⇣AZ and e⇣AZ describing943

the anomalous �ZH couplings are also introduced into the944

Lagrangian as illustrated in Fig. 23. The definition of new pa-945

rameters are given in Eq. (11), and new effective Lagrangian946

describing both ZZH and �ZH couplings can be redefined947

with Eq. (12).948
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where v and ⇤ denote the vacuum expectation value and the952

new physics scale, which are 246 GeV and 1 TeV. Âµ⌫ repre-953

sents the field strength of the photon.954

Each parameter for both ZZH and �ZH couplings can be955

estimated by connecting the first parameterization with the956

new one and considering the two different beam polariza-957

tion states. To clarify the relation of both of the parame-958

terization, theoretical calculation for connecting each coeffi-959

cient affected by each parameter was carried out using PHYS-960

SIM while taking relative difference of the production cross-961

section �BSM/�SM . The given coefficients for connecting962

between the two parameterization at the
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However, the H ! ZZ
⇤ is not considered in the study be-898

cause of the following reasons. The usage of the normaliza-899

tion gives the theoretical ambiguity for the branching ration900

and full width and it could break the model independence of901

the current estimation. The full hadronic decay channel of902

ZZ
⇤ in the ZH ! qq̄ZZ

⇤ process has a statistically advan-903

tage in extracting the shape, nevertheless, the huge migration904

effect due to six-jet multiplicity could be observed and most905

of the shape information could be lost. The leptonic channels906

might have no migration, however, the expected remaining907

signal events might not be sufficient to further improve the908

sensitivity to the anomalous couplings.909

D. Sensitivity to the anomalous �ZH couplings910

The e
+
e
�

! ZH process is conducted by a s-channel ex-911

change of the Z boson. Another ZH diagram exchanged by a912

photon, �ZH couplings, can be assumed, which is completely913

forbidden at tree level since the H boson does not have inter-914

action via an electric charge, and allowed to include as loop915

corrections caused with charged particles. In the SM frame-916

work, the field of the photon A
µ and Z boson Z

µ are mixing917

through the gauge fields B
µ and W

µ

3 that are generated by918

the SU(2)L ⌦ U(1)Y gauge symmetry. Once the anomalous919

ZZH couplings are assumed to exist as the loop corrections920

of the SM, the �ZH couplings must be possible to exist as921

anomalies. Thus, one must consider these contributions in922

the effective Lagrangian. The sensitivity to the anomalous923

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

1.3 Higgs Production at the ILC

The cross section of the Higgs production as a function of
p

s is shown in Figure 1.3.1.
The major diagrams of Higgs production are shown in Figure 1.3.2.

Figure 1.3.1: Cross sections of Higgs production processes as a function of
p

s [25]. A
Higgs mass of 125 GeV and a beam polarization combination of P (e�, e+) = (�0.8, +0.3)
are assumed in this plot.

Figure 1.3.2: The diagrams of Higgs production processes. Left: e+e�
! Zh (Higgs-

strahlung), middle: e+e�
! �e�eh (WW -fusion), right: e+e�

! e+e�h (ZZ-fusion).

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

p
s = 250 GeV, while the contributions

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

s =
500 GeV, the WW -fusion process is the most dominant Higgs production process.
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mated by exploiting two different beam polarization states:927

left-handed and right-handed. As mentioned above, because928

of the mixing of the gauge fields B
µ and W

µ

3 , interference929

of both fields can not be disentangled with only one beam930

polarization state. However, utilizing the two beam polar-931

ization states and the fact that the gauge field of B
µ couples932

to both left-handed and right-handed fermions in the same933

way through the U(1)Y gauge symmetry and the field of W
µ

3934

couples to the left-handed fermions only through the SU(2)L935

gauge symmetry, the interference must be disentangled.936

In order to include the anomalous �ZH couplings into937

the effective Lagrangian, the first ab parameterization of the938

anomalous ZZH couplings in Eq. (2) is replaced with new939

parameterization that is composed of both of the ZZH and940

�ZH couplings. The parameters bZ and ebZ are replaced by941
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where v and ⇤ denote the vacuum expectation value and the952

new physics scale, which are 246 GeV and 1 TeV. Âµ⌫ repre-953

sents the field strength of the photon.954

Each parameter for both ZZH and �ZH couplings can be955

estimated by connecting the first parameterization with the956

new one and considering the two different beam polariza-957

tion states. To clarify the relation of both of the parame-958

terization, theoretical calculation for connecting each coeffi-959

cient affected by each parameter was carried out using PHYS-960

SIM while taking relative difference of the production cross-961
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To connect both parametrizations, the different beam 
polarization state LR and RL are connected based on  
the cross section calculation. (Based on PHYSSIM)
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Figure 78: (Upper): The color maps give the ∆χ2 after 5 parameters fit, which are projected onto
several parameter spaces as examples. (Middle) The distributions show the ∆χ2 distributions pro-
jected onto each parameter axis. The variation of the cross-section and the three-dimensional dis-
tributions x(cos θZ , cos θ∗f ,∆Φff̄ ) binned in 5×5×5 and the one-dimensional distribution x(∆Φff̄ )
binned in 5 respectively for three channels of the Zh and one channel of the ZZ processes are
used. (Lower) The given values correspond 1σ bounds as the sensitivities to each anomalous ZZH
and γZH couplings. Since the aZ , bZ , and b̃Z parameters directly used, it is necessary to convert
them by a factor of Λ/v = 4.065.
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However, the H ! ZZ
⇤ is not considered in the study be-898

cause of the following reasons. The usage of the normaliza-899

tion gives the theoretical ambiguity for the branching ration900

and full width and it could break the model independence of901

the current estimation. The full hadronic decay channel of902

ZZ
⇤ in the ZH ! qq̄ZZ

⇤ process has a statistically advan-903

tage in extracting the shape, nevertheless, the huge migration904

effect due to six-jet multiplicity could be observed and most905

of the shape information could be lost. The leptonic channels906

might have no migration, however, the expected remaining907

signal events might not be sufficient to further improve the908

sensitivity to the anomalous couplings.909

D. Sensitivity to the anomalous �ZH couplings910

The e
+
e
�

! ZH process is conducted by a s-channel ex-911

change of the Z boson. Another ZH diagram exchanged by a912

photon, �ZH couplings, can be assumed, which is completely913

forbidden at tree level since the H boson does not have inter-914

action via an electric charge, and allowed to include as loop915

corrections caused with charged particles. In the SM frame-916

work, the field of the photon A
µ and Z boson Z

µ are mixing917

through the gauge fields B
µ and W

µ

3 that are generated by918

the SU(2)L ⌦ U(1)Y gauge symmetry. Once the anomalous919

ZZH couplings are assumed to exist as the loop corrections920

of the SM, the �ZH couplings must be possible to exist as921

anomalies. Thus, one must consider these contributions in922

the effective Lagrangian. The sensitivity to the anomalous923

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

1.3 Higgs Production at the ILC

The cross section of the Higgs production as a function of
p

s is shown in Figure 1.3.1.
The major diagrams of Higgs production are shown in Figure 1.3.2.

Figure 1.3.1: Cross sections of Higgs production processes as a function of
p

s [25]. A
Higgs mass of 125 GeV and a beam polarization combination of P (e�, e+) = (�0.8, +0.3)
are assumed in this plot.

Figure 1.3.2: The diagrams of Higgs production processes. Left: e+e�
! Zh (Higgs-

strahlung), middle: e+e�
! �e�eh (WW -fusion), right: e+e�

! e+e�h (ZZ-fusion).

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

p
s = 250 GeV, while the contributions

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

s =
500 GeV, the WW -fusion process is the most dominant Higgs production process.
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way through the U(1)Y gauge symmetry and the field of W
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couples to the left-handed fermions only through the SU(2)L935

gauge symmetry, the interference must be disentangled.936

In order to include the anomalous �ZH couplings into937

the effective Lagrangian, the first ab parameterization of the938
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�ZH couplings. The parameters bZ and ebZ are replaced by941
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where v and ⇤ denote the vacuum expectation value and the952
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→ Beam polarization can disentangle 
     ZZH and ZγH by employing the  
     characteristic of B and  W3

/γ
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e+e− → WW → νeν̄eh (h → bb̄)

e+e− → Zh → qq̄h (h → WW* → qq̄lν̄ or 4q)
e+e− → Zh → νν̄h (h → WW* → 4q)

e+e− → WW → νeν̄eh (h → WW → 4q)

the shape from Zh (dominated by qqlv)  
  can squeeze the parameter space.

e+e− → WW → νeν̄eh (h → bb̄)

-. Analyzed dominant processes for Ecm of 250 & 500GeV.
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-. Contours include the shape.
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FIG. 8. Plots show major observables for the background reduction: (top-left) the energy of the Z boson (EZ), (top-right)
the mass of the Z boson (MZ), (bottom-left) Evis−EZ , and (bottom-right) the subtracted energy (Evis−EZ), and (bottom-
right) the recoil mass of the Z boson.

√
s =250 GeV with the beam polarization state of P(e−, e+)=(−80%,+30%) and the

integrated luminosity of 250 fb−1 is assumed.
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FIG. 9. (Left) The event acceptance η on ∆Φff̄ . The clear dips at 0, π, and 2π are shown due to the missing final state
muons that fly along the beam pipe. (Right) The migration matrix f̄ on ∆Φff̄ binned in 30. The migration effect is almost
nothing because of the clear reaction of the process.
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ζWW , ζ̃WW ,

e+e− → WW → νeν̄eh (h → bb̄)
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2. Considering contribution of the anom-ZZH couplings387

As clearly shown in Fig. 11, the large number of s-388

channel νν̄H events remains and overlaps with the sig-389

nal. Since the s-channel νν̄h could be varied due to390

existence of anomalous ZZH, its shape and normaliza-391

tion change depending on the magnitude of ZZH. To392

consider the effects of the variation of them due to the393

anomalous ZZH couplings, the chi-squared formula is394

expanded so as to include those variations, which is re-395

defined as follows,396

χ2
total =

n∑

j

[
S(t)
SM(xi)·f (t)Det

ji − S(t)
BSM(xi;#aW)·f (t)Det

ji + S(s)
SM(xi)·f (s)Det

ji − S(s)
BSM(xi;#aZ)·f (s)Det

ji

∆nobs
SM(xj)

]2

+

[
N (t)

SM −N (t)
BSM(#aW) +N (s)

SM −N (s)
BSM(#aZ)

δσ(t)
νν̄H ·N (t)

SM

]2

+ #a T
Z (C250GeV

ZZH )−1 #aZ

where n is the number of bins. The shape denoted397

by S with superscript letters of (t) and (s) which show398

the t- and s- channel production. S is scaled to the399

expectation400

is given by applying each fji and normalizing as,401

S(t/s)(xi;#aV ) = N (t/s)
SM

n∑

i=1

1

σ(t/s)
νν̄H

dσ(t/s)
νν̄H

dx
(xi;#aV )

The column vector #aV is follows, and the variance-402

covariance matrix CZZH provides error and its correla-403

tions among parameters.404

#a −1
V = (aV , bV , b̃V )

CZZH =




σ2
aZ

ρaZbZσaZσbZ ρaZ b̃Z
σaZσb̃Z

ρaZbZσaZσbZ σ2
bZ

ρbZ b̃Z
σbZσb̃Z

ρaZ b̃Z
σaZσb̃Z

ρbZ b̃Z
σbZσb̃Z

σ2
b̃Z





The first and the second terms in the expanded equa-405

tion are including the variation of the kinematical distri-406

butions and the production cross-section derived from407

the t-channel νν̄H and s-channel νν̄H processes, which408

depend on the anomalous WWH and anomalous ZZH409

couplings, which are represented with the indication of410

(t) and (s) in the formula.411

The variation and the correlations of the anomalous412

ZZH parameters derived from the ZZH in the s-channel413

νν̄H is constrained and are given with a variance-414

covariance matrix denoted by C250GeV
ZZH which is eval-415

uated through the anomalous ZZH studies described in416

the paper, where the index of 250 GeV means the results417

of the 250 GeV case.418

Fig. 15 show contours corresponding to ∆χ2 of 1 and419

4 by the fitting in the 6 anomalous parameters, and its420

one-dimension distribution for each anomalous WWH421

parameter is shown in Fig. 16. It can be seen that there422

is strong correlation along the negative direction of a-423

b. The overall sensitivity gets slightly worse due to the424

variation of the anomalous-ZZH.425

TABLE III. The sensitivities to the anomalous ZZH cou-
plings as the benchmark results.

√
s =250 GeV with

250 fb−1 and 500 GeV with 500 fb−1, and both beam polar-
ization states are assumed. The values correspond to the 1σ
bound.

ZH with P(e−, e+) = both





aW = [−0.983, 0.191]

bW = [−2.808, 0.805]

b̃W = [−1.759, 1.768]

, ρ =




1 0.6365 −0.6687

- 1 −0.4940

- - 1





ZH + ZZ with P(e−, e+) = both





aW = [−1.025, 0.192]

bW = [−2.929, 0.815]

b̃W = [−1.766, 1.774]

aZ = [−0.363, 0.376]

bZ = [−0.134, 0.130]

b̃Z = [−0.065, 0.065]

,

ρ =





1 .6355 −.6652 −.0568 −.0552 −.0430

- 1 −.4873 −.1397 .1398 .0039

- - 1 −.0129 .0130 .0009

- - - 1 −.9997 −.0154

- - - - 1 .0293

- - - - - 1




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FIG. 8. Plots show major observables for the background reduction: (top-left) the energy of the Z boson (EZ), (top-right)
the mass of the Z boson (MZ), (bottom-left) Evis−EZ , and (bottom-right) the subtracted energy (Evis−EZ), and (bottom-
right) the recoil mass of the Z boson.

√
s =250 GeV with the beam polarization state of P(e−, e+)=(−80%,+30%) and the

integrated luminosity of 250 fb−1 is assumed.
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FIG. 9. (Left) The event acceptance η on ∆Φff̄ . The clear dips at 0, π, and 2π are shown due to the missing final state
muons that fly along the beam pipe. (Right) The migration matrix f̄ on ∆Φff̄ binned in 30. The migration effect is almost
nothing because of the clear reaction of the process.
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nothing because of the clear reaction of the process.
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However, the H ! ZZ
⇤ is not considered in the study be-898

cause of the following reasons. The usage of the normaliza-899

tion gives the theoretical ambiguity for the branching ration900

and full width and it could break the model independence of901

the current estimation. The full hadronic decay channel of902

ZZ
⇤ in the ZH ! qq̄ZZ

⇤ process has a statistically advan-903

tage in extracting the shape, nevertheless, the huge migration904

effect due to six-jet multiplicity could be observed and most905

of the shape information could be lost. The leptonic channels906

might have no migration, however, the expected remaining907

signal events might not be sufficient to further improve the908

sensitivity to the anomalous couplings.909

D. Sensitivity to the anomalous �ZH couplings910

The e
+
e
�

! ZH process is conducted by a s-channel ex-911

change of the Z boson. Another ZH diagram exchanged by a912

photon, �ZH couplings, can be assumed, which is completely913

forbidden at tree level since the H boson does not have inter-914

action via an electric charge, and allowed to include as loop915

corrections caused with charged particles. In the SM frame-916

work, the field of the photon A
µ and Z boson Z

µ are mixing917

through the gauge fields B
µ and W

µ

3 that are generated by918

the SU(2)L ⌦ U(1)Y gauge symmetry. Once the anomalous919

ZZH couplings are assumed to exist as the loop corrections920

of the SM, the �ZH couplings must be possible to exist as921

anomalies. Thus, one must consider these contributions in922

the effective Lagrangian. The sensitivity to the anomalous923

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

1.3 Higgs Production at the ILC

The cross section of the Higgs production as a function of
p

s is shown in Figure 1.3.1.
The major diagrams of Higgs production are shown in Figure 1.3.2.

Figure 1.3.1: Cross sections of Higgs production processes as a function of
p

s [25]. A
Higgs mass of 125 GeV and a beam polarization combination of P (e�, e+) = (�0.8, +0.3)
are assumed in this plot.

Figure 1.3.2: The diagrams of Higgs production processes. Left: e+e�
! Zh (Higgs-

strahlung), middle: e+e�
! �e�eh (WW -fusion), right: e+e�

! e+e�h (ZZ-fusion).

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

p
s = 250 GeV, while the contributions

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

s =
500 GeV, the WW -fusion process is the most dominant Higgs production process.
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Fig. 23. Vertices of the ZZH and the �ZH on the ZH process. The
given parameters ⇣ZZ and ⇣AZ are describing both contributions.

924

925

�ZH couplings that the ILC could reach can be also esti-926

mated by exploiting two different beam polarization states:927

left-handed and right-handed. As mentioned above, because928

of the mixing of the gauge fields B
µ and W

µ

3 , interference929

of both fields can not be disentangled with only one beam930

polarization state. However, utilizing the two beam polar-931

ization states and the fact that the gauge field of B
µ couples932

to both left-handed and right-handed fermions in the same933

way through the U(1)Y gauge symmetry and the field of W
µ

3934

couples to the left-handed fermions only through the SU(2)L935

gauge symmetry, the interference must be disentangled.936

In order to include the anomalous �ZH couplings into937

the effective Lagrangian, the first ab parameterization of the938

anomalous ZZH couplings in Eq. (2) is replaced with new939

parameterization that is composed of both of the ZZH and940

�ZH couplings. The parameters bZ and ebZ are replaced by941

introducing dimensionless parameters ⇣ZZ and e⇣ZZ . In addi-942

tion, new dimensionless parameters ⇣AZ and e⇣AZ describing943

the anomalous �ZH couplings are also introduced into the944

Lagrangian as illustrated in Fig. 23. The definition of new pa-945

rameters are given in Eq. (11), and new effective Lagrangian946

describing both ZZH and �ZH couplings can be redefined947

with Eq. (12).948

⌘Z =
v

⇤
aZ , ⇣ZZ =

v

⇤
bZ , e⇣ZZ =

v

⇤

ebZ (11)949

950

LZZH+�ZH = M
2
Z

1

v

⇣
1 + ⌘Z

⌘
Z
µ
Z

µ
H

+
⇣ZZ

2v
Zµ⌫Z

µ⌫
H +

⇣AZ

v
Aµ⌫Z

µ⌫
H

+

e⇣ZZ

2v
Zµ⌫

eZµ⌫
H +

e⇣AZ

v
Aµ⌫

eZµ⌫
H

(12)951

where v and ⇤ denote the vacuum expectation value and the952

new physics scale, which are 246 GeV and 1 TeV. Âµ⌫ repre-953

sents the field strength of the photon.954

Each parameter for both ZZH and �ZH couplings can be955

estimated by connecting the first parameterization with the956

new one and considering the two different beam polariza-957

tion states. To clarify the relation of both of the parame-958

terization, theoretical calculation for connecting each coeffi-959

cient affected by each parameter was carried out using PHYS-960

SIM while taking relative difference of the production cross-961

section �BSM/�SM . The given coefficients for connecting962

between the two parameterization at the
p

s=250 GeV case963

are as follows,964

(
e
�
L

e
+
R

: 1 + 5.70 ⇣ZZ + 7.70 ⇣AZ = 1 + 5.70 b
e
�
L e

+
R

Z

e
�
R

e
+
L

: 1 + 5.70 ⇣ZZ � 9.05 ⇣AZ = 1 + 5.70 b
e
�
Re

+
L

Z

(13)965

(
⇣ZZ = 0.54 b

e
�
L e

+
R

Z
+ 0.46 b

e
�
Re

+
L

Z

⇣AZ = 0.34 b
e
�
L e

+
R

Z
� 0.34 b

e
�
Re

+
L

Z

(14)966

Remains the large num. of s-ch 
ZH (ZZH vertex) that changes 
the shape 

s-cht-ch

e+e− → WW → νeν̄eh (h → bb̄)

e+e− → Zh → qq̄h (h → WW* → qq̄lν̄/4q)
e+e− → WW → νeν̄eh (h → WW → 4q)

-. Analyzed dominant processes for Ecm of 250 & 500GeV.

e+e− → Zh → νν̄h (h → WW* → 4q)

ZZH constraints 
covariance matrix 

0.4< 0.2< 0 0.2 0.4
  Wb

0.2<

0.1<

0

0.1

0.2

   
Wa

=1 bounds2r6

SM

WW+Shape(ZH) 250GeV

WW+Shape(ZH) 500GeV

WW+Shape(ZH) 250+500GeV

)=(-80%,+30%) and (+80%,-30%)+,e<=H20,    P(eintL

+ ⃗a T
Z (C25GeV

ZZH )−1 ⃗a Z
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




aW = [−0.983, 0.191]

bW = [−2.808, 0.805]

b̃W = [−1.759, 1.768]

, ρ =




1 0.6365 −0.6687

- 1 −0.4940

- - 1





√
s = 250 GeV with

∫
Ldt = 250 fb−1 and P(e−, e+) = (−80%,+30%)

w/ ZZH contributions





aW = [−1.025, 0.192]

bW = [−2.929, 0.815]

b̃W = [−1.766, 1.774]

aZ = [−0.363, 0.376]

bZ = [−0.134, 0.130]

b̃Z = [−0.065, 0.065]

, ρ =





1 .6355 −.6652 −.0568 −.0552 −.0430

- 1 −.4873 −.1397 .1398 .0039

- - 1 −.0129 .0130 .0009

- - - 1 −.9997 −.0154

- - - - 1 .0293
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



Figure 88: Upper plots show contours projected onto the two-dimensional parameter spaces aW -
bW , aW -b̃W , and bW -b̃W with the simultaneous minimization, which correspond to the 1σ and 2σ
sensitivity to the anomalous WWH couplings at

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

polarization of P(e−, e+)= (-80%,+30%) . Middle plots are ∆χ2 distributions as a function of each
parameter space of the anomalous couplings aW , bW , and b̃W . Both of the information: the shape
of the three-dimensional distribution of x(cos θh, Ph, cosφh) binned 5×5×5 and the production
cross-section are combined. Lower values give the 1σ bounds for each anomalous parameter aW ,
bW , and b̃W and correlation matrix indicating correlation coefficients between the parameters.
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-. The sensitive in ILC full operation  
    500GeV gives better sensitivities 
    w/250 GeV squeezes the area more.

w/ZZH variation

ζWW , ζ̃WW ,



14Constraints on VVH

-. The constraints for each VVH structure at the ILC are given. 
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7 ANALYSIS ON THE ANOMALOUS WWH COUPLINGS

With ILC full operation :

Assuming the ILC full operation, where the total luminosities of 2 ab−1 and 4 ab−1 are accumulated
for

√
s =250 and 500 GeV, respectively. Approximately 67.5 % and 22.5 % out of the integrated

luminosity of 2 ab−1 are assigned for both of the beam polarization at
√
s=250 GeV, whereas 40 %

out of the 4 ab−1 are assigned for both polarization at
√
s=500 GeV. The achievable sensitivities

are given below.





ηW = [−0.0080, 0.0045]
ζWW = [−0.0172, 0.0088]

ζ̃WW = [−0.0429, 0.0438]
ηZ = ±0.0054
ζZZ = ±0.0016
ζAZ = ±0.0010

ζ̃ZZ = ±0.0027

ζ̃AZ = ±0.0003

,

ρ =





1 0.4071 −0.0546 −0.0148 −0.0773 0.006 −0.0004 −0.0016
- 1 −0.0833 −0.0076 0.0005 0.010 −3.6 · 10−6 4.8 · 10−7

- - 1 0.0024 −0.0010 0.0007 3.4 · 10−5 6.8 · 10−6

- - - 1 −0.8523 −0.1888 −0.0115 −0.0115
- - - - 1 0.0829 0.0103 0.0140
- - - - - 1 0.0066 −0.0001
- - - - - - 1 0.6000
- - - - - - - 1




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Figure 80: (Upper): The color maps give the ∆χ2 after 5 parameters fit, which are projected onto
several parameter spaces as examples. (Middle) The distributions show the ∆χ2 distributions pro-
jected onto each parameter axis. The variation of the cross-section and the three-dimensional dis-
tributions x(cos θZ , cos θ∗f ,∆Φff̄ ) binned in 5×5×5 and the one-dimensional distribution x(∆Φff̄ )
binned in 5 respectively for three channels of the Zh and one channel of the ZZ processes are
used. (Lower) The given values correspond 1σ bounds as the sensitivities to each anomalous ZZH
and γZH couplings. Since the aZ , bZ , and b̃Z parameters directly used, it is necessary to convert
them by a factor of Λ/v = 4.065.
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(ηZ = v
Λ aZ, ζZZ = v

Λ bZ : Λ /v = 4.065)

1 sigma bounds based on the studyΔℒh = − ηhλ0v0h3 + θh
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μνŴ−μν

+ 1
2 (ζAA

h
v0

+ 1
2 ζ2A

h2

v2
0 ) ̂Aμν ̂Aμν + (ζAZ

h
v0

+ ζ2AZ
h2

v2
0 ) ̂Aμν ̂Zμν

+ 1
2 (ζ̃ZZ

h
v0

+ 1
2 ζ̃2Z

h2

v2
0 ) ̂Zμν

̂̃Zμν + (ζ̃WW
h
v0

+ 1
2 ζ̃2W

h2

v2
0 ) Ŵ+
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T. Barklow et al.,   
PRD 97, 053004 (2018) 

(Higgs)

(same structure with the SM)

(new tensor structures)

ILC operation scenario 
of ~ 20 years 
            ↑  



15Constraints on VVH, and comparison with HL-LHC

ATLAS (arXiv:1712.02304v2)  VVH using 36.1 fb-1 
ATLAS-CONF-2019-029  VVH in SMEFT with 139 fb-1
CMS (arXiv:2104.12152v1) VVH in SMEFT with 137 fb-1
         The latest one provides constraints for C:Wilson coefficients.
         Interpretation of C to C at the ILC is ongoing.

   assumes  [-0.6, 4.2]  → (3000 fb-1) = [−0.06, 0.46]
   assumes  [-4.4, 4.4]  → (3000 fb-1) = [−0.48, 0.48]

κHVV
κAVV

κHZZ = 8.1ζZZ

   assumes  ± 0.026 @ ILC H20
   assumes  ± 0.044 @ ILC H20

κHVV
κAVV

-. ATLAS and CMS report the sensitivity to the VVH couplings.

ILC can give good synergy to HL-LHC results.

Table 10: Expected and observed confidence intervals at 95% CL on the Agg, HVV and AVV coupling parameters,
their best-fit values and corresponding compatibility with the SM expectation, as obtained from the negative log-
likelihood scans performed with 36.1 fb�1 of data at

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

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

BSM coupling Fit Expected Observed Best-fit Best-fit Deviation
BSM configuration conf. inter. conf. inter. ̂BSM ̂SM from SM
Agg (Hgg = 1, SM = 1) [�0.47, 0.47] [�0.68, 0.68] ±0.43 - 1.8�
HVV (Hgg = 1, SM = 1) [�2.9, 3.2] [0.8, 4.5] 2.9 - 2.3�
HVV (Hgg = 1, SM free) [�3.1, 4.0] [�0.6, 4.2] 2.2 1.2 1.7�
AVV (Hgg = 1, SM = 1) [�3.5, 3.5] [�5.2, 5.2] ±2.9 - 1.4�
AVV (Hgg = 1, SM free) [�4.0, 4.0] [�4.4, 4.4] ±1.5 1.2 0.5�

9.2 Tensor structure of Higgs boson couplings to vector bosons

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

L(Æ, Æ✓) =
Ncategories÷

j

P
�
Nj |S(Æ)

j
(Æ✓) + Bj(Æ✓)

�
⇥

Nnuisance÷
m

Cm(Æ✓) ,

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

(Æ)
j
(Æ✓) is parameterized in terms of the SM and BSM couplings

using the signal modelling described in Section 6, while the expected background event yields Bj(Æ✓) are
given by the background estimates detailed in Section 7. As in the case of the cross-section measurements,
the test statistic is based on a profile likelihood ratio,

q = �2 ln
L(Æ,

ˆ̂Æ✓(Æ))

L( Æ̂, Æ̂✓( Æ̂))
= �2 ln �(Æ) ,

with the conditional and the unconditional maximum-likelihood estimators in the numerator and the
denominator, respectively. The coupling parameter Agg is measured assuming that all other BSM
couplings are equal to zero. The coupling parameters HVV and AVV are probed both simultaneously
and one at a time assuming that all other BSM couplings vanish. If not stated otherwise, the SM couplings
SM and Hgg described in Section 3.2 are fixed to the SM value of one. The BSM changes in the Higgs
sector are assumed not to a�ect the SM background processes.

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

30

7 ANALYSIS ON THE ANOMALOUS WWH COUPLINGS

With ILC full operation :

Assuming the ILC full operation, where the total luminosities of 2 ab−1 and 4 ab−1 are accumulated
for

√
s =250 and 500 GeV, respectively. Approximately 67.5 % and 22.5 % out of the integrated

luminosity of 2 ab−1 are assigned for both of the beam polarization at
√
s=250 GeV, whereas 40 %

out of the 4 ab−1 are assigned for both polarization at
√
s=500 GeV. The achievable sensitivities

are given below.





ηW = [−0.0080, 0.0045]
ζWW = [−0.0172, 0.0088]

ζ̃WW = [−0.0429, 0.0438]
ηZ = ±0.0054
ζZZ = ±0.0016
ζAZ = ±0.0010

ζ̃ZZ = ±0.0027

ζ̃AZ = ±0.0003

,

ρ =





1 0.4071 −0.0546 −0.0148 −0.0773 0.006 −0.0004 −0.0016
- 1 −0.0833 −0.0076 0.0005 0.010 −3.6 · 10−6 4.8 · 10−7

- - 1 0.0024 −0.0010 0.0007 3.4 · 10−5 6.8 · 10−6

- - - 1 −0.8523 −0.1888 −0.0115 −0.0115
- - - - 1 0.0829 0.0103 0.0140
- - - - - 1 0.0066 −0.0001
- - - - - - 1 0.6000
- - - - - - - 1




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Figure 80: (Upper): The color maps give the ∆χ2 after 5 parameters fit, which are projected onto
several parameter spaces as examples. (Middle) The distributions show the ∆χ2 distributions pro-
jected onto each parameter axis. The variation of the cross-section and the three-dimensional dis-
tributions x(cos θZ , cos θ∗f ,∆Φff̄ ) binned in 5×5×5 and the one-dimensional distribution x(∆Φff̄ )
binned in 5 respectively for three channels of the Zh and one channel of the ZZ processes are
used. (Lower) The given values correspond 1σ bounds as the sensitivities to each anomalous ZZH
and γZH couplings. Since the aZ , bZ , and b̃Z parameters directly used, it is necessary to convert
them by a factor of Λ/v = 4.065.
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(ηZ = v
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1 sigma bounds based on the study
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16Summary

-. In the context of the LHC results as of today,  the energy scale of the BSM is expected to  
    be much higher than the EW scale, where the EFT is valid. 

-. Based on the SMEFT, the model-independent Lagrangian at the ILC is defined, and the sensitivity to  
   the anomalous VVH couplings was tested based on the traditional and robust analysis technique.    
     
-. According to the analysis using all most all of the dominant Higgs production and  
   decay processes,  the sensitivity to anomalous VVH at the ILC could reach about  
   10 times better than that of the HL-LHC. 

   Based on similar analysis method, the CEPC could give similar sensitivity with the ILC.  
   Beam polarization can disentangle ZZH/ZγH at the ILC.  
   But, H→Zγ is also available to access ZγH alternately at CEPC. 

-. New analysis techniques, jet charge and jet flavor identification, have been developed for  
   other physics motivations, which can lead the better sensitivity to the anomalous VVH couplings.



2021/03/18 Matthew Basso (Toronto) 11

Performance: b, c, and g jets

● MVA likely returning b/c-tagger scores – should do just as well or better than 
input BDT scores

● Reasonable discrimination of gluon jets – likely comes from Nparticles input

ILD Preliminary ILD Preliminary ILD Preliminary

17Backup: Potential improvement: jet charge, flavor-tag, ME approach

-. To improve the sensitivity to ZZH, jet charge ID is critical:  
         The current results to ZZH based on qqH uses  of [0- ]  (no jet charge identification) 
-. To improve the sensitivity to WWH, flavor ID is critical:   
         c-tag performance in the study is not good,  is almost no power to improve the sensitivity to WWH

ΔΦ π

ΔΦ

-. Matrix element approach has been also developed aiming for  
     the ultimate sensitivity to the anomalous couplings as ATLAS/CMS does. 

-. Jet charge Measurement has been developed  
    aiming for identification of Kaon for new physics  

A. Irles, 2021/10/06  ILD SW&Ana meeting
27

AFB measurement

►Purity of charge measurement:

● Probability of measuring the charge correctly

● estimated with data: using events with 
compatible or incompatible charge 
measurements

►Using the leading kaons shows a slight decrease 
in purity but still almost at 90%

►With “perfect” dEdx measurement we have 
purities larger than 90%

ILD preliminary  
Please refer to 
Flavor-Tagging of Quark Pairs 
at e+e- Higgs/Top Factories¶
@ Higgs2021 by A. Irles 

Please refer to 
Strange Quark as a Probe for 
New Physics in the Higgs Sector¶
@ Higgs2021  M. Basso

-. c-flavor (even s) identification has been developed  

Strange Quark as a probe  
for new physics in the Higgs Sector 
https://indico.slac.stanford.edu/event/6674/

https://agenda.linearcollider.org/event/9449/%2312-flavor-tagging-of-quark-pai
https://agenda.linearcollider.org/event/9449/%2313-strange-quark-as-a-probe-fo
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○ Dim-6 Effective Field Lagrangian at the ILC

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

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

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

○ Retain model independence

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

○ Treatable 23 parameters

○ Make Z, W and γ relate → Improve precision of Higgs couplings 

17

sumed to be 0 in the SM. The γZH couplings, however,
is possible to appear at higher order in extensions of the
SM, which are called the anomalous γZH couplings.
The sensitivity to the anomalous γZH couplings that
the ILC experiment provides us can be also given based
on two different beam polarization settings. In order

2

ZZ

H　　 H　　

ζAZ   ×  
Z*  γ* 

ζZZ     ×  ＋

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

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

ζZZ =
v

Λ
bZ , ζ̃ZZ =

v

Λ
b̃Z (20)

LV V H =M2
Z

(1
v
+

aZ
Λ

)
ZµZ

µH

+
1

2v
(ζZZẐµνẐ

µν + ζAZÂµνẐ
µν)H

+
1

2v
(ζ̃ZZẐµν

˜̂Z
µν

+ ζ̃AZÂµν
˜̂Z
µν

)H

(21)

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

√
s=250 GeV,

{
e−Le

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

e−Le+R
Z

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

e−Re+L
Z

(22)

{
ζZZ = 0.54 b

e−Le+R
Z + 0.46 b

e−Re+L
Z

ζAZ = 0.34 b
e−L e+R
Z − 0.34 b

e−Re+L
Z

(23)






e−Le
+
R : 1− 1.14

103 ζ̃ZZ − 1.80
103 ζ̃AZ = 1− 1.14

103 b̃
e−L e+R
Z

e−Re
+
L : 1 + 2.40

103 ζ̃ZZ + 1.18
103 ζ̃AZ = 1 + 2.40

103 b̃
e−Re+L
Z

(24)

{
ζ̃ZZ = −0.46 b̃

e−Le+R
Z + 1.46 b̃

e−Re+L
Z

ζ̃AZ = 0.93 b̃
e−Le+R
Z − 0.93 b̃

e−Re+L
Z

(25)

, and for
√
s=500 GeV,

{
e−Le

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

e−L e+R
Z

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

e−Re+L
Z

(26)

{
ζZZ = 0.54 b

e−L e+R
Z + 0.46 b

e−Re+L
Z

ζAZ = 0.306 b
e−Le+R
Z − 0.306 b

e−Re+L
Z

(27)






e−Le
+
R : 1− 6.72

103 ζ̃ZZ − 9.71
103 ζ̃AZ = 1− 6.72

103 b̃
e−L e+R
Z

e−Re
+
L : 1 + 2.42

103 ζ̃ZZ − 6.47
102 ζ̃AZ = 1 + 2.42

103 b̃
e−Re+L
Z

(28)

{
ζ̃ZZ = 0.95 b̃

e−L e+R
Z + 0.051 b̃

e−Re+L
Z

ζ̃AZ = 0.0355 b̃
e−Le+R
Z − 0.0355 b̃

e−Re+L
Z

(29)

where b
e−L e+R
Z and b

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

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

√
s =500 GeV. Values in Table IX

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

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

LSM + Ldim6
eff

Backup: EFT parameters at the ILC 

4) Electroweak precision observables    

1) Higgs-related observables 

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

→ Test new Lorentz structures…

→ Constrain SM parameters …

5) Beam polarizations double the number of observables   

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

2) Observables from angular distributions  

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

→ σ and σ×BR … 
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Higgs Coupling Determination in SMEFT Formalism

9

³WaUVaZ´ baVLV
- gauge invariant
- Lorentz invariant
- CP conserving
- 23 parameters

Tim Barklow, et al., Phys. Rev. D 97, 053004 (2018)

10 EFT operators (ℎ, 𝑊, 𝑍, ߛ): 𝑐ு, 𝑐், 𝑐଺, 𝑐ௐௐ, 𝑐ௐ஻, 𝑐஻஻, 𝑐ଷௐ, 𝑐ு௅, 𝑐ு௅ᇱ , 𝑐ுா
5 EFT operators modifying ℎ couplings to 𝑏, 𝑐, ߬, ߤ, 𝑔
2 EFT operators for contact interaction with quarks
4 SM parameters: 𝑔, 𝑔′, ߣ ,ݒ
2 parameters for ℎ → invisible and exotics

Backup: EFT parameters at the ILC 
T. Barklow et al.,   
PRD 97, 053004 (2018) 

After EWSB Δℒh = − ηhλ0v0h3 + θh

v0
h∂μh∂μh +ηZ

m2
Z

v0
ZμZμh + 1

2 η2Z
m2

Z

v2
0

ZμZμh2 +ηW
2m2

W

v0
W+

μ W−μh + η2W
m2

W

v2
0

W+
μ W−μh2

+ 1
2 (ζZZ

h
v0

+ 1
2 ζ2Z

h2

v2
0 ) ̂Zμν ̂Zμν + (ζWW

h
v0

+ 1
2 ζ2W

h2

v2
0 ) Ŵ+

μνŴ−μν + 1
2 (ζAA

h
v0

+ 1
2 ζ2A

h2

v2
0 ) ̂Aμν ̂Aμν + (ζAZ

h
v0

+ ζ2AZ
h2

v2
0 ) ̂Aμν ̂Zμν

+ 1
2 (ζ̃ZZ

h
v0

+ 1
2 ζ̃2Z

h2

v2
0 ) ̂Zμν

̂̃Zμν + (ζ̃WW
h
v0

+ 1
2 ζ̃2W

h2

v2
0 ) Ŵ+

μν
̂̃W−μν

+ ΔℒTGC triple gauge couplings     + ΔℒeeHZ contact interactions 



20Backup: EFT parameters in  e+e− → ZH

Δℒ = gLψ̄LγμψLZμ + gHZZHZμZμ

iMðeþe− → Zð#1ÞhÞ

¼ igL

ffiffiffiffiffi
2s

p

ðs −m2
ZÞ

"
ð1þ aÞm

2
Z

v
þ b

EZ
ffiffiffi
s

p

v

#
ðcos θ # 1Þ;

iMðeþe− → Zð0ÞhÞ

¼ igL

ffiffiffiffiffi
2s

p

ðs −m2
ZÞ

"
ð1þ aÞmZEZ

v
þ b

mZ
ffiffiffi
s

p

v

#
ð

ffiffiffi
2

p
sin θÞ;

ð40Þ

where θ is the polar angle in production and the amplitudes
are labeled by the Z helicity. For e−Re

þ
L , the helicity

amplitudes take the same form except for the substitution
of gR for gL and ðcos θ ∓ 1Þ for ðcos θ # 1Þ. These helicity
amplitudes control the total cross section, the Zh angular
distributions, and the distributions of the Z decay angle.
In particular, the total cross section for a polarized initial
state is given for e−Le

þ
R by

σðe−LeþR → ZhÞ

¼ 1

6π
g2

c2w

m4
Z=v

2

ðs −m2
ZÞ2

·
2kffiffiffi
s

p ·
$
2þ E2

Z

m2
Z

%

·
$
1

2
− s2w

%
2
$
ð1þ 2aÞ þ 6b

EZ
ffiffiffi
s

p

m2
Zð2þ E2

Z=m
2
ZÞ

%
: ð41Þ

For e−Re
þ
L , we have the same expression with the sub-

stitution ð12 − swÞ2 → s2w.
In Ref. [54], it was shown how to obtain the values of the

parameters a and b by fitting to the production and decay
angular distributions in eþe− → Zh events. Using a full
simulation with the ILD detector model and the 4 ab−1

event sample expected for the ILC at 500 GeV, it was
shown that the parameters a and b can be constrained at the
percent level. The precise uncertainties expected, including
their correlation, are given in Appendix B. To the accuracy
of the study, these uncertainties are independent of the
initial eþe− polarization state.
We can connect this analysis to the EFT parametrization

of new physics effects by noting that the complete tree-level
calculation of the helicity amplitudes for eþe− → Zh gives
results that are still of the form of Eq. (40) for appropriate
identification of the parameters a and b. The complete set
of Feynman diagrams is shown in Fig. 4. This includes a
diagram with s-channel Z exchange (with the s-channel AZ
mixing already included in the expressions for gL and gR), a
diagram with s-channel photon exchange that makes use of
the ζAZ vertex, and a contact interaction proportional to
ðcHL þ c0HLÞ or cHE. Diagrams with AZ kinetic mixing on
the final-state line are of order c2I and so are not included in
our calculation.
Evaluating the diagrams in Fig. 4 and also expanding the

SM dependence of the prefactors, we find, for e−Le
þ
R ,

aL¼δgLþ2δmZ−δvþηZþ
ðs−m2

ZÞ
2m2

Zð1=2−s2wÞ
ðcHLþc0HLÞ

þkZδmZþkhδmh;

bL¼ ζZþ
swcw

ð1=2−s2wÞ
ðs−m2

ZÞ
s

ζAZ: ð42Þ

Similarly, for e−Re
þ
L ,

aR ¼ δgR þ 2δmZ − δvþ ηZ

−
ðs −m2

ZÞ
2m2

Zðs2wÞ
cHE þ kZδmZ þ khδmh;

bR ¼ ζZ − cw
sw

ðs −m2
ZÞ

s
ζAZ: ð43Þ

The expressions for aL and aR include the kinematic factors

kZδmZ þ khδmh ¼
1

2
δ

"
1

ðs −m2
ZÞ2

·
kffiffiffi
s

p ·
$
2þ E2

Z

m2
Z

%#
:

ð44Þ

The expansions of these expressions in terms of the cI are
given in Appendix A. Note, in particular, that, up to
parameters that have already been constrained as explained
in the previous sections, ηZ ¼ − 1

2 cH and ζZ ¼ c2wð8cWWÞ.
Then, in principle, the percent-level constraints on the a
and b coefficients will become percent-level constraints on
the parameters cH and cWW . At this point, we have put
constraints on all of the EFT parameters that contribute to
the cross section for eþe− → Zhh except for the parameter
c6 that we hope to determine from this reaction.
Table II shows the 1σ errors on the EFT parameters

obtained from the various stages of our fit. The first four
columns of the table show the results from the fits described
up to this point. The fits have increasing numbers of
parameters, from seven parameters in the precision electro-
weak fit to 22 parameters in the full ILC fit. In each fit, we
set the parameters not yet included to zero. The analysis of
this paper concentrates on 500 GeV measurements, but we
also show for reference the fit results for 250 GeV
measurements. The table shows the progression that we
have explained in this paper: precision electroweak fir fixes
three EFT coefficients, taken here to be cT , cHE, and cHL, to
below the 10−3 level. The measurement of eþe− → WþW−

adds constraints on c0HL and 8cWB. The LHC measurements

FIG. 4. Feynman diagrams contributing to the amplitudes for
eþe− → Zh.

MODEL-INDEPENDENT DETERMINATION OF THE TRIPLE … PHYS. REV. D 97, 053004 (2018)

053004-11

PHYS. REV. D 97, 053004 (2018) 

Δℒ = CHL

Λ2 ψ̄LγμψLZμH

iℳ = gLgHZZ

s − M2
Z

⟨ZH HZμψ̄LγμψL e+e−⟩ iℳ = CHL

Λ2 ⟨ZH ψ̄LγμψLZμH e+e−⟩

The complete set of Feynman diagrams 

CHL



21Backup: ILC H20 operation senario   

ILC e+e- collider 
• first stage: 250 GeV 
• GigaZ & WW threshold possible 
• upgrades: 500 GeV, 1 TeV 

polarised beams 

• P(e-) ≥ ±80%,  
• P(e+) = ±30%,   

at 500 GeV upgradable to 60%

ILC running modes - and Z production  

�3

√s ∫ℒ dt
250 GeV 2 ab-1

350 GeV 0.2 ab-1

500 GeV 4 ab-1

1 TeV 8 ab-1

91 GeV 0.1 ab-1

161 GeV 0.5 ab-1

Since 2015 
arXiv:1506.07830

(radiative) Z’s in 2 ab-1 at 250 GeV:  
• ~77 106 Z->qq 
• ~12 106 Z->ll 
=> substantial increase over LEP,  
….and polarised!

Z’s in 0.1ab-1 at 91 GeV:  
• ~3.4 109 Z->qq 
• ~0.5 109 Z->ll 
~1-2 years of running (after lumi upgrade)
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ILC, Scenario H20-staged
ECM = 250 GeV
ECM = 350 GeV
ECM = 500 GeV
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4 ab-1

Accelerator implementation - 
arXiv:1908.08212

Higgs 2019 
https://indico.cern.ch/event/796574/contributions/3521685/
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4

IV. EFFECT OF THE ANOMALOUS WWH ON65

PRODUCTION AND DECAY KINEMATICS OF66

THE H BOSON67

1. The Higgs production via the WW-fusion68

e+e− → νeν̄eH at
√
s =250, 500 GeV69

The WW-fusion process is one of the main produc-70

tion processes of the H boson, and provides observ-71

able for testing the anomalous WWH couplings. It is72

not possible to reconstruct ∆ΦW
ff̄
, which is one of the73

parity-sensitive observables to test the structure of the74

anomalous ZZH coupling, because of missing neutrinos75

in the final state. Nevertheless, the H boson itself re-76

flects the effect of the anomalous WWH couplings on77

its production kinematics. Differential cross-sections:78

absolute momentum PH , production polar angle θH ,79

and azimuth angle φH at
√
s =250 and 500 GeV with80

the set of the parameter of ±2 are illustrated in Fig. 281

and Fig. 3.82

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

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

The difference of  
Higgs decay plane.

The angle between 
the W in the Higgs rest frame  
and the f in the W rest frame. 

b

e

the W
 rest

 fram
e 

the Higgs rest frame 

ΔΦW
ff̄

the Higgs rest frame 

ΔΦff̄

Z

Z

H

e−

e−

e+

e+

H

W

W*

f

f̄

f

θ*f

f̄

FIG. 1. A schematic view of the H → WW ∗ decay process,
where θ ∗

f and ∆ΦW
ff̄ are shown as the helicity angle of the

fermion derived from the W boson and the angle between
two decay planes.

2. The Higgs decay H → WW ∗ in the ZH-strahlung83

The decay process of the H boson H → WW ∗ also84

provides sizable information for verifying the structure85

of the WWH couplings. Given the four-vectors of the86

W bosons as W1(q1, ε1) and W2(q2, ε2) and the Higgs87

rest-frame where the momenta of both W1 and W2 are88

back-to-back, the matrix element contributed by bV can89

be calculated as90

MH→V V ∗

aV
= ε1µε

µ
2 = − (ε1 · ε2)

MH→V V ∗

bV = −2
[
(q1q2)(ε1ε2)− (q1ε2)(q2ε1)

]

= (m2
H − 2q21 − 2q22)(ε1 · ε2)

where it is clearly seen that the structure of bV affects91

the kinematics of the W bosons, thus the four-momenta92

of particles derived from the W bosons carry away the93

information of the anomalous WWH couplings. A few94

useful kinematical observables for testing the anoma-95

lous WWH couplings are listed below, and those one-96

dimensional distributions are illustrated in Fig. 4 and97

Fig. 5.98

• PW : A momentum of the W boson decaying from99

the H boson calculated in the H rest-frame.100

• θ ∗
f : The polarization of the W boson is affected by101

the new structures. A helicity angle of a daughter102

fermion decaying from the W boson should carry103

away its information. The angle is defined as an104

angle between a momentum direction of the W105

boson in the H rest-frame and a momentum di-106

rection of its daughter fermion boosted in the W107

rest-frame. However, unless identifying charge of108

the final state, the helicity angle must be folded109

and gets half sensitivity.110

• ∆ΦW
ff̄
: The angle between decay planes defined by111

a fermion from one W boson and an anti-fermion112

from another W boson with a momentum direc-113

tion of one W as a plane axis in the H rest-frame114

reflects the effect of the new structure.115

In the case that charges and flavors are not iden-116

tified, the sensitivity of ∆ΦW
ff̄

gets minimum with117

the range of [0–π/2] by folding its value. If ∆ΦW
ff̄

118

exceeds π, ∆ΦW
ff̄

must be folded with ∆ΦW
ff̄

− π,119

and then, if it still exceeds π/2, it must addition-120

ally be folded with π −∆ΦW
ff̄
, which is the mini-121

mum angle constructed with jet environment from122

each W boson.123

In the case that the final state is a semi-leptonic124

process such as WW ∗ → qqlν, the final state125

Backup: Impact on the shape in WWH 
7
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FIG. 4. Distributions of the momentum of the W boson in the Higgs rest-frame PW , the helicity angle of the daughter
fermion of the W boson, and the folded helicity angle in the W rest-frame in the Higgs decay H → WW process. The
difference of upper and lower row correspond to input parameters of bW and b̃W . Black and green lines show the exactly SM
Higgs boson and completely the pseudo-scalar state, and blue and red lines are mixed states corresponding to bW = ±2 and
b̃W = ±2.
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Theory 13

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

2.4.2 Higgs decay

This section describes the decay of the Higgs boson into fermion pairs (leptons and quarks) and
the decay into a pair of gauge bosons. The decays are shown in figure 2.5.
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Figure 2.5: This figure shows three decay modes of the Higgs. The left plot shows the decay into
fermion pairs (leptons and quarks). The decay into a pair of electroweak gauge bosons is shown
in the middle plot and the right plot shows the production of a gluon pair.
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\mathcal{L}_{ZZH}= \frac{M_z^2}{v}Z_\mu Z^\mu H  + \frac{b}{\Lambda}Z_{\mu\nu} Z^{\mu\nu} H  

κZ/κW

Figure 6: If new Lorentz structures are introduced, for instance LZZh = M2
z
v ZµZµh+ b

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

2.3.2 The effective field theory

To describe the Effective Field Theory (EFT) here, several papers which are related to EFT
studies are referred. The SM is the succeeded theory which explain low-energy behaviors of the
elementary particles, However, when regarding it as an effective low-energy theory, other new
interaction terms induced by higher dimension operators could appear in the Lagrangian, which
is so-called an effective Lagrangian. A first study based on the effective Lagrangian in the EFT
was given by Buchmuller and Wyler [33] where dimension-5 and dimension-6 operators are listed,
which are constructed with combinations of scalar, vector, and fermion fields in the SM.

Fermi’s theory on 4-point interaction :

Enrico Fermi in 1933 tried to describe the beta decay by introducing a 4-fermion interaction at a
single point, which was a beginning of application of the effective field theory. At sufficiently higher
energy in which a energy scale that the fermions relate to is the mass of the W boson, a propagator
of the W boson 1/(M2

W −q2) plays central roles in the interaction among the fermions. In contrast,
the propagator is approximated as 1/M2

W in the sufficiently low energy scale compared to the mass
of the W boson (E # MW ), that means existence of a heavy particle induces renormalization of
a coupling constant and new Lorentz structures which are suppressed by powers of the mass scale
of the new heavy particle.

General requirements as a field theory :

An effective Lagrangian expanded from the SM-Lagrangian must satisfy several features as the
effective field theory:

• The effective Lagrangian must satisfy the Lorentz invariance and the SU(2) × U(1) gauge
symmetry under the local transformation as the SM-Lagrangian does.

• The Lagrangian has mass dimension of four. Thus, higher dimension operators appear with
a coefficient of inverse power of new energy scale of Λ and the operators are suppressed when
the energy scale is sufficiently large compared to possible experimental energies. Usually,
the scale Λ is assumed to be around TeV to the Planck scale.

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

Construction of dimension-n operators :

The effective Lagrangian is given with a general description, which was originally introduced in [33]
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I. INTRODUCTION55

II. PARAMETERIZATION OF ANOM-WWH56

LWWH = 2M2
W

(1
v
+

aW
Λ

)
WµW

µH

+
bW
Λ

ŴµνŴ
µνH +

b̃W
Λ

Ŵµν
˜̂W

µν

H ,

(1)

Here, v shows a vacuum expectation value of 246 GeV.57

A field of H shows the scalar H boson (parity-even), and58

one in the third term corresponds to the pseudo-scalar59

H boson (parity-odd). Field strength tensors Ŵµν and60

dual field strength tensors ˜̂W
µν

of the W boson are de-61

fined as follows.62

Ŵµν = ∂µW ν − ∂νWµ , (2)

˜̂W
µν

=
1

2
εµνρσŴ

ρσ (3)
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FIG. 4. Distributions of the momentum of the W boson in the Higgs rest-frame PW , the helicity angle of the daughter
fermion of the W boson, and the folded helicity angle in the W rest-frame in the Higgs decay H → WW process. The
difference of upper and lower row correspond to input parameters of bW and b̃W . Black and green lines show the exactly SM
Higgs boson and completely the pseudo-scalar state, and blue and red lines are mixed states corresponding to bW = ±2 and
b̃W = ±2.
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FIG. 5. Distributions of the opening angle of the two W bosons in the laboratory frame, and the angle between decay
planes ∆ΦW

ff̄ in the Higgs rest-frame in the Higgs decay H → WW process. The other explanations are same as the above.



23

B THE OTHER CHANNELS FOR THE ANOMALOUS WWH COUPLINGS

To suppress the remaining 2-fermion hadronic and 4-fermion semi-leptonic SM background
processes, several event topology cuts are useful: the jet transition parameters of the jet
clustering, the minimum number of PFOs among clustered jets, and thrust value.

• c-tag categorization: require that one c-jet for each W boson exist.

To detect c-jet decaying from both W bosons and take an optimal point where c-tag per-
formance is maximized, efficiency and purity are defined, which can give information how
efficiently and purely c-jets are tagged,

efficiency =
ID c-jet = 1 ∩ truth(W → cx̄)

truth(W → cx̄)

purity =
ID c-jet = 1 ∩ truth(W → cx̄)

ID c-jet = 1

where the vale of “ID c-jet” is given by comparing tagged c-likeness for two jet each, which
is
∑2

j tagged-cj > c-likeness. Fig. 156 gives a plot showing the efficiency and the purity for
both W bosons where the c-likenesses of each jet from both W bosons are scanned from 0
to 1. Optimal points which are respectively 0.75 for W and 0.66 for W ∗ are taken for the
c-tag categorization.
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Figure 156: A plot shows the efficiency versus the purity for both W bosons. The optimal points
are taken for the c-tag categorization.

After applying c-tag categorization, the remaining events for cx̄xc̄ are 144 → 21 with the
P(e−, e+)= (-80%,+30%) state, consequently the overall efficiency for the cx̄xc̄ selection is
approximately 15 %. The remaining events of 123 excluding 21 are included in the qq̄qq̄
category. The performance of the cx̄xc̄ selection of 15 % is significantly small compared to
previous study [95], where the performance of the cx̄xc̄ selection is 80 %. An event ratio
of finding the secondary vertices in the reaction of h → WW ∗ → cx̄xc̄ is given in Fig. 157.
It can be seen that the event ration that two secondary vertices are correctly found in the
reaction is about 5 %.
This is probably because c-hadrons derived from the chain reaction of h → WW ∗ decay into
other particles with relatively short lifetime, and due to this unfoundness of the secondary
vertices, the performance of c-identification cannot become better. This would be a point
the performance should be improved20.

20Common LCFIPlus package was used in the analysis, which is trained including b-hadrons for the b-jet identi-
fication. If the LCFIPlus is specially tuned under the assumption that there exists no b-jet in the final state, where
there are only c-jet and other light jets (since this process does not include any b-jet in the final state), it can be
expected that the performance of the c-jet identification will be improved to some extent.
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Chapter 1. ILD: Executive Summary

Figure III-1.4
Left: Average total
radiation length of
the material in the
tracking detectors as a
function of polar angle.
Right: Total interaction
length in the detector,
up to the end of the
calorimeter system, and
including the coil of the
detector.
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semi-digital readout of each cell.
At very forward angles, below the coverage provided by the ECAL and the HCAL, a system of

high precision and radiation hard calorimetric detectors (LumiCAL, BeamCAL, LHCAL) is foreseen.
These extend the calorimetric coverage to almost 4fi, measure the luminosity, and monitor the quality
of the colliding beams.

A large volume superconducting coil surrounds the calorimeters, creating an axial B-field of
nominally 3.5 Tesla.

An iron yoke, instrumented with scintillator strips or resistive plate chambers (RPCs), returns
the magnetic flux of the solenoid, and, at the same time, serves as a muon filter, muon detector and
tail catcher calorimeter.

To maximise the sensitivity of the detector to the physics at the ILC, the detector will be operated
in a continuous readout mode, without a traditional hardware based trigger.

Precision physics at the ILC requires that the beam parameters are known with great accuracy.
The beam energy and the beam polarization will be measured in small dedicated systems, which are
shared by the two detectors present in the interaction region.

The ILD detector has been designed and optimised as a detector which can be used in a push-pull
configuration, as described in section 5.5.

The main parameters of the ILD detector are summarised in Table III-1.1 and table III-1.2.
The performance of the ILD concept has been extensively studied using a detailed GEANT4

based simulation model and sophisticated reconstruction tools. Backgrounds have been taken into
account to the best of current knowledge. A key characteristics of the detector is the amount of
material in the detector. Particle flow requires a thin tracker, to minimise interactions before the
calorimeters, and thick calorimeters, to fully absorb the showers. Figure III-1.4 (left) shows the
material in the detector in radiation lengths, until the entry of the calorimeter. The right plot shows

Figure III-1.5
Left: Momentum res-
olution as a function
of the transverse mo-
mentum of particles,
for tracks with di�er-
ent polar angles. Also
shown is the theoreti-
cal expectation. Right:
Flavour tagging per-
formance for Z æ qq

samples at di�erent
energies.
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Backup: Flavor identification 
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