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Effective Field Theory (EFT) and anomalous ZZH/WWH at the ILC 2

-. Model independent test of the gauge-Higgs sector 
   based on SMEFT Lagrangian consist of dim-6 operators. 
   “Warsaw” basis, SU2xU1 gauge invariant, Lorentz invariant
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μνŴ−μν
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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
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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
�

!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
µ⌫ and Ẑµ⌫

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

Z boson fusion (ZZ) process: e
+
e
�

! ZZ ! e
+
e
�

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,
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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.

12

H

Z

 Z
e�

e+

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.

12

H

Z

  γ
e�

e+

+
�ZZ �AZ
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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
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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
p

s=250 GeV case963

are as follows,964
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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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�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
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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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the laboratory frame 
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�*f
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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 
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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

Variation of kinematics due to the anomalous ZZH 3
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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

+
l
�
H at

p
s = 500GeV 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. 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.

Goes to 500 GeV

250 GeV

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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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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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

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

parity-conserving interaction
scalar : CP-even interaction

Rescaling 
   the normalization.
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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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4Analysis: Detector effects and sensitivity to ZZH

0.1.2 Constructing an event acceptance η and a migration matrix f̄60

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

i , where Naccept
i and Ngene

i73

mean the number of accepted and generated events.74

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

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

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

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

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

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

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

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

NRec(xRec
j ) =

∑

i

f(xRec
j , xGen

i ) ·NGen(xGen
i )

NRec(xRec
j ) =

∑

i

fji ·NGen
i =

∑

i

f̄ji · ηi ·NGen
i

ηi ≡
NAccept

i

NGene
i

(Event acceptance)

f̄ji ≡
NAccept

ji

NAccept
i

(Migration matrix)

3

normalization

-. Geant4 based full simulation using International Large Detector (ILD) model for the ILC.  

-. All detector effects are considered by detector response matrix. Theoretical shape is smeared 

-. All SM backgrounds are considered.  

Theoretical 
shape of observables

After including 
the detector effects

e+e− → Zh → μ+μ−h, e+e−h
e+e− → Zh → qq̄h (h → bb̄)
e+e− → ZZ → e+e−h (h → bb̄) 17
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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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Fig. 16. Plots show contours corresponding to 1� bound for each anomalous coupling and the impacts of the individual channels of the
ZH and ZZ processes. The fitting is performed in the three parameters under the assumption of the integrated luminosity of 250 fb

�1 with
the beam polarization of P(e�, e+)=(�80%,+30%), and using both information the shape and the normalization. The three-dimensional
distributions of x(cos ✓Z , cos ✓⇤f ,��ff̄ ) binned in 5⇥5⇥5 are used for the three channels µ+

µ
�
H , e+e�H and qq̄H(H ! bb̄) of the ZH

process, and the one-dimensional distribution of x(��ff̄ ) binned in 5 for one channel of the ZZ process.
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Fig. 17. Plots show ��
2 distributions as a function of each anomalous parameter aZ , bZ , and ebZ . The distributions are given by scanning

the parameter and performing simultaneous fitting in three parameters. The three channels of the ZH process are combined for black, and
one channel e+e�bb̄ of the ZZ process is included in red. The three-dimensional distribution of x(cos ✓Z , cos ✓⇤f ,��ff̄ ) binned in 5⇥5⇥5

are used for the three channels of the ZH process and the one-dimensional distribution of x(��ff̄ ) binned in 5 for one channel of the ZZ
process.

-. qqH has significant sensitivity  
    even w/o jet charge identification.  
-. The ZZ-fusion can disentangle the correlation because of  
    different sigh in matrix element. → gets significant at 500GeV.

e+e− → Zh → qq̄h

polar angle of Z vs helicity angle of q form Z

250 GeV

shape detector effects
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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

�
2
shape =

nX

j=1

2

66664

NSM

nX

i=1

�
S
SM
i

·f
Det
ji

� S
BSM
i

·f
Det
ji

�

�n
obs
SM(xj)

3

77775

2

S
SM
i

=
1

�SM

d�SM

dx
(xi)

S
BSM
i

=
1

�BSM

d�BSM

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

Three-parameter 
 fit and its projection  
 onto a-b plane.
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5Constraints on VVH, and comparison with HL-LHC

ATLAS (arXiv:1712.02304v2)  VVH using 36.1 fb-1  

2sigma constraints on    is  [-0.6, 4.2]  → [−0.06, 0.46] @ HL-LHC 
2sigma constraints on    is  [-4.4, 4.4]  → [−0.48, 0.48] @ HL-LHC

κHVV
κAVV

κHZZ = 8.1ζZZ
2sigma bound of  is ± 0.026 
2sigma bound of   is ± 0.044 

κHVV
κAVV

-. ATLAS and CMS report the sensitivity to VVH.

ILC can give good synergy to HL-LHC results.

 

ℒV
0 = {κSM [ 1

2
gHZZZμZμ + gHWWW+

μ W−μ]
−

1
4

1
Λ [κHZZZμνZμν + tan ακAZZZμνZ̃μν]

(κHZZ = κHWW)

6 ANALYSIS ON THE ANOMALOUS ZZH COUPLINGS
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ηZ = ±0.0055

ζZZ = ±0.0017

ζAZ = ±0.0012

ζ̃ZZ = ±0.0027

ζ̃AZ = ±0.0003

, ρ =
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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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Δℒh = +ηZ
m2

Z
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ZμZμh + . . . +ηW

2m2
W
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W+

μ W−μh + . . .

+
1
2 (ζZZ
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+
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ζ2Z
h2

v2
0 ) ̂Zμν

̂Zμν + (ζWW
h
v0

+
1
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0 ) Ŵ+

μνŴ−μν

+
1
2 (ζ̃ZZ
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+
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v2
0 ) ̂Zμν
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μν
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−
1
2

1
Λ [κHWWW+

μνW−μν + tan ακAWWW+
μνW̃−μν]} X0

The current our results do not include jet charge ID  
  and light flavor c/s tagging. These improvements are ongoing.  

Referring to the table10 in arXiv:1712.02304v2 

+

-. Our study gives the sensitivity to all dim-6 VVH tensor structures:

The full SMEFT Lagrangian is shown in PRD 97, 053004 (2018) 
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https://agenda.linearcollider.org/event/9449/#12-flavor-tagging-of-quark-pai
https://agenda.linearcollider.org/event/9449/#13-strange-quark-as-a-probe-fo

