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Study of sensitivity to  
                    anomalous VVH couplings 

                                              at the International Linear Collider 
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The SM has been successful to describe nature.    
Several phenomena can’t be explained only with the SM.  
(Dark matter, baryon asymmetry, … ) 

Precise verification of a structure  
   of the Higgs sector is the next step. 
       The Higgs is a tool for verification.  

In the framework of effective field theory, an effective Lagrangian  
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, arXiv:1210.0202 [hep-ex]  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Introduction on VVH couplings

One approach is the Effective Field Theory (EFT) 
   which can assume new Lorentz structures as anomalies.  
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ẐµνẐ
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From: B To: A 3

The structures and couplings between  
         the Higgs and vectors VVH (V=Z , γ and W )  
                directly relate to Electro-Weak Symmetry Breaking.

https://agenda.linearcollider.org/event/7371/contributions/37884/
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From: B To: A 3

Anomalous ZZH couplings

impact of  b

 ZH → l+l-H ,  √s = 250GeV  

• “az” : a normalization parameter  
  (rescales the SM-coupling) 

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

~

~

The Higgs-straulung



13

Parameter axis
-1.5 -1 -0.5 0 0.5 1 1.5

2 χ
∆

0

10

20

30

40

zparameter a

zparameter b

zb~parameter 

H @ 500GeV-µ+µ →-e+e
-1Ldt=500fb∫eL0.8pR0.3 

Parameter axis
1− 0.5− 0 0.5 1

2 χ
∆

0

10

20

30

40

zparameter a

zparameter b
zb~parameter 

bb) @ 500GeV→ qqH(H→-e+e

-1Ldt=500fb∫eL0.8pR0.3 

Parameter axis
-1 -0.5 0 0.5 1

2 χ
∆

0

10

20

30

40

zparameter a

zparameter b

zb~parameter 

H @ 500GeV-µ+µ →-e+e
-1Ldt=500fb∫eL0.8pR0.3 

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

∗
f ,∆Φff̄ ) binned

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

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

two-dimensional distribution X(cos θH ,∆Φff̄ ) binned in 10×10 is used for the latter one.
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Anomalous ZZH couplings
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The Higgs-straulung 
@ 250GeV
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FIG. 9. ∆χ2 distributions as a function of each parameter space of the anomalous couplings aZ , bZ , and b̃Z . Only angular
information are considered for the evaluation on the left and middle plots, where the channels µµH (left) and qq̄bb̄(H)
(middle) are used assuming the integrated luminosity of 250 fb−1 with the left-handed beam polarization and the two-
dimensional distributions X(cos θZ ,∆Φff̄ ) binned in 10×10 are used. On the right plot only cross section information is
considered. The channel µµH is used as demonstration.

Zb
0.4− 0.2− 0 0.2 0.4

Za

1−

0.5−

0

0.5

1

SM
Fit Minimum
68% CL cont
95% CL cont

bb)→H/qqH(H-e+H/e-µ+µ→ZH→-e+e

bb)→H(H-e+e→ZZ→-e+e

-1Ldt=250fb∫eL0.8pR0.3 

Zb~
0.4− 0.2− 0 0.2 0.4

Za

1−

0.5−

0

0.5

1

SM
Fit Minimum
68% CL cont
95% CL cont

bb)→H/qqH(H-e+H/e-µ+µ→ZH→-e+e

bb)→H(H-e+e→ZZ→-e+e
-1Ldt=250fb∫eL0.8pR0.3 

Zb~
0.4− 0.2− 0 0.2 0.4

Zb

1−

0.5−

0

0.5

1

SM
Fit Minimum
68% CL cont
95% CL cont

bb)→H/qqH(H-e+H/e-µ+µ→ZH→-e+e

bb)→H(H-e+e→ZZ→-e+e

-1Ldt=250fb∫eL0.8pR0.3 

FIG. 10. Contour plots showing the sensitivity to the anomalous couplings. Fitting is performed with the three parameters
set to be free and the results are projected to the two-dimensional parameter spaces a-b, a-b̃ and b-b̃. Both information, the
angular distributions and the cross section information, are considered. For the evaluation the four channels of the ZH and
ZZ fusion processes are used. The three-dimensional distributions X(cos θZ , cos θ

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

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

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

channels and the one-dimensional distribution X(∆Φff̄ ) binned in 10 is used for the latter one.
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ẐµνẐ
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From: B To: A 3

WW*

The origin of VVH  is same, EWSB

anomalous WWH couplings  
      using the Higgs decay

Production : incoming and outgoing 
Decay         : both is outgoing

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).
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Each parameter for both ZZH and γZH can be evalu-
ated by connecting first parameterization with the new
one and using two different beam polarization settings.
For the connection of both of the parameterizations we
calculated each coefficient affected by each parameter
with Physsim in terms of relative difference of the cross
section σBSM/σSM . The relation between parameteri-
zations as follows for

√
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
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Ŵ+
µν
˜̂W

−µν

H

V̂µν ≡ ∂µVν − ∂νVµ and ˜̂V µν ≡ 1
2ϵµνρσV̂

ρσ.

From: B To: A 3



*
fθcos

1− 0.5− 0 0.5 1

* fθ
/d

co
s

σ
 d

σ
1/

0

10

20

3−10×

W
impact of b

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

WW) @ 250GeV→vvH(H→(ZH)→+e-e
)=(-100%,+100%)+,e-P(e

Helicity angle in the W- rest-frame

+e-

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

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

The difference of  
Higgs decay plane.

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

H b
b- W*

W

ν -e
-

ν
e+

In the Higgs rest frame 

ΔΦ

e

θwf*

f

-
f

f

f

-

In the W
 res

t fra
me 

6

Anomalous WWH couplings

Test PDF

Sagitta sはある軸方向に等間隔な３つの測定店 x1, x2, x3によって定義される。

s = x2 −
x1 + x3

2

磁場中で回転する角度が十分小さい時には、

s = R(1− cosθ

2
) ∼ R

θ2

8
∼ 0.3L2B

8PT

誤差の伝播と、微分式より、以下のように表せる。

σ(s) =

√( ∂s

∂x1

)2
σ2(x) +

( ∂s

∂x2

)2
σ2(x) +

( ∂s

∂x3

)2
σ2(x) =

√
3

2
· σ(x)

σ(s) =
∣∣∣
∂s

∂PT

∣∣∣σ(PT ) =
0.3L2B

8P 2
T

σ(PT ) = s · σ(PT )

PT

以上より、運動量分解能の関係は、

σ(PT )

PT
=
(σ(s)

s
=

√
3/2 · σ(x)

s

)
=

√
3/2 · σ(x) · 8PT

0.3 ·BL2

LZZH = M2
Z

(1
v
+

aZ
Λ

)
ZµZ

µH +
bZ
2Λ
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ẐµνẐ
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Measuring anomalous couplings in H →WW* 

selection efficiency 12%

ZH → νν +WW → cxcx    w/  250 fb-1

Before c-tag distinction  ~ 100 (cxcx) 
After   c-tag distinction 
      c-tag requirement > 0.75       
                                  →  12  (cxcx)

c-tag 
selection efficiency 88%

 cut is optimized 
     → back up slides
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Decay processes for WWH  
Focus on the Higgs-straulung @ 250GeV   

250GeV w/ 250fb-1 

e+e- →  ZH → (1). νν +WW     ( 4jets   (categorize) 
                                           →  cxcx    
                                                 qqqq   

                         (2). qq + WW    ( lνqq ) 
                                 

                         (3). qq + WW    ( 4jets ) 
                                 huge migration    
                                

fully reconstruction is possible

sensitive info. is almost lost

c-tag essential

1. Full standard model backgrounds are taken into account 
2.  Background suppression is optimized by considering signal-significance 
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Decay processes for WWH  
Focus on the Higgs-straulung @ 250GeV   

Nsig  = 12.27 
Nbkg  = 45.53 
Signif= 1.61

Nsig  = 418.11 
Nbkg  = 1663.87 
Signif= 9.16

Nsig  = 1037    
Nbkg  = 1402  
Signif= 20.99 

Nsig  = 906   
Nbkg  = 13590   
Signif= 7.53 

1. Full standard model backgrounds are taken into account 
2.  Background suppression is optimized by considering signal-significance 

c-tag essential

     → back up slides

250GeV w/ 250fb-1 
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Sensitivity to anomalous ZZH couplings at the ILC Tomohisa Ogawa

1. Introduction

The LHC’s discovery of the 125 GeV Higgs boson [1, 2] completed particle spectrum of the
Standard Model (SM) and proved the general idea that the electroweak symmetry was broken by
some Higgs field condensed in the vacuum. However the SM does not explain why the Higgs
condensate formed. To reveal this fundamental question new physics describing new phenomena
is necessary. And the new physics could manifest itself as anomalies not only in the strengths
but also in Lorentz structures of the couplings between the Higgs boson and vector bosons VV H
(V = Z, γ and W ) [3]. This paper studies the measurement of such anomalies in ZZH couplings,
which relate to the electroweak symmetry breaking directly. The study was performed with the
simulation framework of the International Large Detector (ILD) concept [4] for the International
Linear Collider (ILC) [5], and the Lorentz structures of the ZZH couplings are based on an effective
Lagrangian from the Effective Field Theory (EFT) [6]:

LZZH = M2
Z

(1
v
+

aZ

Λ

)
ZµZµH +

bZ

2Λ
Ẑµν Ẑµν H +

b̃Z

2Λ
Ẑµν

˜̂Z
µν

H, (1.1)

where v is the vacuum expectation value of 246 GeV, Λ is the new physics scale which is assumed to
be 1 TeV in our study, aZ , bZ and b̃Z are three dimension-less parameters representing anomalous
couplings. The field strength tensor Ẑµν and the dual field strength tensor ˜̂Zµν of the Z boson
are defined as Ẑµν ≡ ∂µZν − ∂νZµ and ˜̂Zµν ≡ 1

2 εµνρσ Ẑρσ . The aZ term has the same Lorentz
structure as that of the SM and affects only the total cross-section while the bZ and b̃Z terms have
new tensor structures that can affect angular distributions as well as the total cross-sections for the
Higgs-strahlung e+e− → ZH (ZH) and the ZZ-fusion e+e− → eeH (ZZ) processes, as illustrated
in Figure. 1.

2. Analysis on sensitivity to the anomalous ZZH couplings

2.1 Monte Carlo samples and a criterion for background suppression

The Monte Carlo samples used in the study were generated and reconstructed with the frame-
work of the ILD-software for ILC physics and ILD optimization studies [4, 7]. Not only the signal
processes but also all SM backgrounds are taken into account for the analysis. The criterion of the
background suppression is that any angular and corresponding momenta information are not im-
posed. This is because angular observables are the key for determining the anomalous couplings,
and complete insensitive areas becoming a bias must be avoided.

2.2 Strategy for evaluating the anomalous couplings

Sensitivities to anomalous couplings are evaluated by minimizing χ2 defined as follows: the
first term in the χ2 formula represents the sensitivity derived from angular information, and the
second term from the total cross-section,

χ2 =
n

∑
i=1

[
NSM · 1

σ
dσ
dx (xi) · fi −NSM · 1

σ
dσ
dx (xi;aZ,bZ, b̃Z) · fi

∆nobs
SM(xi)

]2

+

[
NSM −NBSM(aZ,bZ, b̃Z)

δσ ·NSM

]2

, (2.1)

where 1
σ

dσ
dx (xi) and 1

σ
dσ
dx (xi;aZ,bZ, b̃Z) are the normalized theoretical angular distributions for the

1

Determination of the sensitivity
Our approach for evaluating the sensitivity  
   to the anomalous couplings is based on a combined chi2. 

- Shape information 

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

Detector response function  
→ Transfer to “Detector level” distribution

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

- Normalization information

Expected #events 
with different models

under discussion
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Migration effect  :  example ΔΦ
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7

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

i /Ngene
i ,

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

NRec(xRec
j ) =

∑

i

f(xRec
j , xGen

i ) ·NGen(xGen
i )

NRec(xRec
j ) =

∑

i

fji ·NGen
i =

∑

i

f̄ji · ηi ·NGen
i

ηi ≡
NAccept

i

NGene
i

(Event Acceptance)

f̄ji ≡
NAccept

ji

NAccept
i

(Migration Matrix)

(12)

where xRec
j and xGen

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

V. ANALYSIS FRAMEWORK AND MC
SAMPLES

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

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

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

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

Key performance Resolution

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

µm

Momentum σ1/pT
∼ 2× 10−5 GeV−1

Jet energy
σEjet

Ejet
∼ 3 % (Ejet < 100 GeV)

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

+
R = Pol(−100%, +100%) and e−Re

+
L =

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

√
s=250 and 500 GeV and

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

and e−Re
+
L = Pol(+80%, −30%).

VI. ANALYSIS AS DEMONSTRATIONS

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

i /Ngene
i ,

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

NRec(xRec
j ) =

∑

i

f(xRec
j , xGen

i ) ·NGen(xGen
i )

NRec(xRec
j ) =

∑

i

fji ·NGen
i =

∑

i

f̄ji · ηi ·NGen
i

ηi ≡
NAccept

i

NGene
i

(Event Acceptance)

f̄ji ≡
NAccept

ji

NAccept
i

(Migration Matrix)

(12)

where xRec
j and xGen

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

V. ANALYSIS FRAMEWORK AND MC
SAMPLES

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

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

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

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

Key performance Resolution

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

µm

Momentum σ1/pT
∼ 2× 10−5 GeV−1

Jet energy
σEjet

Ejet
∼ 3 % (Ejet < 100 GeV)

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

+
R = Pol(−100%, +100%) and e−Re

+
L =

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

√
s=250 and 500 GeV and

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

and e−Re
+
L = Pol(+80%, −30%).

VI. ANALYSIS AS DEMONSTRATIONS

In order to remove the huge SM backgrounds mixed
in the signal process, background suppression needs to
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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
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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
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Power of the shape for determining anomalous WWH

Δχ2= χ2 (χ2min=0)

νν +WW  ( 4jets→cxcx ) categorized 
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νν +WW   
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        full hadronic

     Only shape information is considered. 
            @ 250 GeV  w/ 250 fb-1 is assumed. 
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due to the migration

3d shape information 
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Parameter axis
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Power of the shape for determining anomalous WWH
     Only shape information is considered. 
            @ 250 GeV  w/ 250 fb-1 is assumed. 
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3d shape information 
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Comparison of the sensitivity to anom-ZZH and -WWH  

impact on b

H→WW  @250GeV w/ 250 fb-1 
    νν +WW   
         ( 4jets→cxcx ) categorized 
         ( 4jets→qqqq ) categorized 
    qq + WW( lνqq ) 
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     Only shape information is considered. 
            @ 250 GeV  w/ 250 fb-1 is assumed. 

ZH→ µ+µ-H  
         @250GeV w/ 250 fb-1

impact on b
~

impact on b

for the 1- parameter space
The other 2 params  
       are fixed to 0.Δχ2= χ2 (χ2min=0)



18

Comparison of the sensitivity to anom-ZZH and -WWH  
     Only shape information is considered. 
            @ 250 GeV  w/ 250 fb-1 is assumed. 

for 3-parameter space

H→WW  @250GeV w/ 250 fb-1 
    νν +WW   
         ( 4jets→cxcx ) categorized 
         ( 4jets→qqqq ) categorized 
    qq + WW( lνqq ) 

ZH→ µ+µ-H  
         @250GeV w/ 250 fb-1

aZ aW

bZ bW

Δχ2= χ2 (χ2min=0)
Another params is free. 
   Δχ2 dist. is projected on to a-b 
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The Higgs boson is the tool to new physics. 
The new physics might appear  

in the Lorentz structure of the VVH couplings.

Summary

©PHD Comics

The anomalous ZZH couplings has been studied 
        and the sensitivity are given under the framework  

      of the Effective Field Theory. 

The study of the anomalous WWH couplings is ongoing, 
       preliminary results indicate that sensitivity to b  
　       using shape information in H→WW channels would be very useful.

Evaluation of the combined sensitivity  
      for anomalous HZZ and HWW couplings are ongoing, 
         the connection (ηz and ηw, ζz and ζw) under discussion. 

the EFT talk: 
Tim Barklow et al.  
https://agenda.linearcollider.org/event/7371/contributions/37884/ 

https://agenda.linearcollider.org/event/7371/contributions/37884/
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Distinction 1: #Cjets==1 for W &W*

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

llll→ZZ llll→WW
llll→ZZWW lvlv→sWlv

llee→sZee llvv→sZvv
llll→sZsW llqq→ZZ

llqq→WW qqlv→sWlv
qqee→sZee qqvv→sZvv

qqqq→ZZ qqqq→WW
qqqq→ZZWW ll→Z

qq→Z ee(A)→Z

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

Before c-tag distinction  ~ 430 

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

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

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

Categorization

selection ~ 20%

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

Nsig  = 12.27 
Nbkg  = 45.53 
Signif= 1.61

Nsig  = 418.11 
Nbkg  = 1663.87 
Signif= 9.16



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

A crucial thing is c-tag: 

Check the performance after  
extracting only WW→cxcx decay events  
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B. Signal event selection

C. Event acceptance and migration matrix

D. Impact of shape information

86

c-tag requirement > 0.75

Decision of c-tag requirement
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----- Cut Table Summary 
cut&process      vvh_cc  vvh_!cc  vvh_!4q  vvH_!ww     ZZ_l     WW_l   ZZWW_l     sW_l   sZee_l   sZvv_l   sZsW_l    ZZ_sl    WW_sl    sW_sl  sZee_sl   Zvv_sl     ZZ_h     WW_h   ZZWW_h      Z_l      Z_h  Z_ee(A) 
raw data          30002    90818   138360   151710    69994   409167   430167   865553  1035718    79997   254981   528110  1949032  1987519   319496   142858   500963  1106844  1128752  3772010  2963225  1995739 
used data         30002    90818   138360   151710    69994   409167   430167   865553  1035718    79997   254981   528110  1949032  1987519   319496   142858   500963  1106844  1128752  3772010  2963225  1995739 
passed data         769       45        1       24        0        0        0        0        0        0        0        2       18        0        0        3        0        0        1        0        2        0 
passed/used       2.563    0.050    0.001    0.016    0.000    0.000    0.000    0.000    0.000    0.000    0.000    0.000    0.001    0.000    0.000    0.002    0.000    0.000    0.000    0.000    0.000    0.000 
xsection           1.91     5.75     9.09    60.79    95.89   915.58   958.97  1966.97  1053.45   114.14   550.67   856.93 10992.92  5898.17   378.28   271.81   841.38  8706.23  7252.10 12993.87 78046.47 25183.36 
xsection*L          479     1437     2271    15196    23972   228894   239742   491743   263361    28534   137667   214232  2748229  1474542    94570    67951   210344  2176557  1813025  3248467 19511617  6295840 
sucsess:            479     1437     1975    14831    12877    99095   102531   142360   156545     9743    20912   214172  2748228  1474541    94523    67928   210344  2176557  1813025  1531414 19511038  2788141 >Signif: 0.08 
+nisoleptons        478     1435      746    14670     6529     5851    79662    13503    28566     8132      698   156216  1300981   110697     7124    67830   209881  2172234  1809374  1131566 19345317   404624 >Signif: 0.09 
+allpfos            451     1334      179    11101        8        5       59        4       16       11        1    81679   637950    52373     1411    29811   151652  1786617  1484567      965 10940366      230 >Signif: 0.12 
+j2btagsum          419     1310      173     2402        4        4       36        3       15        9        1    57287   596762    50561     1082    20911    92330  1695989  1375359      642  8247013      192 >Signif: 0.12 
+visenergy          345     1071       18     1854        0        0        8        1        0        1        0    17787   135162     6368        9     8135       85       41       90       63  2071156        3 >Signif: 0.23 
+onwmass            215      698        8     1238        0        0        5        0        0        0        0     5148    29588      752        4     2473       46       24       50       31   267854        0 >Signif: 0.39 
+missmass           189      614        6     1045        0        0        3        0        0        0        0     2756    10825      228        3     1561       16       10       29       18    17219        0 >Signif: 1.02 
+minpfoinjets       165      528        2      905        0        0        1        0        0        0        0     1323     3517       79        0      752       14        6       24       10     9192        0 >Signif: 1.29 
+logy23             144      464        2      396        0        0        1        0        0        0        0      307     2421       50        0      169       10        6       21        5     2719        0 >Signif: 1.75 
+logy34             111      366        1      182        0        0        0        0        0        0        0       93     1094       22        0       47        6        6       18        2      988        0 >Signif: 2.06 
+printhrust         100      331        1      152        0        0        0        0        0        0        0       67      818       20        0       37        4        6       11        0      593        0 >Signif: 2.16 
+ctagdummy           12        1        0        2        0        0        0        0        0        0        0        1       25        0        0        1        0        0        2        0       13        0 >Signif: 1.61 
+hmass               12        1        0        2        0        0        0        0        0        0        0        1       25        0        0        1        0        0        2        0       13        0 >Signif: 1.61 
Nsig  = 12.27 
Nbkg  = 45.53 
Signif= 1.61 

----- Cut Table Summary 
cut&process      vvh_cc  vvh_!cc  vvh_!4q  vvH_!ww     ZZ_l     WW_l   ZZWW_l     sW_l   sZee_l   sZvv_l   sZsW_l    ZZ_sl    WW_sl    sW_sl  sZee_sl   Zvv_sl     ZZ_h     WW_h   ZZWW_h      Z_l      Z_h  Z_ee(A) 
raw data          30002    90818   138360   151710    69994   409167   430167   865553  1035718    79997   254981   528110  1949032  1987519   319496   142858   500963  1106844  1128752  3772010  2963225  1995739 
used data         30002    90818   138360   151710    69994   409167   430167   865553  1035718    79997   254981   528110  1949032  1987519   319496   142858   500963  1106844  1128752  3772010  2963225  1995739 
passed data        5505    20876       58     1498        0        0        0        0        0        0        0      162      562       27        1       74       10        3        6        0       88        0 
passed/used      18.349   22.987    0.042    0.987    0.000    0.000    0.000    0.000    0.000    0.000    0.000    0.031    0.029    0.001    0.000    0.052    0.002    0.000    0.001    0.000    0.003    0.000 
xsection           1.91     5.75     9.09    60.79    95.89   915.58   958.97  1966.97  1053.45   114.14   550.67   856.93 10992.92  5898.17   378.28   271.81   841.38  8706.23  7252.10 12993.87 78046.47 25183.36 
xsection*L          479     1437     2271    15196    23972   228894   239742   491743   263361    28534   137667   214232  2748229  1474542    94570    67951   210344  2176557  1813025  3248467 19511617  6295840 
sucsess:            479     1437     1975    14831    12877    99095   102531   142360   156545     9743    20912   214172  2748228  1474541    94523    67928   210344  2176557  1813025  1531414 19511038  2788141 >Signif: 0.33 
+nisoleptons        478     1435      746    14670     6529     5851    79662    13503    28566     8132      698   156216  1300981   110697     7124    67830   209881  2172234  1809374  1131566 19345317   404624 >Signif: 0.37 
+allpfos            451     1334      179    11101        8        5       59        4       16       11        1    81679   637950    52373     1411    29811   151652  1786617  1484567      965 10940366      230 >Signif: 0.46 
+j2btagsum          419     1310      173     2402        4        4       36        3       15        9        1    57287   596762    50561     1082    20911    92330  1695989  1375359      642  8247013      192 >Signif: 0.50 
+visenergy          345     1071       18     1854        0        0        8        1        0        1        0    17787   135162     6368        9     8135       85       41       90       63  2071156        3 >Signif: 0.95 
+onwmass            215      698        8     1238        0        0        5        0        0        0        0     5148    29588      752        4     2473       46       24       50       31   267854        0 >Signif: 1.64 
+missmass           189      614        6     1045        0        0        3        0        0        0        0     2756    10825      228        3     1561       16       10       29       18    17219        0 >Signif: 4.32 
+minpfoinjets       165      528        2      905        0        0        1        0        0        0        0     1323     3517       79        0      752       14        6       24       10     9192        0 >Signif: 5.39 
+logy23             144      464        2      396        0        0        1        0        0        0        0      307     2421       50        0      169       10        6       21        5     2719        0 >Signif: 7.42 
+logy34             111      366        1      182        0        0        0        0        0        0        0       93     1094       22        0       47        6        6       18        2      988        0 >Signif: 8.81 
+printhrust         100      331        1      152        0        0        0        0        0        0        0       67      818       20        0       37        4        6       11        0      593        0 >Signif: 9.32 
+ctagdummy           88      330        1      150        0        0        0        0        0        0        0       66      792       20        0       35        4        6       10        0      579        0 >Signif: 9.16 
+hmass               88      330        1      150        0        0        0        0        0        0        0       66      792       20        0       35        4        6       10        0      579        0 >Signif: 9.16 
Nsig  = 418.11 
Nbkg  = 1663.87 
Signif= 9.16 

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

         ( 4jets→qqqq ) categorized 

         ( 4jets→cxcx ) categorized 
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Difference of the signature b/w Higgs production & decay
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Verification of the Lorentz structures

Test PDF

Sagitta sはある軸方向に等間隔な３つの測定店 x1, x2, x3によって定義される。
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• “aw” : a normalization parameter  
   affecting the overall cross section.  
   (rescales the SM-coupling) 

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

• “bw” : a different CP-even tensor structure  
     affecting momentum and  
    changes angular distribution.
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Verification of the Lorentz structures
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• “az” : a normalization parameter  
   affecting the overall cross section.  
   (rescales the SM-coupling) 

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

Verification of the Lorentz structures

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

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

e+e- →  ZH → l+l-H

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

channels and the one-dimensional distribution X(∆Φff̄ ) binned in 10 is used for the latter one.
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FIG. 12. ∆χ2 distributions as a function of each parameter space of the anomalous couplings aZ , bZ , and b̃Z . Only angular
information are considered for the evaluation on the left and middle plots, where the channels µµH (left) and qq̄bb̄(H)
(middle) are used assuming the integrated luminosity of 500 fb−1 with the left-handed beam polarization and the two-
dimensional distributions X(cos θZ ,∆Φff̄ ) binned in 10×10 are used. On the right plot only cross section information is
considered. The channel µµH is used as demonstration.

Zb
0.1− 0.05− 0 0.05 0.1

Za

0.4−

0.2−

0

0.2

0.4

SM
Fit Minimum
68% CL cont
95% CL cont

bb)→H/qqH(H-e+H/e-µ+µ→ZH→-e+e

bb)→H(H-e+e→ZZ→-e+e
-1Ldt=500fb∫eL0.8pR0.3 

Zb~
0.1− 0.05− 0 0.05 0.1

Za

0.4−

0.2−

0

0.2

0.4

SM
Fit Minimum
68% CL cont
95% CL cont

bb)→H/qqH(H-e+H/e-µ+µ→ZH→-e+e

bb)→H(H-e+e→ZZ→-e+e

-1Ldt=500fb∫eL0.8pR0.3 

Zb~
0.1− 0.05− 0 0.05 0.1

Zb

0.1−

0.05−

0

0.05

0.1

SM
Fit Minimum
68% CL cont
95% CL cont

bb)→H/qqH(H-e+H/e-µ+µ→ZH→-e+e

bb)→H(H-e+e→ZZ→-e+e
-1Ldt=500fb∫eL0.8pR0.3 

FIG. 13. Contour plots showing the sensitivity to the anomalous couplings. Simultaneous fitting is performed with the three
parameters set to be free and the results are projected to the two-dimensional parameter spaces a-b, a-b̃ and b-b̃. Both of
the informations, the angular distributions and the cross section information, are considered. For the evaluation the four
channels of the ZH and ZZ fusion processes are used. The three-dimensional distributions X(cos θZ , cos θ

∗
f ,∆Φff̄ ) binned

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

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

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

Sensitivity to ZZH couplings     250 GeV   vs    500 GeV

Simultaneous fitting is performed 
   in three-parameter space.

√s=250GeV and ∫Ldt=250fb-1 

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

√s=500GeV and ∫Ldt=500fb-1

Δχ2=1
Δχ2=4 Δχ2=4

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

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

√
s =250 and

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

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

spectively.

aZ bZ b̃Z

ZH e−Le
+
R - - -

with shape e−Re
+
L - - -

total - ±0.0144 ±0.0126

ZH e−Le
+
R ±0.0763 ±0.0180 ±0.0172

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

total ±0.0576 ±0.0136 ±0.0128

ZH+ZZ-fusion e−Le
+
R - - -

with shape e−Re
+
L - - -

total - ±0.0143 ±0.0122

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

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

total ±0.0407 ±0.0104 ±0.0121

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

√
s =250 and

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

aZ bZ b̃Z
ZH

with shape total - ±0.0080 ±0.0070

ZH

with shape+σ total ±0.0307 ±0.0074 ±0.0070

ZH+ZZ-fusion

with shape total - ±0.0079 ±0.0067

ZH+ZZ-fusion

with shape+σ total ±0.0218 ±0.0058 ±0.0067

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

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

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

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

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

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

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

One possibility to disentangle the correlation between
aZ and bZ at

√
s =250 GeV is to use a decay process

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

D. Sensitivity to anomalous γZH couplings

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

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

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

1σ bounds
For new tensor structures 

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

Precision on bz  
is decided by angular info.

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

~

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

at 250  +  500 GeV.
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TABLE V. The sensitivity to the anomalous ZZH couplings
at

√
s =250 GeV assuming the benchmark integrated lumi-

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

aZ bZ b̃Z

ZH e−Le
+
R - ±0.110 ±0.051

with shape e−Re
+
L - ±0.129 ±0.061

ZH e−Le
+
R ±0.309 ±0.109 ±0.051

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

ZH+ZZ-fusion e−Le
+
R - ±0.110 ±0.051

with shape e−Re
+
L - ±0.129 ±0.061

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

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

TABLE VI. The sensitivity to the anomalous ZZH couplings
at

√
s =500 GeV assuming the benchmark integrated lumi-

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

aZ bZ b̃Z

ZH e−Le
+
R - ±0.0199 ±0.0183

with shape e−Re
+
L - ±0.0215 ±0.0198

ZH e−Le
+
R ±0.116 ±0.0201 ±0.0183

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

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

with shape e−Re
+
L - ±0.0214 ±0.0190

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

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

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

√
s set to be higher and the momenta of related

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

√
s=500 GeV is restricted compared

with that of 250 GeV.

D. Limits in a three parameter space at 500 GeV

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

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

tions e−Le
+
R and e−Re

+
L . The impact of the angular distri-

butions of four processes are merged as with the analysis
at

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

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

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

+
R and e−Re

+
L . The correlation

matrix is shown bellow,

ρ =

⎛

⎝
1 −0.557 0.016
- 1 −0.012
- - 1

⎞

⎠ (20)

VIII. DISCUSSIONS

A. Prospective sensitivity with the benchmark
integrated luminosity

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

√
s =250 and 500 GeV with two different

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

√
s =250 and

500 GeV are accumulated, respectively.

B. Scale to ILC operating senario

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

√
s =250 and 500 GeV, respec-

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

√s=250GeV and ∫Ldt=250fb-1 √s=500GeV and ∫Ldt=500fb-1
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TABLE V. The sensitivity to the anomalous ZZH couplings
at

√
s =250 GeV assuming the benchmark integrated lumi-

nosity of 250 fb−1 with both beam polarizations. The values
correspond to one sigma bounds. The words, with shape and
+σ, in the table indicate that the only shape information is
used for the evaluation, and the shape information together
with the cross section information are used.
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ZH e−Le
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with shape e−Re
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TABLE VI. The sensitivity to the anomalous ZZH couplings
at

√
s =500 GeV assuming the benchmark integrated lumi-

nosity of 500 fb−1 with both beam polarizations. The values
correspond to one sigma bounds. The words in the table,
with shape and +σ, indicate that the only shape informa-
tion is used, and the shape information together with the
cross section information are used for the evaluation of the
sensitivity.
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ZH e−Le
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R - ±0.0199 ±0.0183

with shape e−Re
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L - ±0.0215 ±0.0198
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ZH+ZZ-fusion e−Le
+
R ±0.061 ±0.0134 ±0.0174

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

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

√
s set to be higher and the momenta of related

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

√
s=500 GeV is restricted compared

with that of 250 GeV.

D. Limits in a three parameter space at 500 GeV

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

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

tions e−Le
+
R and e−Re

+
L . The impact of the angular distri-

butions of four processes are merged as with the analysis
at

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

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

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

+
R and e−Re

+
L . The correlation

matrix is shown bellow,

ρ =

⎛

⎝
1 −0.557 0.016
- 1 −0.012
- - 1

⎞

⎠ (20)

VIII. DISCUSSIONS

A. Prospective sensitivity with the benchmark
integrated luminosity

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

√
s =250 and 500 GeV with two different

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

√
s =250 and

500 GeV are accumulated, respectively.

B. Scale to ILC operating senario

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

√
s =250 and 500 GeV, respec-

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

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

ρ =

⎛

⎝

1 −0.9917 0.0064

1 −0.0051

1

⎞

⎠ ρ =

⎛

⎝

1 −0.848 0.0136

1 −0.0124

1

⎞

⎠

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

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

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

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

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

and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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FIG. 4. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
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b̃Z = ±1, respectively.
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FIG. 3. From left to right, distributions of a production angle of the Z boson calculated in the laboratory frame, a helicity
angle of a decay particle of the Z boson calculated in the Z rest frame based on a direction of the Z boson in the laboratory
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pseudo-scalar, and mixed corresponding to bZ = ±1 and b̃Z = ±1, respectively.
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FIG. 4. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
s = 250GeV.
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and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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pseudo-scalar, and mixed corresponding to bZ = ±1 and b̃Z = ±1, respectively.
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FIG. 4. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
s = 250GeV.

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

and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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b̃Z = ±1, respectively.
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FIG. 4. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
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and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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Higgs condensate is formed. On the other hand, the SM
can not provide candidate particles for the dark matter,
and can not explain the baryon number asymmetry in
our universe, etc... New physics beyond the SM, there-
fore, is needed to answer all of those questions, and a lot
of theories providing us the answer require an extended
Higgs sector featuring several CP-even and -odd Higgs
bosons. The effects of new physics will be inevitably
imprinted in the properties of the Higgs boson, which
are shown in its interactions and couplings to other SM
particles or its CP nature.

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

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

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

II. EFFECTIVE FIELD THEORY AND
PARAMETERIZATION OF ZZH COUPLINGS

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

L = LSM + Leff (1)

Leff =
∑

i

∑

n≥

fi
Λn−4

O(n)
i (2)

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

LZZH =M2
Z

(1
v
+

aZ
Λ

)
ZµZ

µH

+
bZ
2Λ

ẐµνẐ
µνH +

b̃Z
2Λ

Ẑµν
˜̂Z
µν

H

(3)

the H appearing in the first and second terms of the
equation corresponds to the scalar Higgs boson, and
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FIG. 5. From left to right, distributions of a production angle of the Z boson calculated in the laboratory frame, a helicity
angle of a decay particle of the Z boson calculated in the Z rest frame based on a direction of the Z boson in the laboratory
frame and an angle between production planes ∆Φff̄ calculated in the Higgs rest-frame. The process e+e− → ZH → l+l−H
at

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

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

are input parameters bZ or b̃Z . The black, green, blue and red lines show the Higgs boson with the state of SM scalar,
pseudo-scalar, and mixed corresponding to bZ = ±1 and b̃Z = ±1, respectively.

plane
f(Z)fΦ∆

0 2 4 6

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

15
3−10×

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

H @ 500GeVqq→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

plane
f(Z)fΦ∆

0 1 2 3

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

3−10×

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

H @ 500GeVqq→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

plane
f(Z)fΦ∆

0 2 4 6

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

3−10×

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

eeH @ 500GeV→(ZZ)→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

plane
f(Z)fΦ∆

0 2 4 6

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

15
3−10×

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

H @ 500GeVqq→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

plane
f(Z)fΦ∆

0 1 2 3

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

3−10×

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

H @ 500GeVqq→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

plane
f(Z)fΦ∆

0 2 4 6

pl
an

e f
(Z

)f
Φ

∆
/d
σ

 d
σ

1/

0

5

10

3−10×

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

eeH @ 500GeV→(ZZ)→+e-e
=R)+=L, e-Pol(e

In the H rest-frame

FIG. 6. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
s = 500GeV.

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

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

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

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

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

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

and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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FIG. 6. Left and middle plots show distributions of the ∆Φff̄ using the ZH → qq̄H hadronic channel at
√
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Intrinsic sensitivity to the anomalous couplings gets half (from 0 ∼ 2π to 0 ∼ π) without jet charge identification (middle).
Because a charge of the final state quark is unclear, one can not deicide a direction of plane which is constructed by a
direction of the Z boson and a final state quark. Right plots also show the ∆Φff̄ using the e+e− → ZZ → e+e−H at√
s = 500GeV. The difference of upper and lower rows are similarly the input parameters bZ or b̃Z . The black, green, blue

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

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

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

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

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

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

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

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

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

and red lines show the Higgs boson with the state of SM scalar, pseudo-scalar, and mixed corresponding to bZ = ±1 and
b̃Z = ±1, respectively.
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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. 20. A plot shows distribution of the migration matrix
in one-dimensional distribution X(∆Φff̄ ) binned in 5.

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

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

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

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

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

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

3. e+e− → ZZ → e+e−H(H → bb̄)

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

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

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

√
s =500 GeV.

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

√
s =500 GeV.

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

√
s =500 GeV. The two-dimensional distribution

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

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

√
s =250 GeV.

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

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

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

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

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

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

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

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

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

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

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

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

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

in the laboratory frame, and the difference of the production planes ∆Φff̄ in the Higgs rest frame. Difference of
upper and lower rows correspond to input anomalous parameters. Black land green lines on each plot show the
state of the Higgs boson with SM scalar and pseudo-scalar. Blue and red lines are mixed states corresponding to
b = ±1 and b̃ = ±1.
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Higgs condensate is formed. On the other hand, the SM
can not provide candidate particles for the dark matter,
and can not explain the baryon number asymmetry in
our universe, etc... New physics beyond the SM, there-
fore, is needed to answer all of those questions, and a lot
of theories providing us the answer require an extended
Higgs sector featuring several CP-even and -odd Higgs
bosons. The effects of new physics will be inevitably
imprinted in the properties of the Higgs boson, which
are shown in its interactions and couplings to other SM
particles or its CP nature.

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

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

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

II. EFFECTIVE FIELD THEORY AND
PARAMETERIZATION OF ZZH COUPLINGS

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

L = LSM + Leff (1)

Leff =
∑

i

∑

n≥

fi
Λn−4

O(n)
i (2)

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

LZZH =M2
Z

(1
v
+

aZ
Λ

)
ZµZ

µH

+
bZ
2Λ

ẐµνẐ
µνH +

b̃Z
2Λ

Ẑµν
˜̂Z
µν

H

(3)

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



62

Kinematical distribution with the ZZ-fusion : 500GeV
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FIG. 19. A schematic view of the ZZ-fusion process e+e− →
ZZ → e+e−H. The ∆Φ shows the angle between two pro-
duction planes.
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FIG. 20. A plot shows distribution of the migration matrix
in one-dimensional distribution X(∆Φff̄ ) binned in 5.

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

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

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

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

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

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

3. e+e− → ZZ → e+e−H(H → bb̄)

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

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

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

√
s =500 GeV.

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

√
s =500 GeV.

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

√
s =500 GeV. The two-dimensional distribution

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

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

√
s =250 GeV.

Fig. 24 shows the migration matrix on two-dimensional
distribution X(PH ,∆Φff̄ ).
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Figure 23: Simulated distributions of the observables in the process e+e− → ZZ → eeH at
√
s = 250GeV with

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

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

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

in the laboratory frame, and the difference of the production planes ∆Φff̄ in the Higgs rest frame. Difference of
upper and lower rows correspond to input anomalous parameters. Black land green lines on each plot show the
state of the Higgs boson with SM scalar and pseudo-scalar. Blue and red lines are mixed states corresponding to
b = ±1 and b̃ = ±1.
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Higgs condensate is formed. On the other hand, the SM
can not provide candidate particles for the dark matter,
and can not explain the baryon number asymmetry in
our universe, etc... New physics beyond the SM, there-
fore, is needed to answer all of those questions, and a lot
of theories providing us the answer require an extended
Higgs sector featuring several CP-even and -odd Higgs
bosons. The effects of new physics will be inevitably
imprinted in the properties of the Higgs boson, which
are shown in its interactions and couplings to other SM
particles or its CP nature.

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

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

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

II. EFFECTIVE FIELD THEORY AND
PARAMETERIZATION OF ZZH COUPLINGS

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

L = LSM + Leff (1)

Leff =
∑

i

∑

n≥

fi
Λn−4

O(n)
i (2)

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

LZZH =M2
Z

(1
v
+

aZ
Λ

)
ZµZ

µH

+
bZ
2Λ

ẐµνẐ
µνH +

b̃Z
2Λ

Ẑµν
˜̂Z
µν

H

(3)

the H appearing in the first and second terms of the
equation corresponds to the scalar Higgs boson, and
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TABLE IV. The expected number of remaining signal and
background events after applying each cut on the ZH →
qq̄bb̄(H) at 250 GeV with the beam polarization e−Le

+
R. Inte-

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

Cut variables qq̄bb̄ ϵ 2f 4f Ssig

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

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

VII. SENSITIVITY TO ANOMALOUS ZZH
COUPLINGS

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

√
s =

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

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

considered at each
√
s and nominal integrated luminosi-

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

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

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

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

s + χ2
c . To estimate the impact of

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

B. Limits in a three parameter space at 250 GeV

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

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

+
R). The angular distributions of four processes

9

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

2. Background suppression

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

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

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

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

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

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

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

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

3. Migration effect to observables

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

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

+
R. Inte-

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

Cut variables µµH ϵ 2f 4f Ssig

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

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

∑
j, b f̄jbia = 1.)

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

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

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

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

Reconstructed distribution of ΔΦ vs cosθz binned in 10x10

Migration matrices  
on several bins

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

Matrix 
element 
[0~1]
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FIG. 9. ∆χ2 distributions as a function of each parameter space of the anomalous couplings aZ , bZ , and b̃Z . Only angular
information are considered for the evaluation on the left and middle plots, where the channels µµH (left) and qq̄bb̄(H)
(middle) are used assuming the integrated luminosity of 250 fb−1 with the left-handed beam polarization and the two-
dimensional distributions X(cos θZ ,∆Φff̄ ) binned in 10×10 are used. On the right plot only cross section information is
considered. The channel µµH is used as demonstration.
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FIG. 10. Contour plots showing the sensitivity to the anomalous couplings. Fitting is performed with the three parameters
set to be free and the results are projected to the two-dimensional parameter spaces a-b, a-b̃ and b-b̃. Both information, the
angular distributions and the cross section information, are considered. For the evaluation the four channels of the ZH and
ZZ fusion processes are used. The three-dimensional distributions X(cos θZ , cos θ

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

former three channels and the one-dimensional distribution X(∆Φff̄ ) binned in 10 is used for the latter one.

  Za
0.5− 0 0.5

  2 χ
∆

0

2

4

6
bb)→H/qqH(H-e+H/e-µ+µ→ZH→-e+e

bb)→H(H-e+e→ZZ→-e+e

-1Ldt=250fb∫eL0.8pR0.3 

σ1

  Zb
0.4− 0.2− 0 0.2 0.4

  2 χ
∆

0

2

4

6
bb)→H/qqH(H-e+H/e-µ+µ→ZH→-e+e

bb)→H(H-e+e→ZZ→-e+e

-1Ldt=250fb∫eL0.8pR0.3 

σ1

  Zb~
0.2− 0.1− 0 0.1 0.2

  2 χ
∆

0

2

4

6
bb)→H/qqH(H-e+H/e-µ+µ→ZH→-e+e

bb)→H(H-e+e→ZZ→-e+e

-1Ldt=250fb∫eL0.8pR0.3 

σ1

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

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

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

∗
f ,∆Φff̄ ) binned

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

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

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

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

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

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

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

∗
f ,∆Φff̄ ) binned

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

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

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

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

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

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

√
s =250 GeV assuming the benchmark integrated lumi-

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

aZ bZ b̃Z

ZH e−Le
+
R - ±0.110 ±0.051

with shape e−Re
+
L - ±0.129 ±0.061

ZH e−Le
+
R ±0.309 ±0.109 ±0.051

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

ZH+ZZ-fusion e−Le
+
R - ±0.110 ±0.051

with shape e−Re
+
L - ±0.129 ±0.061

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

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

TABLE VI. The sensitivity to the anomalous ZZH couplings
at

√
s =500 GeV assuming the benchmark integrated lumi-

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

aZ bZ b̃Z

ZH e−Le
+
R - ±0.0199 ±0.0183

with shape e−Re
+
L - ±0.0215 ±0.0198

ZH e−Le
+
R ±0.116 ±0.0201 ±0.0183

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

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

with shape e−Re
+
L - ±0.0214 ±0.0190

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

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

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

√
s set to be higher and the momenta of related

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

√
s=500 GeV is restricted compared

with that of 250 GeV.

D. Limits in a three parameter space at 500 GeV

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

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

tions e−Le
+
R and e−Re

+
L . The impact of the angular distri-

butions of four processes are merged as with the analysis
at

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

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

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

+
R and e−Re

+
L . The correlation

matrix is shown bellow,

ρ =

⎛

⎝
1 −0.557 0.016
- 1 −0.012
- - 1

⎞

⎠ (20)

VIII. DISCUSSIONS

A. Prospective sensitivity with the benchmark
integrated luminosity

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

√
s =250 and 500 GeV with two different

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

√
s =250 and

500 GeV are accumulated, respectively.

B. Scale to ILC operating senario

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

√
s =250 and 500 GeV, respec-

tively. In the planning operation at
√
s=250 GeV, an
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TABLE XI. The expected number of remaining signal and background events after applying each cut on the ZH → qq̄H(H →
bb̄) at 500 GeV with the beam polarization e−Le

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

ϵ and signal significance Ssig are given.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

+
R.

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


