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4.1. ILC ACCELERATOR DESIGN 69

Figure 4.15: The Kitakami candidate site for the ILC [98].

Vibration measurements taken during the construction of a road tunnel show that accelerator
operation would be possible during the excavation of a tunnel for an energy upgrade [101].

4.1.6 Green ILC

https://www.overleaf.com/project/5feb77d659085f27f0653fa4

The design of the ILC is based on Superconducting RF technology, which is more e�cient than
the normal conducting technology in terms of the energy consumption. However, still the total
energy consumption of ILC is 111 MW at 250-GeV initial phase, 163 MW at 500-GeV phase and 300
MW at 1-TeV phase as shown in Table 4.1. These values are comparable to the energy consumption
of the LHC but still large in absolute terms. The world is moving to carbon-neutrality as a goal,
and this should apply also to the major laboratories of particle physics. This being so, the reduction
of energy consumption and the usage of sustainable energy, and thus the e�cient and sustainable
design of the ILC, are crucial issues that must be addressed, especially to cooperate with the local
community in the regions of the ILC site in Japan. For this purpose, the Advanced Accelerator
Association (AAA) in Japan, consisting of members from both industry and academia, organized
the ”Green-ILC Working Group (WG)”. The Green-ILC WG collaborates with the international
team of the ILC. Its activities include studies on the e�cient design of ILC components, accelerator
sub-systems, the overall system design, and even an ILC city hosting the laboratory campus. The
ILC team has been continuously communicating with the local community of the ILC Kitakami
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8 October 2013

"for the theoretical discovery of a mechanism that 
contributes to our understanding of the origin of mass of 
subatomic particles, and which recently was confirmed 

through the discovery of the predicted fundamental 
particle, by the ATLAS and CMS experiments at CERN's 

Large Hadron Collider" [http://www.nobelprize.org]
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ABSTRACT

The International Linear Collider (ILC) is on the table now as a new global energy-
frontier accelerator laboratory taking data in the 2030’s. The ILC addresses key ques-
tions for our current understanding of particle physics. It is based on a proven acceler-
ator technology. Its experiments will challenge the Standard Model of particle physics
and will provide a new window to look beyond it. This document brings the story of
the ILC up to date, emphasizing its strong physics motivation, its readiness for con-
struction, and the opportunity it presents to the US and the global particle physics
community.
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Determining the spin of new particles is critical in identifying the true theory among various extensions
of the Standard Model at the next generation of colliders. Quantum interference between different
helicity amplitudes was shown to be effective when the final state is fully reconstructible. However, many
interesting new physics processes allow only for partial reconstruction. In this Letter, we show how the
interference effect can be unambiguously extracted even in processes that have two-fold ambiguity, by
considering the correlation between two decay planes in e+e− collisions.

 2009 Elsevier B.V. All rights reserved.

The Large Hadron Collider (LHC) will soon usher us into the
arena of the electroweak symmetry breaking scale and beyond.
Once the TeV regime is explored, it is highly anticipated that the
true theory for the origin and stability of the electroweak scale [1]
will be revealed.

One possible result from the LHC, generically predicted in new
most models, is the presence of new particles partnered with some
or all of the Standard Model (SM) particles. For instance, every SM
particle in the Minimal Supersymmetric Standard Model (MSSM)
[2,3] has a heavier partner whose spin differs by 1/2. Alternatively,
in the minimal universal extra dimension (UED) model [4] with
a compactified electroweak-scale extra space dimension, each SM
particle is paired with a tower of Kaluza–Klein (KK) states with
identical spin. Thus, model-independent spin measurements are
crucial in discriminating among many extensions of the SM.

There have been several proposals for measuring spin at both
the LHC and the prospective e+e− International Linear Collider
(ILC) [5]. Threshold scans in e+e− collisions can be used to dis-
tinguish scalars from spinors at the ILC, as the scalar production
cross section increases slowly ∼ β3 while the spinor cross sec-
tion increases steeply ∼ β [6]. [Such a method cannot be used at

* Corresponding author.
E-mail address: sychoi@chonbuk.ac.kr (S.Y. Choi).

1 Address since August 2008.
2 Address since October 2008.

the LHC as the center of mass (c.m.) energy at the parton level
is not fixed.] The production angle can give insight on spin as
well. The polar-angle distribution of a s-channel pair produced
scalars is proportional to sin2 Θ , while for spinors it approaches
1 + cos2 Θ asymptotically at high energies. The presence of t/u-
channel exchanges may render the production-angle measurement
of spin more demanding [6], although it is feasible in some cases
[7,8]. The polar-angle dependence in decays at the ILC [8] and
the invariant-mass distributions in sufficiently long decay chains
at the LHC [9] can also be used for spin measurements. However,
these techniques rely strongly on the final state spins and the chi-
ral structure of couplings.

In this Letter we study the fully-correlated azimuthal-angle dis-
tributions in the production of a new particle–antiparticle pair
in e+e− collisions and both of their sequential decays [10]. [This
work is a natural extension to the previous works [11,12] where
the azimuthal-angle correlation of the production and only one
of the decays has been investigated.] These distributions develop
through quantum interference between the different helicity states
in a coherent sum. By extracting this angular dependence, we can
determine which helicity states contribute to the sum, and thus
the spin of the decaying particle in a model-independent way. To
be specific, we restrict ourselves to production of an electrically-
charged particle–antiparticle (F + F −) pair in e+e− collisions and
decay of each produced particle F ± to a charged particle f ± and
an invisible particle χ ,

e+e− → F + F − → ( f +χ)( f −χ) → f + f −/E. (1)

0370-2693/$ – see front matter  2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2009.01.034
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Fig. 3. (a) The c.m. energy dependence of the production cross sections for smuons and KK muons; and (b) the normalized azimuthal-angle distribution (2π/C)dC/dφ in
the scenario (12) with Ecm = 450 GeV. The solid (dashed) line is the distribution without (with) the rapidity cut on the µ± directions and the total missing momentum,
|η| < 2.5.

Fig. 4. Coefficient A1 for the scenario (12) as a function of the e+e− c.m. energy
for both the SUSY µ̃±

R and UED µ±
R1 pair production with an integrated luminos-

ity of 500 fb−1. Error bars obtained with Br(µ̃±
R → µ±χ̃0

1 ) = Br(µ±
R1 → µ±γ1) = 1

correspond to the 1-σ uncertainty range.

W -boson pair:
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1 W −
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)
, (14)

where the charged leptons '± can be of either a muon or an
electron type. An explicit calculation shows that, when CP is pre-
served and all the absorptive parts are negligible, the correlated
azimuthal-angle distributions (2π/C)dC/dφ are given in terms of
the production matrices by

χ̃+
1 χ̃−
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8
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where the super/sub-scripts ± stand for the helicities ±1/2 and
±1 of χ̃±

1 and W ±
1 , respectively. The integrated production density

matrix ρ is defined as5:

ρ
λ−λ+
λ′

−λ′
+

=
∫

P λ−λ+
λ′

−λ′
+
(Ecm,Θ)d cos Θ

×
[∑

λ±

∫
P λ−λ+

λ−λ+ (Ecm,Θ)d cos Θ

]−1

. (17)

We note that the χ̃±
1 and W ±

1 two-body decays do not suppress
the cosφ terms, while the highest cos(2φ) mode in the W ±

1 case
may be strongly suppressed due to a small polarization analyzing
power of the W ±

1 decay. In particular, the coefficient becomes van-
ishing if two states, W ±

1 and ν1, are degenerate.
For our numerical demonstration in the χ̃±

1 and W ±
1 cases, we

take the masses of χ̃±
1 /W ±

1 and ν̃'/ν'1 to be

m± = mχ̃±
1

= mW ±
1

= 300 GeV

and m0 = mν̃'
= mν'1 = 200 GeV. (18)

Even though the ν̃'/ν'1 are not the LSP/LKP, they decay to neutri-
nos and the LSP/LKP, neither of which is visible in the detector.

We perform fits of the azimuthal angle distributions obtained
with an integrated luminosity of 500 fb−1 to (1 + A1 cosφ +
A2 cos 2φ)/2π . The results for the mass spectrum (18) are dis-
played in Fig. 5. Error bars corresponding to the 1-σ uncertainty
range are obtained with Br(χ̃±

1 → '±ν̃') = Br(W ±
1 → '±ν'1) = 0.4.

First, we note that the coefficient A2 is too small (less than 0.5%) in
magnitude to distinguish the spin-1 W ±

1 state from the spin-1/2
χ̃±

1 state. This strong suppression in the W ±
1 case is not only due

to the small analyzing power of the W ±
1 two-body decays in the

scenario (18) but also due to the cancellation of the correspond-
ing production helicity amplitudes, ∼ m2

W ±
1
/E2

cm, that is forced by

electroweak gauge invariance to save the unitarity [13]. On the

5 A detailed derivation of the explicit forms of the production density matrices
will be presented in a separate publication.

UED (Universal Extra Dimension 余剰次元) 
SUSY (SUperSYmmetry 超対称性)

LHC実験が始まる前は、
新粒子発見の期待に胸を
膨らませ、モデルを作
成、断面積を計算・シ
ミュレーションをしてモ
デルの比較・選別をやっ
てました…



(素粒子標準模型において) 
電子・陽電子衝突で何がどれくらい生成されるか？ 

特に、 
ヒッグス粒子がどうやってどれくらい生成されるか？
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1.ラグランジアンからファインマンルールを導く 
2.散乱過程のファインマン図を描く 
3.ファイマン図に基づいて散乱振幅を計算、断面積を求める 
4.シミュレーションをし、実験データと比較する

「コライダー物理」 
0. 量子場の理論を勉強する

心配ご無用！
（０以外…）

シミュレーションツール
がやってくれます！



LCWSプリスクール（東京大）- 2024.7.7                              馬渡 (岩手大)

電子・陽電子衝突で何がどれくらい生成されるか？

12

106 CHAPTER 5. GENERAL ASPECTS OF THE ILC PHYSICS ENVIRONMENT

91 250 350 500 1000
p

s [GeV]

100

101

102

103

104

105

106

107

108

C
ro

ss
se

ct
io

n
[f
b
]

e+e� Physics Processes at ILC, P = (�80%, +30%)

ZH

tt̄

tt̄H

W+W�

ZZ

jj

cc̄, bb̄

⌫⌫̄H

e+e�H

WWZ

ZZZ

WWH

ZHH

µ+µ�, ⌧+⌧�

91 250 350 500 1000
p

s [GeV]

100

101

102

103

104

105

106

107

108

C
ro

ss
se

ct
io

n
[f
b
]

e+e� Physics Processes at ILC, P = (+80%, �30%)

ZH

tt̄

tt̄H

W+W�

ZZ

jj

cc̄, bb̄

⌫⌫̄H

e+e�H

WWZ

ZZZ

WWH

ZHH

µ+µ�, ⌧+⌧�

Figure 5.1: Cross sections of the most important Standard Model processes in e+e� annihilation
in the energy range of the ILC. Initial state radiation is included, and cross section are plotted for
reactions in which the annihilation retains > 90% of the nominal CM energy. The cross sections
are shown for predominantly left-handed beam polarization (�80%/ + 30% for e�/e+) (top) and
for predominantly right-handed beam polarization (+80%/ � 30%) (bottom). It is instructive to
compare the two plots, which have subtle and not-so-subtle di↵erences.
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Figure 5.2: The plan for the operation of the ILC through its various stages from 250 GeV to
500 GeV that is used in this report for projections of the physics results expected from the ILC.
The details of this program most relevant for physics studies are shown in Table 5.1. The detailed
accelerator parameters for each stage are given in Table 4.1. The total length of the program is
22 years. Additional stages at the Z boson resonance and at 1 TeV could be added to this plan.
Parameters for these programs are also presented in Table 5.1.
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Figure 5.2: The plan for the operation of the ILC through its various stages from 250 GeV to
500 GeV that is used in this report for projections of the physics results expected from the ILC.
The details of this program most relevant for physics studies are shown in Table 5.1. The detailed
accelerator parameters for each stage are given in Table 4.1. The total length of the program is
22 years. Additional stages at the Z boson resonance and at 1 TeV could be added to this plan.
Parameters for these programs are also presented in Table 5.1.
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Figure 5.1: Cross sections of the most important Standard Model processes in e+e� annihilation
in the energy range of the ILC. Initial state radiation is included, and cross section are plotted for
reactions in which the annihilation retains > 90% of the nominal CM energy. The cross sections
are shown for predominantly left-handed beam polarization (�80%/ + 30% for e�/e+) (top) and
for predominantly right-handed beam polarization (+80%/ � 30%) (bottom). It is instructive to
compare the two plots, which have subtle and not-so-subtle di↵erences.
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Figure 8.1: Left: Cross sections for the three major Higgs production processes as a function of
center of mass energy [2]. The Zh “Higgs-strahlung” process dominates at 250 GeV. Right: Recoil
mass spectrum against Z ! µ+µ� for signal e+e�

! Zh and SM background at 250 GeV [331].

Higgs-strahlung events at ILC250 in which the Z decays to hadrons or charged leptons will
provide the experimenter a sample of about half a million Higgs bosons that is almost completely
unbiased with respect to the Higgs decay mode. Such a sample is very useful for making precise
and unbiased measurements of the Higgs boson’s properties, for example the partial cross-sections
to di↵erent Higgs decay modes �ZH ⇥ BR(H ! X). At the same time, this sample can provide a
precise value of Higgs boson mass from the position of the recoil mass peak. An order of magnitude
improvement in precision over the current measurement is needed because the Higgs branching
ratios to WW ⇤ and ZZ⇤ depend strongly on the Higgs boson mass, and the recoil technique can
meet this goal.

Because the identification of the Higgs boson does not depend on the decay mode, it is also
possible at an e+e� collider to measure the total Higgs-strahlung production cross-section in the
di↵erent ILC beam polarization setups. Combining these results with other ILC measurements,
it is possible to extract absolutely normalized values for the couplings of the Higgs boson to its
various final states, and for the Higgs boson width. We will present the precision on these quantities
expected from a global fit to ILC data in Chapter 12.

ILC also presents an opportunity to probe the Higgs boson’s CP properties, a key to under-
standing the potential for baryogenesis at the electroweak scale, in its interaction both with ⌧
leptons and with massive vector bosons.

Projections for the experimental precisions attainable at the ILC are based on full simulation
studies which take into account experimental conditions such as beam energy spread and beam
background processes, as well as detailed simulation of the experimental apparatus and realistic
data analysis techniques.

ILC 250GeV
= ヒッグスファクトリー
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Figure 8.1: Left: Cross sections for the three major Higgs production processes as a function of
center of mass energy [2]. The Zh “Higgs-strahlung” process dominates at 250 GeV. Right: Recoil
mass spectrum against Z ! µ+µ� for signal e+e�

! Zh and SM background at 250 GeV [331].

Higgs-strahlung events at ILC250 in which the Z decays to hadrons or charged leptons will
provide the experimenter a sample of about half a million Higgs bosons that is almost completely
unbiased with respect to the Higgs decay mode. Such a sample is very useful for making precise
and unbiased measurements of the Higgs boson’s properties, for example the partial cross-sections
to di↵erent Higgs decay modes �ZH ⇥ BR(H ! X). At the same time, this sample can provide a
precise value of Higgs boson mass from the position of the recoil mass peak. An order of magnitude
improvement in precision over the current measurement is needed because the Higgs branching
ratios to WW ⇤ and ZZ⇤ depend strongly on the Higgs boson mass, and the recoil technique can
meet this goal.

Because the identification of the Higgs boson does not depend on the decay mode, it is also
possible at an e+e� collider to measure the total Higgs-strahlung production cross-section in the
di↵erent ILC beam polarization setups. Combining these results with other ILC measurements,
it is possible to extract absolutely normalized values for the couplings of the Higgs boson to its
various final states, and for the Higgs boson width. We will present the precision on these quantities
expected from a global fit to ILC data in Chapter 12.

ILC also presents an opportunity to probe the Higgs boson’s CP properties, a key to under-
standing the potential for baryogenesis at the electroweak scale, in its interaction both with ⌧
leptons and with massive vector bosons.

Projections for the experimental precisions attainable at the ILC are based on full simulation
studies which take into account experimental conditions such as beam energy spread and beam
background processes, as well as detailed simulation of the experimental apparatus and realistic
data analysis techniques.

2

els. Furthermore, in this channel model independence for
the measurement of �ZH can be demonstrated in practice.

This paper reports a study which evaluates the per-
formance of measuring �ZH and MH using the Hig-
gsstrahlung process with a Z boson decaying into a pair
of electrons or muons e+e� ! ZH ! l

+
l
�
H ( l = e or µ).

One of the major purposes of this study is to quantify the
impact of center of mass energy and beam polarization on
the precision of �ZH and MH; the analysis is carried out
for three center-of-mass energies (250, 350, and 500 GeV),
as well as two beam polarizations

⇣
P e

�, P e
+

⌘
=(�80%,

+30%) and (+80%, �30%), which will be denoted as
e
�
L e

+

R and e
�
Re

+

L , respectively.[5] Unless otherwise speci-
fied, the total integrated luminosity is assumed as follows:
For each beam polarization 250 fb

�1, 333 fb
�1, and 500

fb
�1 are accumulated for

p
s = 250, 350, and 500 GeV,

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

�1 will
be accumulated at

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

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

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

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

II. HIGGS BOSON MEASUREMENTS USING
THE RECOIL TECHNIQUE

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

p
s, assuming a Higgs boson

mass of 125 GeV. The Higgsstrahlung cross section peaks
around

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

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

Z

Z
He+

e<

i

i<

W

W
H

e+

e<

H

e+

e<

Z

Z

e+

e<

FIG. 1. The lowest order Feynman diagrams of the
three major Higgs production processes at the ILC: (top)
Higgsstrahlung process e

+
e
� ! ZH, (center) WW fusion

process e
+
e
� ! ⌫⌫H, and (bottom) ZZ fusion process

e
+
e
� ! e

+
e
�
H.

The Higgsstrahlung process with a Z boson decaying
into a pair of electrons or muons: e

+
e
� ! ZH ! l

+
l
�
H

( l = e or µ) will be hereafter referred to as e
+
e
�
H and

µ+µ�
H, respectively. The leptonic recoil technique is

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

M2

rec =
�p

s� E
l
+
l
�
�2 �

���!p
l
+
l
�
��2 , (1)

where E
l
+
l
� ⌘ E

l
++E

l
� and �!p

l
+
l
� ⌘ �!p

l
++

�!p
l
� are the

energy and momentum of the lepton pair from Z boson
decay. The Mrec calculated using Equation 1 is expected
to form a peak corresponding to Higgs boson production.
From the location of the Mrec peak and the area beneath
it the Higgs boson mass and the signal yield can be ex-
tracted. The signal selection efficiency, and hence the
production cross section is, in principle, independent of
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Figure 12.1: Projected Higgs boson coupling uncertainties for ILC250, ILC500, and ILC1000, also
incorporating results expected from the HL-LHC, based on the SMEFT analysis described in the
text. The darker bars show the results allowing invisible and exotic Higgs decay channels; the
lighter bars assume that these BSM decays are not present. The column � refers to the HHH
coupling. In the last four columns, all bars are rescaled by the indicated factor. From [428].

obtained using only the level of precision that is achievable from running at 250 GeV and analyzing
the radiative return reactions to improve the uncertainty in A`. It is di�cult to see improvements
beyond this point as long as the possibility of uncharacterized exotic decays is included in the fit.
So, in Table 12.3, we assume that there are no exotic decays and carry out the 20-parameter fit
using the levels of precision expected from radiative return, from the dedicated Z pole program
discussed in Sec. 9.3, and from the levels of precision expected from the TeraZ program at the
FCC-ee [661].

12.5 Expectations for the Higgs self-coupling

Up to this point, we have not included in our fits the coe�cient c6 that modifies the Higgs self-
coupling,

c6 = �eff/� . (12.11)

SMからのズレを
観測したい！
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Fig. 12 Correlation between !RhZ
ττ and !RhZ

cc . Color codes and the ranges of the parameters are the same as in those of Fig. 11

Fig. 13 Correlation between !RhZ
ττ and !RhZ

WW . Color codes and the ranges of the parameters are the same as in those of Fig. 11

5 Conclusion

We have calculated the cross section for e+e− → hZ with
arbitrary sets of electron and Z boson polarization at the
full next-to-leading order in the HSM, the IDM and the four
types of 2HDMs. We have systematically performed com-
plete one-loop calculations to the helicity amplitudes in the
on-shell renormalization scheme and present the full analytic
results as well as numerical evaluations. The deviation !RhZ

in the total cross section from its SM prediction has been
comprehensively analyzed, and the differences among these
models have been discussed in detail. We have found that
new physics effects appearing in the renormalized hZ Z ver-
tex almost govern the behavior of !RhZ . We have also shown
that the predictions for the deviations in the total cross sec-

tion of e+e− → hZ times the branching ratios of h → XY .
It has been found that we can discriminate the four types
of 2HDMs by analyzing the correlation between !RhZ

bb and
!RhZ

ττ and those between !RhZ
cc and !RhZ

ττ . Furthermore,
the Type-I 2HDM might be specified from the HSM and the
IDM by measuring the deviation in !RhZ

WW . These signatures
can be tested by precision measurements at future Higgs fac-
tories such as the ILC. On the other hand, the discrimination
between the HSM and the IDM is rather challenging only by
the measurement at the ILC. However, this problem might
be solved by taking into account the deviation in h → γ γ

signals at the LHC and the HL-LHC.
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At future collider experiments such as the ILC, the cross
section of e+e− → hZ can be measured without depend-
ing on the decay of the SM-like Higgs boson by utilizing
the recoil mass technique [26,132]. This makes it possible
to measure the decay branching ratio of the SM-like Higgs
boson independently of the cross section. However, the cross
section times decay branching ratios of the SM-like Higgs
boson can be measured more precisely. In Table 3, we sum-
marize the expected accuracy of the cross section times decay
branching ratios of the SM-like Higgs boson at the ILC at√
s = 250 GeV with 250 fb−1 for (Pe, Pē) = (−0.8,+0.3).

The values in Table 3 are taken from Table VI in [26].
In the following, we analyze the predictions forσ (e+e− →

hZ) × BR(h → XY ) at one-loop level, where X and Y
denote decay products of the SM-like Higgs boson. In order
to discuss deviations from predictions in the SM, we evaluate
the ratio of the total cross section times the decay branching
ratios

"RhZ
XY = σNP(e+e− → hZ)BRNP(h → XY )

σSM(e+e− → hZ)BRSM(h → XY )
− 1, (4.7)

where we assume the beam polarization (Pe, Pē) = (−0.8,+0.3).
In the evaluation of the decay branching ratios of the SM-
like Higgs boson with the one-loop EW and QCD cor-
rections, we use the H-COUP program [52,53]. Although
the magnitude of "RhZ

XY depends on the treatment of the
QED corrections, we do not consider these corrections and
discuss the pattern of the deviations in the correlation of
σ (e+e− → hZ) × BR(h → XY ). The QED corrections
in the cross section universally change the magnitude of
σ (e+e− → hZ) × BR(h → XY ). Therefore, the pattern
of the deviations is not changed even if we include the QED
corrections following a realistic experimental setup.

We scan the input parameters in each model in the fol-
lowing way. In the HSM, there are five input parameters as
given in Eq. (2.10). We here use M2 as an input parameter
instead of λ$S . The mass of the additional Higgs boson H is
scanned as

400 GeV ≤ mH < 2000 GeV, (4.8)

while cα and M2 are scanned as

0.95 ≤ cα < 1, 0 ≤ M2 < (mH + 250 GeV)2. (4.9)

We here take µs = 0 and λS = 0.1 for simplicity.
In the 2HDMs, we have six input parameters given in

Eq. (2.26). We assume that the additional Higgs bosons are
degenerate in mass as in the previous subsection. In this sce-
nario, the constraint of the EW T parameter is satisfied inde-
pendently of the type of the 2HDMs. The degenerate mass

m$(= mH± = mH = mA) is scanned as

400 GeV ≤ m$ < 2000 GeV for the Type-I and X 2HDMs,
(4.10)

800 GeV ≤ m$ < 2000 GeV for the Type-II and Y 2HDMs.
(4.11)

The lower bound of m$ in the Type-I and Type-X 2HDMs
comes from the direct search for A → τ τ̄ at the LHC [25]. In
the Type-I 2HDM, the parameter regions with tan β ! 2 are
not excluded. However, we take the above parameter regions
for simplicity. In the Type-II and Type-Y 2HDMs, the lower
bound comes from the flavor experiments, especially from
Bs → Xsγ [117]. In addition, we scan the other parameters
as

0.98 ≤ sβ−α < 1, 2 ≤ tan β < 10,

0 ≤ M2 < (m$ + 250 GeV)2. (4.12)

The lower bound of tan β comes from the flavor experiments.
We analyze both the positive and negative signs of cβ−α .

In the IDM, we have five input parameters given in
Eq. (2.37). We take mH = 63 GeV which is favored by dark
matter constraints. In order to satisfy the constraint from the
EW T parameter, we assume that H± and A are degenerate
in mass. The degenerate mass mH±(= mA), M2 and λ2 are
scanned as

100 GeV ≤ mH± < 1000 GeV, (4.13)

0 ≤ M2 < (m$ + 250 GeV)2, (4.14)

0 < λ2 < 4π. (4.15)

Over the above parameter spaces, we impose the con-
straints discussed in Sect. 2 such as perturbative unitarity,
vacuum stability, avoiding wrong vacua, and the constraints
from the EW S and T parameters. In addition, we take into
account the current data of the signal strengths of the discov-
ered Higgs boson at the LHC. We evaluate the decay rates
of the SM-like Higgs boson with higher-order corrections by
using the H-COUP program [52,53]. We define the scaling

factor κXY =
√

+NP
h→XY /+SM

h→XY at the one-loop level, and
remove the parameter points, where κXY deviates from the
observed data at 95% CL. In Table 4, we summarize the cur-
rent measurements of κXY factors at 1σ accuracy. The values
in Table 4 are taken from Table XI in Ref. [3]. We assume
that there is no decay mode where the SM-like Higgs boson
decays into additional Higgs bosons.

In the Type-II, X and Y 2HDMs, we have parameter points
where Yukawa coupling constants take the negative sign with
a large value of tan β and cβ−α > 0. These parameter points
show the sizable deviation both in the Higgs branching ratio
and cross section. However, we simply omit such particular
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Fig. 11 Correlation between !RhZ
ττ and !RhZ

bb in the HSM (orange),
the IDM (grey) and the Type-I (red), Type-II (blue), Type-X (green),
Type-Y (purple) 2HDMs. The left panel shows the results with cβ−α <
0 in the 2HDMs, and the right panel shows those with cβ−α > 0. The

ranges of the parameters are explained in the text. The lighter color
corresponds to the lighter mass scale of the additional Higgs bosons,
m% ≥ 400, 800, 1200 and 1600 GeV in order

the Higgs signal strength in the HSM are weaker than those
in the 2HDMs, and the deviation in cα realizes the sizable
!RZh

XY even if m% is larger than 1 TeV. In the IDM, the
decoupling limit cannot be applied because we fix mH =
63 GeV. Therefore, we have a sizable deviation although
there is no mixing between the CP-even states.

In Fig. 12, we show the correlations between !RhZ
ττ and

!RhZ
cc in the HSM, the IDM and the four types of 2HDMs.

The color codes and gradations are the same as those in
Fig. 11. In the left (right) panel, we show the results with
cβ−α < 0 (cβ−α > 0). The results in the HSM and the IDM
are the same both in the left and right panels.

Qualitative behavior of the deviations in each model is
the same as in Fig. 11. In the Type-II, X and Y 2HDMs, the
typical size of !RXY is larger than !RZh , and the pattern of
the deviation is mainly determined by !RXY . On the other
hand, we also have sizable deviations in the HSM, the Type-
I 2HDM and the IDM, and they reach about 10%. In the
Type-I 2HDM with cβ−α > 0, !RXY takes a positive value.
However, the typical size of !RXY is smaller than !RhZ ,
and !RZh

XY takes a negative value in most of the parameter
regions.

If cβ−α is negative, the directions of the deviations in
!RhZ

ττ and !RhZ
cc are the same in the HSM, the IDM and

the Type-I and Y 2HDMs. However, this overlap can be par-
tially resolved by looking at the correlation between !RhZ

ττ

and !RhZ
bb where the Type-Y 2HDM shows a different cor-

relation with others. On the other hand, if cβ−α is positive,
the directions of the deviations in !RhZ

ττ and !RhZ
bb are the

same in the HSM, the IDM and the Type-I and II 2HDMs.
This overlap can also be resolved by looking at the corre-
lation between !RhZ

ττ and !RhZ
cc where the Type-II 2HDM

shows a different correlation with others.
In order to discriminate the Type-I 2HDM from the HSM

and the IDM, we can use the correlation between !RhZ
ττ

and !RhZ
WW . In Fig. 13, we show the correlations between

!RhZ
ττ and !RhZ

WW in the HSM, the IDM and the four types
of 2HDMs. The color codes and gradations are the same as
those in Fig. 11. In the left (right) panel, we show the results
with cβ−α < 0 (cβ−α > 0). The results in the HSM and the
IDM are the same both in the left and right panels. Especially
in the case of cβ−α < 0, !RhZ

WW takes a positive value in the
Type-I 2HDM, while it takes a negative value in the HSM and
the IDM. Even in the case of cβ−α > 0, there is a stronger
correlation between !RhZ

ττ and !RhZ
WW in the HSM and the

IDM than those in the Type-I 2HDM.
Finally, we discuss the discrimination between the HSM

and the IDM. The deviation !RhZ
γ γ might be useful to dis-

criminate these models because it is mainly affected by the
contribution of the charged Higgs bosons. The behaviors of
!RhZ

ττ and !RhZ
γ γ show a different correlation between the

HSM and the IDM. However, the possible size of !RhZ
γ γ is at

most 20%, and it is rather challenging to discriminate them
with 95% CL at the ILC. The large uncertainty in !RhZ

γ γ

at the ILC mainly comes from the low statistics, and this
would be improved by performing the combined study with
the measurements at the ILC and the HL-LHC.
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predictions. Conclusions are given in Sect. 5. In Appendix,
the input parameters and explicit formulae for the NLO cal-
culations are presented.

2 Models with non-minimal Higgs sectors

In this section, we briefly review the HSM, the 2HDM and the
IDM. Before moving on to the discussion on each extended
Higgs model, we review concepts of general constraints on
parameter spaces that are independent of models. We then
define the extended Higgs models in order.

2.1 Constraints on extended Higgs models

First of all, the size of Higgs quartic couplings is constrained
by the perturbative unitarity bound, which was originally
introduced to obtain the upper limit on the mass of the
Higgs boson in the SM [89,90]. Using the equivalence the-
orem [91], this bound requires that the magnitude of par-
tial wave amplitudes for the elastic scatterings of two-body
to two-body scalar boson processes, including the Nambu–
Goldstone (NG) bosons, does not exceed a certain value.
Each eigenvalue of the s-wave amplitude ai0 should satisfy

|ai0| ≤ ξ, (2.1)

where ξ = 1 [89,90] or 1/2. We take ξ = 1/2 in this paper.
Next, the vacuum stability bound provides an independent

constraint on scalar quartic couplings. This bound requires
that the Higgs potential is bounded from below in any direc-
tion with large field values. This condition is trivially satisfied
in the SM by taking the Higgs quartic coupling to be positive.
However, this bound requires a set of inequalities in terms of
Higgs quartic couplings in extended Higgs models [79].

Furthermore, in extended Higgs models, wrong local
vacua can appear in addition to the true vacuum giving the
correct value of the Fermi constant GF . We have to avoid
parameter regions where the depth of such wrong vacua
becomes deeper than that of the true one. The condition
to avoid the wrong vacua can be written by combinations
of dimensionful and dimensionless parameters in the Higgs
potential, and it provides an independent constraint from the
above two constraints.

Apart from these theoretical constraints, we need to take
into account bounds from experimental data. At the LEP/SLC
experiments, various EW observables have been precisely
measured such as the masses and widths of the weak gauge
bosons. These precision measurements can be used to con-
strain the size of new physics effects which can enter into
the two-point functions for weak gauge bosons. Such indi-
rect effects, so-called oblique corrections, are conveniently
parameterized by the S, T and U parameters [92,93], which

are expressed in terms of two-point functions of the weak
bosons. From the global fit of EW parameters [94], new
physics effects on the S and T parameters under U = 0
are constrained by

S = 0.05 ± 0.09, T = 0.08 ± 0.07, (2.2)

with the correlation factor of +0.91 and the reference values
of the masses of the SM Higgs boson and the top quark being
mref

h = 126 GeV and mref
t = 173 GeV, respectively.

Flavor experiments also provide important constraints on
the parameter space in extended Higgs models, particularly
in multi-doublet models. We will discuss these constraints in
more detail in Sect. 2.3 about the 2HDM. Additional scalars
have been directly searched at the LHC [5–21], and con-
straints are obtained for parameters of extended Higgs mod-
els. In addition, Higgs coupling measurements also give con-
straints especially on the mixing parameters in the HSM and
the 2HDM [3,4]. The application of these constraints to each
extended Higgs sector will be discussed in the following sub-
sections.

2.2 Higgs singlet model

In the HSM, we have one isospin doublet scalar field " with
the hypercharge Y = 1/2 and one real singlet field S with
Y = 0. We parametrize these scalar fields as

" =
(

G+
1√
2
(v + φ + iG0)

)

, S = vS + s, (2.3)

where v is the vacuum expectation value (VEV) of the dou-
blet field which is related to the Fermi constant by v =
(
√

2GF )
−1/2 $ 246 GeV, while vS is the VEV of the singlet

field. The component fields G± and G0 in the doublet field
correspond to the NG bosons.

The most general Higgs potential is given by

VHSM(", S) = m2
"|"|2 + λ|"|4 + µ"S|"|2S + λ"S|"|2S2

+ tS S + m2
S S

2 + µS S3 + λS S4, (2.4)

where all the parameters are real. We can take any value of
vS without changing physical results [85], and we fix vS = 0
in the following discussion.

In the HSM, we have two physical neutral Higgs bosons.
Their mass eigenstates are defined by introducing the mixing
angle α as

(
s
φ

)
= R(α)

(
H
h

)
with R(θ) =

(
cθ −sθ
sθ cθ

)
, (2.5)

with the shorthand notation for the trigonometric functions
as sθ ≡ sin θ and cθ ≡ cos θ . We define the domain of α as
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The most general Higgs potential under the softly-broken
Z2 symmetry is given by

V2HDM(!1,!2)

= m2
1|!1|2 + m2

2|!2|2 − m2
3

(
!

†
1!2 + h.c.

)

+ 1
2
λ1|!1|4 +

1
2
λ2|!2|4 + λ3|!1|2|!2|2 + λ4|!†

1!2|2

+ 1
2
λ5

[(
!

†
1!2

)2
+ h.c.

]
. (2.17)

Although m2
3 and λ5 are generally complex, we take them to

be real and consider the CP-conserving case for simplicity.
The mass eigenstates of the Higgs fields are defined as

(
ω±

1
ω±

2

)
=R(β)

(
G±

H±

)
,

(
z1
z2

)
= R(β)

(
G0

A

)
,

(
h1
h2

)
=R(α)

(
H
h

)
, (2.18)

where tan β = v2/v1, and H± and A are the charged and
CP-odd Higgs bosons respectively, while H and h are the
CP-even Higgs bosons. We define the domain of β to be
0 ≤ β ≤ π/2. We identify h as the discovered Higgs boson
with a mass of 125 GeV. After solving two tadpole conditions
for h1 and h2, the squared masses of the charged and CP-odd
Higgs bosons are given by

m2
H± = M2 − 1

2
(λ4 + λ5)v

2, m2
A = M2 − λ5v

2, (2.19)

where M2 = m2
3/(sβcβ)which describes the softly-breaking

scale of the Z2 symmetry. The squared masses of the neutral
Higgs bosons and the mixing angle β − α are given by

m2
H = M2

11c
2
β−α + M2

22s
2
β−α − M2

12s2(β−α), (2.20)

m2
h = M2

11s
2
β−α + M2

22c
2
β−α + M2

12s2(β−α), (2.21)

tan 2(β − α) = − 2M2
12

M2
11 − M2

22
, (2.22)

where M2
i j (i, j = 1, 2) are the squared mass matrix ele-

ments for the CP-even scalar states in the Higgs basis [100]
(h1, h2)R(β):

M2
11 = (λ1c4

β + λ2s4
β)v

2 + 1
2
λ345v

2s2
2β , (2.23)

M2
22 = M2 + 1

4
(λ1 + λ2 − 2λ345)v

2s2
2β , (2.24)

M2
12 = −1

2
(λ1c2

β − λ2s2
β − λ345c2β)v

2s2β , (2.25)

with λ345 ≡ λ3+λ4+λ5. We define the domain of β−α to be
0 ≤ β −α ≤ π so that sβ−α is always positive and cβ−α has

the opposite sign from M2
12 [101]. The eight parameters in

the Higgs potential are expressed by the following six input
parameters:

mH , mA, mH± , M2, tan β, sβ−α, (2.26)

and the two parameters mh and v are fixed by experiments.
In addition, we have a degree of freedom of the sign of cβ−α .

The kinetic terms of the Higgs doublets are given by

L2HDM
kin = |Dµ!1|2 + |Dµ!2|2. (2.27)

In the mass eigenbasis of the Higgs bosons, the gauge-gauge-
scalar type interaction terms are given by

L2HDM
kin ⊃gmW (sβ−αW+

µ W−µh + cβ−αW+
µ W−µH)

+ gZmZ

2
(sβ−αZµZµh + cβ−αZµZµH). (2.28)

The Yukawa interaction terms under the Z2 symmetry are
given by

L2HDM
Y = − YuQL!̃uuR − Yd QL!ddR

− YeLL!eeR + h.c., (2.29)

where !u,d,e are either !1 or !2. As in Table 1, there are
four types of Yukawa interactions according to the Z2 charge
assignment [102,103]. The interaction terms for the physical
Higgs bosons with the fermions are given by

L2HDM
Y ⊃ −

∑

f=u,d,e

m f

v
[(sβ−α + ζ f cβ−α) f̄ f h

+ (cβ−α − ζ f sβ−α) f̄ f H − 2i I f ζ f f̄ γ5 f A]

+
√

2
v

[Vud ū(muζu PL − mdζd PR)dH+

− meζeν̄PReH+ + h.c.], (2.30)

with I f = 1/2 (−1/2) for f = u (d, e) and Vud is the
Cabibbo–Kobayashi–Maskawa matrix element.

The parameters in the Higgs potential are constrained
by perturbative unitarity, vacuum stability and the condi-
tion to avoid wrong vacua. For the perturbative unitarity
bound, there are twelve independent eigenvalues of the s-
wave amplitude matrix [74–77]. The vacuum stability bound
is sufficiently and necessarily satisfied by imposing the fol-
lowing conditions [79–83]

λ1 > 0, λ2 > 0,
√

λ1λ2 + λ3 + MIN(0, λ4 + λ5,

λ4 − λ5) > 0. (2.31)
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with the reduced polarization vector [1, 2, 3]

✏̃µ(q, 0) = ✏µ(q, 0) � qµ

Q
= �sgn(q2)

Q nµ

n · q , (6)

where ✏µ(q, �) is the ordinary polarization vector and Q =p
|q2|.
It is well known that the ordinary polarization vector with

� = 0, i.e. the longitudinally polarized gauge boson, behaves
badly at high energies, as shown below. For a massive gauge
boson with its momentum

qµ = (E, 0, 0, q) , (7)

the transverse polarization vector is given by

✏µ(q,±) =
1p
2

(0,⌥1,�i, 0) , (8)

while the longitudinal polarization vector is

✏µ(q, 0) =
1
m

(q, 0, 0, E) = � (�, 0, 0, 1) , (9)

where

� =
q
E
=

r
1 � m2

E2 , � =
E
m
=

1
p

1 � �2
. (10)

This � factor gives rise to the energy growth of scattering am-
plitudes at high energies (� ! 1, � ! 1), which might cause
violation of unitarity.

In contrast, the reduced polarization vector for � = 0 in
eq. (6) with the momentum (7) is given as

✏̃µ(q, 0) =
1

�(1 + �)
(�1, 0, 0, 1) , (11)

which vanishes in the high-energy limit.

3. Helicity amplitudes

In this section we present helicity amplitudes in the FD gauge
for the process

e�(k,�) + e+(k̄, �̄)! W�(p, �) +W+(p̄, �̄) (12)

in the SM. The four-momenta (k, k̄, p, p̄) and the helicities (�,
�̄, �, �̄) are defined in the e�e+ collision frame

kµ =
p

s
2

(1, 0, 0, 1) ,

k̄µ =
p

s
2

(1, 0, 0,�1) ,

pµ =
p

s
2

(1, � sin ✓, 0, � cos ✓) ,

p̄µ =
p

s
2

(1,�� sin ✓, 0,�� cos ✓) , (13)

W+W�

e� e+

�

W+W�

e� e+

Z

W+W�

e� e+

⌫

Figure 1: Feynman diagrams for e�e+ ! W�W+.

with the center-of-mass energy
p

s and the scattering angle ✓
for W� with respect to the e� momentum direction. The boost
factors in eq. (10) in this frame are

� =

s

1 �
4m2

W

s
, � =

p
s

2mW
. (14)

There are three Feynman diagrams both in the FD and U
gauges; s-channel photon (�) and Z-boson exchange, and t-
channel neutrino exchange,

M =
X

i

Mi =M� +MZ +M⌫ , (15)

depicted in Fig. 1. We note that, although the Feynman dia-
grams look identical both in the FD and U gauges, the weak-
boson lines in the FD gauge implicitly include the associated
Goldstone bosons forming the 5 ⇥ 5 component propagator in
eq. (3) and the 5 component polarization vectors in eqs. (4) and
(5), as introduced in the previous section. In the end of this sec-
tion, we see that the Goldstone-boson contribution is manifest
in FD-gauge amplitudes.

Each helicity amplitude (i = �,Z, ⌫) is written as [5]

Mi
��̄
� =

p
2 e2 ci M̃i

��̄(✓) " dJ0
��,��(✓) Pi(✓) , (16)

where the coupling factor ci and the propagator factor Pi(✓) are
given in Table 1, " = ��(�1)�̄ is a sign factor, �� = (�� �̄)/2,
�� = ���̄, J0 = max(|��|, |��|), and dJ0

��,��(✓) is the d function;
see e.g. ref. [15] for the explicit forms. We note that, since we
neglect the electron mass, �̄ = ��, i.e. �� = +1 or �1 and
hence J0 = 1 or 2. All the above factors in eq. (16) except
the reduced helicity amplitudes M̃i

��̄(✓) are common both in
the FD and U gauges. We present M̃i

��̄(✓) in the FD gauge in
Table 2, while those in the U gauge are shown in Table 3 for
comparison; see also Table 3 in ref. [5].

Although it is not so obvious at a glance for � = 0 and/or
�̄ = 0, the sum of the three amplitudes (15) in the FD gauge

Table 1: Coupling and propagator factors for each amplitude. sW ⌘ sin ✓W is
the weak mixing angle in the SM.

i � Z ⌫

ci 1 s�2
W

⇣
� 1

2��,�1 + s2
W

⌘
s�2

W ��,�1

Pi(✓)�1 1 1 � m2
Z/s 1 + �2 � 2� cos ✓

2

Peskin & Schroeder

Figure 4: Distribution of the scattering angle of e�e+ ! W�W+ for (�, �̄) = (0, 0) with the left-handed electron at
p

s = 250 GeV (left) and at
p

s = 1 TeV (right).
The solid line denotes the total distribution, while dashed (dotted) lines show contributions from the absolute value square of the s-channel � + Z amplitude and the
t-channel ⌫ amplitude in the FD (U) gauge.

dip structure are observed at both energies.
The angular dependence for the s-channel photon and Z am-

plitudes (magenta lines) is simply determined by the d function,
and hence only their magnitudes are di↵erent between the two
gauges. At larger energies, the di↵erence between the FD and
U gauges becomes larger because of the di↵erence of the � de-
pendence of the amplitudes as shown in Tables 2 and 3.

For the t-channel ⌫ amplitudes, the angular distributions are
non-trivial, which are determined not only by the d function
but also by the propagator factor P⌫(✓) as well as by the re-
duced amplitude M̃⌫��̄(✓). Nevertheless, the distribution in the
U gauge (green dotted) is mostly governed by the d function,
i.e. sin2 ✓, except for a sharp dip in the very forward region in
the left panel. For the ⌫ contribution in the FD gauge (green
dashed), in contrast, we clearly see the enhancement in the for-
ward region (cos ✓ ⇠ 1) and the suppression in the backward re-
gion (cos ✓ ⇠ �1) as naively expected from the t-channel prop-
agator factor.

To summarize on the distribution, the individual U-gauge
amplitudes give little useful information on the physical dis-
tribution, while the FD-gauge ones provide clear physics in-
terpretations. In the FD gauge, the observable cross section is
dominated by the single ⌫ amplitude for the singular kinemati-
cal region (cos ✓ ⇠ 1), and by the s-channel photon and Z am-
plitudes for cos ✓ . �0.5 at

p
s = 250 GeV and for cos ✓ . 0.5

at
p

s = 1 TeV. Since the location of the physical dip position
is at the crossing point of the magenta and green dashed curves,
where the magnitude of the s- and t-channel amplitudes are the
same, the dip structure can be explained as a consequence of
the destructive interference among the two channels. Although
we do not show the right-handed electron case explicitly, there
is no such dip structure and the distribution simply follows the
square of d1

1,0(✓) = � sin ✓/
p

2, because the t-channel ⌫ contri-
bution is absent.

In addition to Figs. 3 and 4, we present the total and di↵er-
ential cross sections for the (�, �̄) = (+, 0) and (0,�) case, i.e.

�� = +1 in Figs. 5 and 6. The cross sections are identical for
these two helicity combinations. As most of the discussions for
(�, �̄) = (0, 0) above can be applied for this case, we note only
those points which are specific for �� = +1 below.

As seen in Fig. 5, the total cross section falls as 1/s2. In
the U gauge, the three individual contributions are constant at
high energies, dictated by the � factor of the amplitudes in Ta-
ble 3, leading to subtle gauge cancellation to obtain the physical
cross section. In the FD gauge, in contrast, all the three individ-
ual contributions behave the same as the physical cross section,
dictated by the ��1 factor of the amplitudes in Table 2. Di↵erent
from the (�, �̄) = (0, 0) case, the Goldstone-boson amplitudes
are also proportional to ��1, and hence the contributions do not
become dominant even at high energies. Instead, the ⌫ ampli-
tude dominates.

As for the cos ✓ distributions shown in Fig. 6, due to the d
function d1

�1,1(✓) = (1 � cos ✓)/2, the amplitudes at cos ✓ = 1
vanish. Similar to the (�, �̄) = (0, 0) case, however, the physical
distribution does not follow the naive expectation of (1�cos ✓)2.
In the FD gauge, we clearly observe that the t-channel ampli-
tude dominantly contributes to the forward region, while the s-
channel amplitudes to the backward region. In between, around
cos ✓ ⇠ �0.25, where the magenta and green dashed curves in-
tersect, there is a dip structure as a physical destructive inter-
ference among the s- and t-channel FD-gauge amplitudes. Be-
cause the t-channel enhancement in the forward region is much
larger than the suppression by the d function, the ⌫ contribution
is larger than the photon and Z contributions in the total cross
section in the left panel in Fig. 5. For e�Re+L collisions, which
we do not show explicitly, there is no such dip structure and the
distribution simply follows the square of d1

1,1(✓) = (1+ cos ✓)/2
because the t-channel ⌫ contribution is absent.

Let us give brief comments on the (�, �̄) = (0,+) and (�, 0)
cases, i.e. for �� = �1. Since the global picture is very sim-
ilar to the �� = +1 case, we do not show the plots explicitly
here. The total cross section is slightly di↵erent from that for
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(a) (b)

Figure 8.8: (a) Expected precisions at
p

s = 250 GeV of charged TGCs for di↵erent assumptions
on the beam polarizations and the integrated luminosity. Note that these appear more pessimistic
than in Fig. 10.9 since here only the µ⌫qq channel is used in a binned three-angle analysis (b)
E↵ect of floating the left-right asymmetry of the the Zee coupling in the fit. This underlines, first,
the importance of independently measuring this this quantity — not only on the Z pole, but at
250 GeV — and, second, the increased robustness of the fit due to beam polarization, which reduces
the dependence on the left-right asymmetry considerably. Both from [210, 382].

We emphasize that the use of beam polarization plays an important role. Since the e↵ect of
anomalous TGCs on the di↵erential cross-sections di↵ers between e�

L
e+
R

and e�
R
e+
L
, the ability to

take data in di↵erent polarization configurations adds qualitatively new information. This leads
to improvements of 40%, 30% and 20%, respectively, for gZ , � and �� , compared to the case of
unpolarized beams. Thus, the additional information provided by the polarized beams is equivalent
to a factor 1.5 to 2 more luminosity. Figure 8.8 also shows another important aspect, concerning
the robustness against finite knowledge of other SM parameters. When the left-right asymmetry
in the Zee coupling is set free in the fit, the uncertainties on gZ and � for the unpolarized case
are a factor of two larger than in the polarized case. This shows that the additional information
from the polarization reduces the dependency on residual parametric and theoretical uncertainties
that enter the analysis of WW production.

8.4 Precision QCD

The theory of Quantum Chromodynamics is one of the central elements of the Standard Model,
and plays a dominant role in understanding a wide range of collider experiments. Due to their QCD
neutral initial state, e+e� colliders are the simplest setting in which to study the dynamics of energy
flow in QCD, enabling precision measurements well beyond what is possible in hadron colliders.
While e+e� colliders such as the ILC allow the precision measurement of QCD parameters, such

W-boson pair production at lepton colliders 
in the Feynman-Diagram gauge

Hiroyuki Furusato, Kentarou Mawatari, Yutaro Suzuki, Ya-Juan Zheng
Iwate University
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[1] J. Chen, K. Hagiwara, J. Kanzaki and K. Mawatari,  “Helicity amplitudes without gauge cancellation for electroweak processes”, arXiv:2203.10440, Eur.Phys.J.C 83 (2023) 922
[2] J. Chen, K. Hagiwara, J. Kanzaki, K. Mawatari and Y. Zheng , “Helicity amplitudes in light-cone and Feynman-diagram gauges”, arXiv:2211.14562, (2022), Eur.Phys.J.Plus 139 (2024) 332
[3] K. Hagiwara, J. Kanzaki, O. Mattelaer, K. Mawatari and Y. Zheng, “Automatic generation of helicity amplitudes in Feynman-Diagram gauge”, arXiv:2405.01256

・We revisit !!!" → #!#" in the SM. 
・This process has been thoroughly studied theoretically and 

experimentally in the LEP era.
・This process is still very important for precision test of the 

electroweak (EW) theory in future high-energy lepton collider, 
such as the ILC, CEPC and FCC-ee.

・The gauge cancellation among amplitudes is an obstacle to 
numerical evaluations, especially at high energy.

causes cancellation of significant digits.
・Recently a new gauge fixing was proposed and it indicates 

gauge cancellation among the interfering amplitudes can be 
avoided!!

3. Helicity amplitudes

Unitary (U) gauge

Feynman-Diagram (FD) gauge

EWSB

・The treatment of 
Nambu-Goldstone (NG) 
bosons depend on 
gauge choices.

・In the early universe 
(before EW symmetry 
breaking), gauge bosons 
run at the speed of light 
(mass 0).

Gauge bosons eat NG bosons and become fat
(run slower = get the mass).

Gauge bosons and NG bosons run together  
(run slower = get the mass).

When EW symmetry breaks, 
NG bosons appear.

2. Gauge choices

“Feynman-Diagram Gauge”
[1],[2],[3]

U gauge

FD gauge 

・The solid black line
is the physical observable. 
!"!#$ ∝ |'! +'" +'#|$ 

・Dotted lines (U gauge) and 
dashed lines (FD gauge) 
are unphysical quantities.
) ∝ '!

$, + ∝ '" $, , ∝ '# $

・U gauge :  
・Each amplitude has energy growth.

→Large cancellation among the three amplitudes (!, #, $) at high energies.
・No clue for the physical distribution from each contribution.

・ FD gauge :
・No energy growth of individual amplitudes at all.

→No unphysical artificial cancellation.
・The contribution from the associated Goldstone bosons is manifest.
・Clear indication to the physical distribution from each contribution.

Total cross section 

Differential cross section 

Our analytic results in the FD gauge provide 
a new insight into gauge theories !!

NG boson

Gauge boson

%, $ = 0	to	3, 

',- = 0	to	4, 

NG boson contributions  

ポスター発表

Unitary gauge

Feynman-Diagram gauge
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