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( BUT NOT EXCUSE) 

DISCRIMINATOR 

• Organizers give this title  to me. (not me)  I found it is funny that 
this role is given to someone living far away, and who does not 
sky much  

• Not much physics today.  

• It is not easy time to predict future,  so I am going to talk about 
principle, history and current situations.   

•  I am currently a council member of Science Council of Japan(SCJ), 
so I am going to explain what it is, how it works, and  my personal 
view its connection  to ILC.



LIFE AND UNIVERSE AND .. 

• Ultimate goal of  Particle Physics is to 
answer the  big questions of “Life 
and Universe and Everything”. 

•  Otherwise it is too expensive. 

• big questions: origin of symmetry breaking, charge, gauge 
interactions, matter (including dark matter) …  

• To achieve this role, we now have  a very close tie of international 
collaboration and big facilities beyond  a country.  

• After the LHC, we are realizing the problem might be getting 
beyond  a single region… 

[one evening in 1971] I got frantically depressed in 
Innsbruck… When the stars came out I thought that 
someone ought to write a Hitch-hiker’s Guide to the 
Galaxy because it looked a lot more attractive out there than 
it did around me.”



ON HIGGS DISCOVERY

SOME HISTORY—SUCCESS OF EW PRECISION

• Great success of field theory and standard model  

• Electroweak Precision
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Figure 1.2: Historic development of the ’blue-band’ plots [19], illustrating the estimate of the Higgs Boson mass in the Standard Model
from electroweak precision measurements. The excluded area by direct searches is shown in yellow, while the blue band illustrate the
�2 distribution of the global electroweak fit. The original plots have been remade for this article.

O(100 GeV) rather than O(1 TeV). LEP 2 running (near and above the W+W� production threshold) [25] and
the increasingly precise results from the Tevatron, especially on the top quark and W boson masses, constrained
electroweak physics even further [25, 26, 27, 28], revealing that any new physics beyond the SM can at most
represent a small perturbation of the SM and culminating in successful predictions of MH [25, 29, 30, 31]
before the Higgs boson was observed [32, 33] in 2012. In fact, the probably most famous and influential result
of the global electroweak fit is the indirect determination of the Higgs boson mass, illustrated by the ’blue-band’
plots, which show the �2 distribution of the fit to all available electroweak observable in dependence of MH .
The historic development of the blue-band plots is shown in Figure 1.2.

The most recent fits were performed after the Higgs boson discovery [34, 35, 36, 37, 38]. The steady
progress that has been achieved in global electroweak fits over the years — from both the experimental and
theoretical sides — can best be seen from the biennially updated section on the Electroweak Model and Con-
straints on New Physics in the Review of Particle Properties produced by the Particle Data Group (PDG) [39].

It should be emphasized, that the results of many of the groups mentioned in the previous paragraph,
which are based on mostly independent electroweak libraries, are generally in very good agreement with
each other. Residual variations can usually be traced to differences in experimental inputs or lack of some
higher-order correction in one work relative to another. For example, the ZFITTER program [40, 41, 42] is
a FORTRAN package based on the on-shell renormalization scheme, and was tailored to the physics program
at LEP. Gfitter 1.0 [28] and later versions ostensibly consist of independent object-oriented C++ code. GAPP
(Global Analysis of Particle Properties) [43] is a FORTRAN library for the evaluations of pseudo-observables
which are implemented in the MS renormalization scheme [44], exploiting its better convergence properties.
It offers unique capabilities to constrain physics beyond the SM, such as extra neutral gauge bosons [45] or a
fourth fermion generation [46]. Most numerical results presented here been obtained with GAPP and Gfitter.

Now that all free parameters defining the SM are fixed, the focus of global electroweak fits has shifted
to tests of the full internal consistency of the theory and to the search for possible hints of theories beyond
the SM (BSM). Since new, so far unobserved particles could also appear in the loop diagrams of the types
shown in Figure 1.1, specific BSM scenarios could alter the radiative corrections and thus the relations (1.6)
in characteristic ways. Possible deviations between the predicted and the measured values could indicate the
presence of BSM physics effects.

In this review article we will discuss the status of the electroweak precision tests of the SM after the discov-
ery of the Higgs boson. The state of the art of the theoretical calculations in radiative corrections to precision
observables will be discussed in Section 2, where we will focus on the most recent developments. The exper-
imental status of all relevant measurements will be summarized in Section 3. After the current knowledge of
all electroweak observables and their relations has been reviewed, we discuss the internal consistency of the
SM, as well as the constraints on BSM scenarios (Section 4) by performing up-to-date global electroweak fits.
The impact of future electroweak precision measurements at upcoming or planned colliders will also be briefly
reviewed. The article concludes with a summary in Section 5.

For recent discussions focussed on specific aspects of electroweak precision physics [47], we refer to the
dedicated reviews on low energy tests of the weak interaction [27], the weak neutral current [34], low energy
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blue band plot  shows precision measurements are indeed great. 



METASTABILITY 

HIGGS DISCOVERY AND OUR VACUUM 

• Our vacum is not stable, but still 
in the metastability.  

• The consideration of the history 
of our Universe.  (Higgs dynamics 
at inflation, black hole and Higgs 
stability etc…ex.Kearney et al, 
Espinoza et al 2015, and soon ..)  

• Require new particle? new 
theory? around λ~0.  

• Importance of  mt and Interaction 
of  Higgs boson possible 
deviation from the SM



GETTING DOWN TO THE SECOND GENERATION

CURRENT STATUS OF HIGGS COUPLING MEASUREMENTS

GORDY KANE  SCIENTIFIC AMERICAN 2003

ATLAS-CONF-2018-031



EW PRECISION AT LEP 
GAUGE COUPLING UNIFICATION IN SUSY

Fig. 1: Renormalization group evolution of gauge couplings up to high energies, taken from [31]. The Standard
Model gauge couplings are shown in dashed black and the gauge couplings with superpartners added, with masses
in the range 0.75 ! 2.5 TeV, are shown in red and blue. Unification of the forces at high energies is clearly
apparent in the supersymmetric case.

candidates remains a strong motivation for considering supersymmetric theories. Neutralino dark matter
thus motivates the mass range µ, fM

1/2 . O(few TeV), otherwise it would not be possible to obtain the
correct relic density and they would overclose the Universe. This clearly points to a mass range that is
within kinematic reach of a 100 TeV collider.

3.1.2 Gauge Coupling Unification
An unexpected surprise that arises whenever the Standard Model is supersymmetrized connects the be-
haviour of the Standard Model gauge couplings to a deep idea concerning the nature of the forces at
extremely high energies. When the superpartners are added, it was found that upon evolving the U(1)Y ,
SU(2)W , and SU(3)C gauge couplings up to high energies they appeared to unify at energies close to
E ⇠ 10

16 GeV [29,30]. This is shown in Fig. 1. Of course, that two lines will cross is almost guaranteed,
however three lines crossing almost at a point is strongly suggestive of a deeper structure.

Ever since the unification of the electroweak forces, it has been believed that further unification
of all gauge forces, now including SU(3)C , may occur at very high energies. A variety of larger gauge
groups into which they may unify have been proposed, however the simplest is arguably an SU(5) gauge
symmetry [32].4 It is deeply compelling that the Standard Model matter gauge representations neatly fall
into multiplets of a larger symmetry, such as SU(5), as this need not have been the case. A key feature
which must arise at the unification scale in such a theory is that the gauge couplings must themselves
become equal. Thus supersymmetric gauge coupling unification is strongly suggestive that supersym-
metry may go hand-in-hand with the unification of the forces and, if discovered, the superpartners would
provide a low energy echo of physics at extremely high energies.

When considering the role of the superpartners in supersymmetric unification one finds that some
are more relevant than others. The reason is that since the matter fermions of the Standard Model fill out

4It is also possible that the gauge forces unify with gravity, in the context of String Theory, however we will not discuss this
possibility here.
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MUON ANOMALOUS MAGNETIC MOMENT 

PRECISION IN LEPTON SECTOR

2
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FIG. 1. Vertex diagrams representing 13 gauge-invariant
subsets contributing to the lepton g − 2 at the eighth-order.
Solid and wavy lines represent lepton and photon lines, re-
spectively.

Mass dependence is known analytically for A(2n)
2 and

A(2n)
3 for n = 2, 3 [28–32]. We reevaluated them us-

ing the latest values of the muon-electron mass ratio
mµ/me = 206.768 2843 (52) and/or the muon-tau mass
ratio mµ/mτ = 5.946 49 (54) × 10−2 [33]. In the same
order of terms as shown on the right-hand-side of (8), the
results are summarized as follows:

a(2)µ = 0.5,

a(4)
µ

= −0.328 478 965 579 . . .+ 1.094 258 312 0 (83)

+ 0.780 79 (15)× 10−4

= 0.765 857 425 (17) ,

a(6)µ = 1.181 241 456 . . .+ 22.868 380 04 (23)

+ 0.360 70 (13)× 10−3 + 0.527 76 (11)× 10−3

= 24.050 509 96 (32) . (9)

The value of a(8)µ has been obtained mostly by nu-
merical integration [34–36]. They arise from 13 gauge-
invariant sets whose representative diagrams are shown
in Fig. 1. We have reevaluated some of them for further
check and improvement of numerical precision. The re-
sults for the mass-dependent terms are summarized in
Table I.
From the data listed in Table I and the value of A(8)

1

from Refs. [35–37], we obtain the following value for the

TABLE I. The eighth-order mass-dependent QED contribu-
tion from 12 gauge-invariant groups to muon g− 2, whose
representatives are shown in Fig. 1. The mass-dependence of
A(8)

3 is A(8)
3 (mµ/me,mµ/mτ ).

group A(8)
2 (mµ/me) A(8)

2 (mµ/mτ ) A(8)
3

I(a) 7.74547 (42) 0.000032 (0) 0.003209 (0)
I(b) 7.58201 (71) 0.000252 (0) 0.002611 (0)
I(c) 1.624307 (40) 0.000737 (0) 0.001807 (0)
I(d) −0.22982 (37) 0.000368 (0) 0
II(a) −2.77888 (38) −0.007329 (1) 0
II(b) −4.55277 (30) −0.002036 (0) −0.009008 (1)
II(c) −9.34180 (83) −0.005246 (1) −0.019642 (2)
III 10.7934 (27) 0.04504 (14) 0
IV(a) 123.78551 (44) 0.038513 (11) 0.083739 (36)
IV(b) −0.4170 (37) 0.006106 (31) 0
IV(c) 2.9072 (44) −0.01823 (11) 0
IV(d) −4.43243 (58) −0.015868 (37) 0

I(a) I(b) I(c) I(d) I(e)

I(f) I(g) I(h) I(i) I(j)

II(a) II(b) II(c) II(d) II(e)

II(f) III(a) III(b) III(c) IV

V VI(a) VI(b) VI(c) VI(d) VI(e)

VI(f) VI(g) VI(h) VI(i) VI(j) VI(k)

FIG. 2. Self-energy-like diagrams representing 32 gauge-
invariant subsets contributing to the lepton g−2 at the tenth
order. Solid lines represent lepton lines propagating in a weak
magnetic field.

eighth-order QED contribution a(8)µ :

a(8)
µ

= −1.9106 (20) + 132.685 2 (60)

+ 0.042 34 (12) + 0.062 72 (4)

= 130.879 6 (63). (10)

Over the period of more than nine years we have nu-
merically evaluated all 32 gauge-invariant sets of dia-

grams that contribute to a(10)µ [22, 37–40], whose rep-
resentative diagrams are shown in Fig. 2. The results
for mass-dependent terms are summarized in Table II.
Some simple diagrams were evaluated analytically or in
the asymptotic expansion in mµ/me [41–45]. The results
are consistent with our numerical ones.
From the data listed in this Table and the value of

A(10)
1 from Ref. [37], we obtain the complete tenth-order

result:

a(10)µ = 9.168 (571) + 742.18 (87)− 0.068 (5) + 2.011 (10)

= 753.29 (1.04). (11)

The uncertainty 1.04 is attributed entirely to the statis-
tical fluctuation in the Monte-Carlo integration of Feyn-
man amplitudes by VEGAS [46]. This is 20 times more
precise than the previous estimate, 663 (20), obtained
in the leading-logarithmic approximation [22]. This is
mainly because we had underestimated the magnitude of
the contribution of the Set III(a). Note also that (11) is
about 4.5 s.d. larger than the leading-log estimate. The

numerical values of (α/π)(n)a(2n)µ for n = 1, 2, · · · , 5 are
summarized in Table III.
In order to evaluate aµ(QED) using (7), a precise value

of α is needed. At present, the best non-QED α is the
one obtained from the measurement of h/mRb [47], com-
bined with the very precisely known Rydberg constant
and mRb/me [33]:

α−1(Rb) = 137.035 999 049 (90) [0.66 ppb]. (12)

muon  magnetic moment can be calculated theoretically and measured very precisely  
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We report the result of our calculation of the complete tenth-order QED terms of the muon
g − 2. Our result is a(10)

µ = 753.29 (1.04) in units of (α/π)5, which is about 4.5 s.d. larger than
the leading-logarithmic estimate 663 (20). We also improved the precision of the eighth-order QED

term of aµ, obtaining a(8)
µ = 130.8794 (63) in units of (α/π)4. The new QED contribution is

aµ(QED) = 116 584 718 951 (80)× 10−14, which does not resolve the existing discrepancy between
the standard-model prediction and measurement of aµ.

PACS numbers: 13.40.Em,14.60.Ef,12.20.Ds

The anomalous magnetic moment aµ of the muon has
been studied extensively both experimentally and the-
oretically since it provides one of the promising paths
in exploring possible new physics beyond the standard
model. For this purpose it is crucial to know the predic-
tion of the standard model as precisely as possible.
On the experimental side the current world average of

the measured aµ is [1, 2]:

aµ(exp) = 116 592 089 (63)× 10−11 [0.5 ppm] . (1)

New experiments designed to improve the precision fur-
ther are being prepared at Fermilab [3] and J-PARC [4].
In the standard model, aµ can be divided into electro-

magnetic, hadronic, and electroweak contributions

aµ = aµ(QED) + aµ(hadronic) + aµ(electroweak). (2)

At present aµ(hadronic) is the largest source of theoreti-
cal uncertainty. The uncertainty comes mostly from the
O(α2) hadronic vacuum-polarization (v.p.) term, α be-
ing the fine-structure constant. The lattice QCD simula-
tions have attempted to evaluate this contribution [5–10].
At present, most accurate evaluations must rely on the
experimental information. Three types of measurements
are available for this purpose: (1) e+e− → hadrons, (2)
τ± → ν+π±+π0 , (3) e+e− → γ+hadrons. These pro-
cesses have been investigated intensely by many groups
[11–13].We list here one of them [13]:

aµ(had. v.p.) = 6949.1 (37.2)exp(21.0)rad × 10−11, (3)

which overlaps other values based on the e+e− data [11,
12] and makes the standard-model prediction closest to
the experiment (1). The next-to-leading-order (NLO)
hadronic vacuum-polarization contribution is also known
[13]:

aµ(NLO had. v.p.) = −98.4 (0.6)exp(0.4)rad × 10−11.
(4)

The hadronic light-by-light scattering contribution (l-l)
is of similar size as aµ(NLO had. v.p.), but has a much
larger theoretical uncertainty [14–17]

aµ(had. l-l) = 116 (40)× 10−11, (5)

where the uncertainty 40×10−11 covers almost all values
obtained in different publications.
The electroweak contribution has been calculated up

to 2-loop order [18–21]:

aµ(weak) = 154 (2)× 10−11. (6)

Since this uncertainty is 30 times smaller than the ex-
perimental precision of (1), it can be regarded as known
precisely.
The primary purpose of this letter is to report the com-

plete numerical evaluation of all tenth-order QED contri-
bution to aµ. It leads to a sizable reduction of the uncer-
tainty of the previous estimate by the leading-log approx-
imations [22, 23]. We have also improved the numerical
precision of the eighth-order QED contribution including
the newly evaluated tau-lepton contribution. Together
they represent a significant reduction in the theoretical
uncertainty of the QED part of aµ.
The QED contribution to aµ can be evaluated by the

perturbative expansion in α/π:

aµ(QED) =
∞
∑

n=1

(α

π

)n

a(2n)µ , (7)

where a(2n)µ is finite thanks to the renormalizability of
QED and can be written as

a(2n)µ = A(2n)
1 +A(2n)

2 (mµ/me) +A(2n)
2 (mµ/mτ )

+A(2n)
3 (mµ/me,mµ/mτ). (8)

A(2n)
1 is independent of mass and universal for all lep-

tons. A(2)
1 , A(4)

1 and A(6)
1 are known exactly [24–27].
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FIG. 1. Vertex diagrams representing 13 gauge-invariant
subsets contributing to the lepton g − 2 at the eighth-order.
Solid and wavy lines represent lepton and photon lines, re-
spectively.

Mass dependence is known analytically for A(2n)
2 and

A(2n)
3 for n = 2, 3 [28–32]. We reevaluated them us-

ing the latest values of the muon-electron mass ratio
mµ/me = 206.768 2843 (52) and/or the muon-tau mass
ratio mµ/mτ = 5.946 49 (54) × 10−2 [33]. In the same
order of terms as shown on the right-hand-side of (8), the
results are summarized as follows:

a(2)µ = 0.5,

a(4)
µ

= −0.328 478 965 579 . . .+ 1.094 258 312 0 (83)

+ 0.780 79 (15)× 10−4

= 0.765 857 425 (17) ,

a(6)µ = 1.181 241 456 . . .+ 22.868 380 04 (23)

+ 0.360 70 (13)× 10−3 + 0.527 76 (11)× 10−3

= 24.050 509 96 (32) . (9)

The value of a(8)µ has been obtained mostly by nu-
merical integration [34–36]. They arise from 13 gauge-
invariant sets whose representative diagrams are shown
in Fig. 1. We have reevaluated some of them for further
check and improvement of numerical precision. The re-
sults for the mass-dependent terms are summarized in
Table I.
From the data listed in Table I and the value of A(8)

1

from Refs. [35–37], we obtain the following value for the

TABLE I. The eighth-order mass-dependent QED contribu-
tion from 12 gauge-invariant groups to muon g− 2, whose
representatives are shown in Fig. 1. The mass-dependence of
A(8)

3 is A(8)
3 (mµ/me,mµ/mτ ).

group A(8)
2 (mµ/me) A(8)

2 (mµ/mτ ) A(8)
3

I(a) 7.74547 (42) 0.000032 (0) 0.003209 (0)
I(b) 7.58201 (71) 0.000252 (0) 0.002611 (0)
I(c) 1.624307 (40) 0.000737 (0) 0.001807 (0)
I(d) −0.22982 (37) 0.000368 (0) 0
II(a) −2.77888 (38) −0.007329 (1) 0
II(b) −4.55277 (30) −0.002036 (0) −0.009008 (1)
II(c) −9.34180 (83) −0.005246 (1) −0.019642 (2)
III 10.7934 (27) 0.04504 (14) 0
IV(a) 123.78551 (44) 0.038513 (11) 0.083739 (36)
IV(b) −0.4170 (37) 0.006106 (31) 0
IV(c) 2.9072 (44) −0.01823 (11) 0
IV(d) −4.43243 (58) −0.015868 (37) 0
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FIG. 2. Self-energy-like diagrams representing 32 gauge-
invariant subsets contributing to the lepton g−2 at the tenth
order. Solid lines represent lepton lines propagating in a weak
magnetic field.

eighth-order QED contribution a(8)µ :

a(8)
µ

= −1.9106 (20) + 132.685 2 (60)

+ 0.042 34 (12) + 0.062 72 (4)

= 130.879 6 (63). (10)

Over the period of more than nine years we have nu-
merically evaluated all 32 gauge-invariant sets of dia-

grams that contribute to a(10)µ [22, 37–40], whose rep-
resentative diagrams are shown in Fig. 2. The results
for mass-dependent terms are summarized in Table II.
Some simple diagrams were evaluated analytically or in
the asymptotic expansion in mµ/me [41–45]. The results
are consistent with our numerical ones.
From the data listed in this Table and the value of

A(10)
1 from Ref. [37], we obtain the complete tenth-order

result:

a(10)µ = 9.168 (571) + 742.18 (87)− 0.068 (5) + 2.011 (10)

= 753.29 (1.04). (11)

The uncertainty 1.04 is attributed entirely to the statis-
tical fluctuation in the Monte-Carlo integration of Feyn-
man amplitudes by VEGAS [46]. This is 20 times more
precise than the previous estimate, 663 (20), obtained
in the leading-logarithmic approximation [22]. This is
mainly because we had underestimated the magnitude of
the contribution of the Set III(a). Note also that (11) is
about 4.5 s.d. larger than the leading-log estimate. The

numerical values of (α/π)(n)a(2n)µ for n = 1, 2, · · · , 5 are
summarized in Table III.
In order to evaluate aµ(QED) using (7), a precise value

of α is needed. At present, the best non-QED α is the
one obtained from the measurement of h/mRb [47], com-
bined with the very precisely known Rydberg constant
and mRb/me [33]:

α−1(Rb) = 137.035 999 049 (90) [0.66 ppb]. (12)

We still do not know why 

4

Adding (3), (4), (5), (6), and (14), and using α from
(12), the theoretical value of aµ in the standard model is
given by

aµ(SM) = 116 591 840 (59)× 10−11. (18)

We have therefore

aµ(exp)− aµ(SM) = 249 (87)× 10−11. (19)

The size of discrepancy between theory and experiment
has not changed much, since the tenth-order QED con-
tribution is not a significant source of theoretical uncer-
tainties. Let us emphasize, however, that the complete

calculation of a(10)µ enables us to concentrate on improv-
ing the precision of the hadronic contributions.
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MANY  E+E- PROPOSAL 

FUTURE COLLIDERS 

• ILC cost 635.0-702.8 Gyen( $6~7bn assuming 1US$=100JPY 
1€=1.15US$) 

• (technology ready,  proposed to government, MEXT asked  KEK 
to form  international discussions) 

• On the other hand  

• CEPC $6bn 

• CLIC 6BCHF (initial)  

• FCC-ee  (11BCHF) → FCC-hh  included 28BCHF(compared with 
5BCHF for LHC) :comparison to the CERN baseline budget
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DIRECTOR'S CORNER

Decision on the International Linear
Collider: “Not what we had hoped for but
progress nevertheless”
“Today we did not get the green light we hoped for, but nevertheless there was a
significant step forward with a strong political statement and, for the first time, a
declaration of interest in further discussions by a senior member of the executive. We
will continue to push hard, ” said Lyn Evans, Director of the Linear Collider
Collaboration.

AROUND THE WORLD

From KEK: ICFA received
Japan’s view to the ILC

On 7 and 8 March 2019, the International Committee for
Future Accelerators held its 83rd meeting at the University of
Tokyo. In a session chaired by the Linear Collider Board, an
official of the Ministry of Education, Culture, Sports, Science
and Technology (MEXT) explained Japan’s view in regard to
the International Linear Collider to ICFA members.

FEATURE

From CERN: CLIC collaboration
considers collider’s unique
potential
by Rickard Ström

The annual workshop of the Compact Linear Collider (CLIC)
attracted more than 200 participants to CERN between 21 and 25
January. The annual workshop summarised the work done in 2018,
including the completion of a project implementation plan. "The
CLIC project offers a cost­effective and innovative technology and
is ready to proceed towards construction with a Technical Design
Report. Following the technology­driven timeline CLIC would



KEK
High Energy Accelerator
Research Organization

Summary and Outlook

� Japanese MEXT released its statement on March 7 at the LCB meeting in Tokyo.
MEXT has not yet reached declaration for hosting the ILC in Japan at this moment. 
MEXT will continue to discuss the ILC project with other governments having an interest 
in the project. 

� Supplemental message has been given by the ILC Federation of Diet Members
“we have to separate the infrastructure part that is natural to be taken up by the host 
country and the apparatus part that is natural to be internationally cost-shared among 
technically competent countries.” 
“the next mission for politics is to secure the budget for the construction.”

� Actions to be taken in Japan:
International discussions at the government level ← MEXT
Funding plan ← Legislative sector + MEXT + other ministries
International working group ← KEK
Obtaining support from the broader academic community in Japan   ← KEK and 
Japanese HEP community
European Strategy ← International ILC community 

� Now MEXT is strongly involved in the ILC project.
MEXT + legislative sector + KEK and physics community + industrial sector  
+ local governments

From Masanori Yamauchi’s talk in Linear Collider Community Meeting  8-9 April 2019



Government Level

2018.12 2019.3 2020.5 2024-
Discussion among governments

Exchange of information

Physicists Level

Strengthen US-Japan Discussion 
Group, cost reduction R&D, 
governance discussion

Establish Discussion Group with 
the  European partners 

LCB/ICFA mtgs. @ Tokyo

A
nnouncem

ent
by

Japanese governm
ent

Talks with other countries

Start negotiations am
ong governm

ents 
on international sharing

Full-scale negotiation among 
governments – specification of
conditions and processes

ILC pre-lab
(4 years)

Final agreem
ent am

ong governm
ents

on construction

Start construction of ILC

＊ICFA: international organization of researchers consisting of directors of world’s major accelerator labs and representatives of researchers
＊ILC pre-lab: International research organization for the preparation of ILC based on agreements among world’s major accelerator labs such as KEK, CERN, FNAL, DESY etc.

Processes and Approximate Timelines Toward Realization of ILC (Physicists’ view)

3/7

Good enough design for the final approval of construction, resolution of  remaining technical issues 

SCJ Master Plan

Draft proposal by researchers
on international cost sharing 

Critical decision
process

MEXT
panel

SCJ committee on ILC

Summarize
opinions of 
relevant 
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European Particle Physics Strategy Update 

EPPSU submitted 
to CERN

Next Roadmap
by MEXT

Agreement on governance, 
operation, sharing of cost 
and human resources

Establish KEK International WG
Produce draft for international sharing of
human and material resources

Oct. 2019

From Masanori Yamauchi’s talk in Linear Collider Community Meeting  8-9 April 2019



SCIENCE COUNCIL OF JAPAN

SCJ established in January 1949 : "special organization" under the jurisdiction of the 
Prime Minister, operating independently of the government, for the purpose of 
promoting and enhancing the field of science, and having science reflected in and 
permeated into administration, industries and people's lives. (Science include  
humanities and social science)  

Science Council of Japan (SCJ) : 210 Council Members and some 2,000 Members. 

 Sometimes Government requests  specific reports from SCJ. In such case special 
committee is established.  ( ex “ILC committee”)  

<Master Plan> is  SCJ activity to list up the large research plan with high academic 
value of each academic field.  ( —not related for funding but hoping government 
recognize them. ) MEXT Minister suggested the ILC to be evaluated in this process to 
provide an evidence of getting support by the broader academic community in Japan.



Main task of  
the subcommittee 
is to determine the  
rule that works for  

all subfields 

(IT IS BOTTOM UP AND  A YEAR LONG PROCESS)

MASTER PLAN DISCUSSION IN SCJ

40 COMMITTEES BASED ON FIELD OF SPECIALITY  

section meeting III 
Physical Science and  

Enginiering  

Physics  committee 
Other field, such as  

chemistry, engineering…

Executive Board 

->  sub-subcommittees for master plan  
up to 10 members each

(extended) subcommittee 
 for master plan 

Altogether ~400 scientist of all field are involved to the process. 
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l  FCCee/CEPC	are	for	1	IP	(their	CDR	have	2	IPs)	
l  ILC	Higgs	Factory	numbers	do	not	include	effective	x�2.5	by	polarization	
l  ILC	10	Hz	collision	reaquires	~ILC500�

CLIC�

ILC REACTING FCC AND CEPC PARAMETERS 

Machine Parameters�
ILC250	Higgs	Factory�

Cost	of	L upgrade	(2.7x1034):	�6%	of	initial	construction	cost�
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https://arxiv.org/abs/1903.01629�



YUKAWA COUPLING AT  FUTURE COLLIDERS
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FIG. 76: Projected Higgs boson coupling uncertainties for selected scenarios from Table XVIII. In particular it shows that atp
s = 250GeV, 2 ab�1 with polarised beams yield comparable results to a much larger data set of 5 ab�1 with unpolarised

beams.
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FIG. 77: Impact of improved electroweak precision observables on the projected precisions for various Higgs couplings for the
combinations of luminosity, energy and polarisation from Tab. XIX. For the unpolarised cases, EWPO projections from the
FCC-ee CDR [284] have been assumed, while for the polarised case only an improved precision for A

`

is assumed. Couplings
for which there is no improvement due to improved EWPO have been omitted from the figure. The notation of the figure is

the same as that in Fig. 75.
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 polarization is important  
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appropriate to the LHC Higgs coupling fit. The dark and light red bars represent the projections in the scenarios S1 and S2
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the text. The dark and light blue bars show the projections for scenarios S1 and S2 when data from the 500 GeV run of the
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nario S2, to be more conservative than the final (S2) HL-
LHC projections. In any event, we hope that we have
described the various estimates given in Tab. XX clearly
enough that the reader can make his or her own judge-
ment as to the most appropriate comparison of the ILC
to the HL-LHC.

In all cases, however, it is only the ILC results that
cross a boundary into the region in which we can robustly
claim discovery of deviations from the SM of the size
generally expected in new physics models.

In summary, Figs. 75 and 78 illustrate the capabili-
ties of the ILC and the comparison of the ILC and LHC
projections. Figure 75 shows the uncertainty projections
for the 250 GeV stage of the ILC, in the highly model-
independent framework S1*. These results are compared
to results obtained in the same framework with the ad-
dition of data from an energy upgrade to 500 GeV. This
justifies the statement made earlier that deviations from
the SM seen at the 250 GeV stage of the ILC can be con-
firmed with an independent data set after the upgrade
to higher energy. Figure 78 shows the comparison of the
ILC projections in the S1 and S2 scenarios to the projec-
tions given for the S1 and final (S2) HL-LHC projections
given in Ref. [126]. Note that, while the improvement
from the S1 to S2 scenarios for ILC is a matter of conjec-
ture, the improvement from the 250 GeV to the 500 GeV
values is based on completed full-simulation studies.

12. PHYSICS SIMULATIONS: DI-
RECT SEARCHES FOR NEW PARTI-
CLES

In this section, we will discuss the prospects at the
ILC for the direct discovery of new particles. Our dis-
cussion will of course be given in the context in which
the LHC experiments have carried out a large number
of new particle searches, some reaching deeply into the
mass region above 1 TeV. Still, we will explain, experi-
ments at e+e� colliders can bring a new approach to new
particle searches and still have very interesting windows
for discovery.
In general, the new particle searches done at the LHC

have focused on scenarios within each theory of new
physics that give the best possible experimental prospects
to observe new physics. However, a negative result will
only make it possible to claim that new physics is ab-
sent in a specific region of the full theoretical parameter
space. There is no guarantee that new physics would be
discovered even if it is within the kinematic reach of the
experiment. The actual parameters of the theory might
be far from the ones giving the searched-for signature.
It is a rather di↵erent perspective to concentrate on the

worst possible points in the theoretical parameter space.
This clearly cannot reach as far out as in the previous
case, but now a negative result would make it possible
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nario S2, to be more conservative than the final (S2) HL-
LHC projections. In any event, we hope that we have
described the various estimates given in Tab. XX clearly
enough that the reader can make his or her own judge-
ment as to the most appropriate comparison of the ILC
to the HL-LHC.

In all cases, however, it is only the ILC results that
cross a boundary into the region in which we can robustly
claim discovery of deviations from the SM of the size
generally expected in new physics models.

In summary, Figs. 75 and 78 illustrate the capabili-
ties of the ILC and the comparison of the ILC and LHC
projections. Figure 75 shows the uncertainty projections
for the 250 GeV stage of the ILC, in the highly model-
independent framework S1*. These results are compared
to results obtained in the same framework with the ad-
dition of data from an energy upgrade to 500 GeV. This
justifies the statement made earlier that deviations from
the SM seen at the 250 GeV stage of the ILC can be con-
firmed with an independent data set after the upgrade
to higher energy. Figure 78 shows the comparison of the
ILC projections in the S1 and S2 scenarios to the projec-
tions given for the S1 and final (S2) HL-LHC projections
given in Ref. [126]. Note that, while the improvement
from the S1 to S2 scenarios for ILC is a matter of conjec-
ture, the improvement from the 250 GeV to the 500 GeV
values is based on completed full-simulation studies.

12. PHYSICS SIMULATIONS: DI-
RECT SEARCHES FOR NEW PARTI-
CLES

In this section, we will discuss the prospects at the
ILC for the direct discovery of new particles. Our dis-
cussion will of course be given in the context in which
the LHC experiments have carried out a large number
of new particle searches, some reaching deeply into the
mass region above 1 TeV. Still, we will explain, experi-
ments at e+e� colliders can bring a new approach to new
particle searches and still have very interesting windows
for discovery.
In general, the new particle searches done at the LHC

have focused on scenarios within each theory of new
physics that give the best possible experimental prospects
to observe new physics. However, a negative result will
only make it possible to claim that new physics is ab-
sent in a specific region of the full theoretical parameter
space. There is no guarantee that new physics would be
discovered even if it is within the kinematic reach of the
experiment. The actual parameters of the theory might
be far from the ones giving the searched-for signature.
It is a rather di↵erent perspective to concentrate on the

worst possible points in the theoretical parameter space.
This clearly cannot reach as far out as in the previous
case, but now a negative result would make it possible



HIGGS FACTORY VS HIGH ENERGY COLLIDERS?

Figure 6: Same as Fig. 5, but with all the solutions of At.

16

Figure 7: The ranges of Rf̄f (left) and Rgg (right) are shown as functions ofmŨ . The parame-
ters are scanned in the same manner as Fig. 6, butmA is fixed to be 5TeV while mŨ is varied.
Here, all the solutions of At are included in the scan with imposing the phenomenological
constraints discussed in Sec. 2.2. The black dashed line is the SM prediction.

angle do not change so much even if mŨ increases.
In the right panel of Fig. 7, the minimal and maximal values of Rgg are displayed. The

maximal value occurs for the PS or NS solution, while the minimal value is achieved by the
PL or NL solution. We can see the decoupling behavior, i.e., Rgg approaches to unity as
mŨ increases. The partial decay width of h → gg can deviate from the SM prediction by
about 3% for mŨ = 2TeV, while it decreases rapidly and becomes 1% for mŨ = 3.7TeV.
We have also checked that these values do not change so much for mA = 8TeV. (However,
they change significantly if mA is smaller, since the phenomenological constraints exclude
the parameter space severely.) According to Table 1, the partial width of h → gg is expected
to be measured at the 1.2% accuracy in future experiments. Thus, as far as superparticles
are relatively light, we may observe a signal of the MSSM in the measurements of this partial
width even if the heavier Higgses are out of the reach of the LHC.

Finally, we show how large fraction of the parameter space can be covered by future e+e−

colliders. For this purpose, we define the δχ2
F variable as

δχ2
F =

[

Γ(h → F )− Γ(SM)(h → F )
]2

[δΓ(h → F )]2
, (3.3)

where δΓ(h → F ) is the expected accuracies of the determinations of the Higgs partial
decay widths at ILC with

√
s = 1TeV and

∫

dtL = 2500 fb−1 (see Table 1). Based on
this quantity, we define the parameter region which is accessible with ILC at δχ2

F ≥ 4. We
perform a parameter scan and study if each model point is accessible with ILC and satisfies
the phenomenological constraints. The MSSM parameters are scanned in the ranges of
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e+e- colliders may find a deviation from SM prediction

➡ Region with mA < 1.5 ~ 2 TeV can be well covered

Fraction of points on which ILC observes a deviation

Assumption for ILC: 
  δBR( b b / WW) = 1.3% 
  δBR(ττ/ WW) = 1.9%

[Courtesy of M. Endo,  
based on 1502.03959]
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DONEC QUIS NUNC

FCC AND ILC SENSITIVITY TO 3 POINT COUPLING

• Some dependence on the 
Higgs 3 point coupling as 
well.  

• Polarization must be 
persuaded  

• Difference between 
proposed luminosity may 
not be so crucial as they 
change all time.  

• FCC-hh sensitivity is much 
less than  <10%　
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Figure 4: Global constraints on ”cZ and ”Ÿ⁄, obtained from single Higgs measurements at
circular colliders (left panel) and ILC (right panel), illustrating the improvement brought by
350 GeV runs. Dashed lines are for the latter only, while solid lines combined them with the
240/250 GeV one.

(taking into account the Higgs pair invariant mass distribution) allows to constrain ”Ÿ⁄ to
the interval [≠1.0, 1.8] at 68% CL. A second minimum is however present in the fit, which
allows for sizable positive deviations in ”Ÿ⁄, namely an additional interval ”Ÿ⁄ œ [3.5, 5.1]
can not be excluded at 68% CL. Some improvement can be obtained complementing the
pair-production channel with information from single Higgs channels, which are a�ected
at NLO by the Higgs self-coupling. In this way, the overall precision becomes ”Ÿ⁄ œ
[≠0.9, 1.2] at 68% CL (with the additional minimum at ”Ÿ⁄ ≥ 5 excluded) and ”Ÿ⁄ œ
[≠1.7, 6.1] at 95% CL [33]. To estimate the impact of HL-LHC, we will use here the
results of the combined fit with di�erential single and pair production (corresponding to
the orange solid curve in the right panel of Fig. 3).

The combinations of the HL-LHC fit with our benchmarks for circular lepton colliders
are shown in the right panel of Fig. 3. One can see that a 240 GeV run is already su�cient
to completely lift the second minimum at ”Ÿ⁄ ≥ 5, thus significantly reducing the 2‡

bounds. The precision near the SM point (”Ÿ⁄ = 0) is however dominated by the HL-
LHC measurements, so that the lepton collider data can only marginally improve the 1‡

bounds. The situation is reversed for the benchmarks including a 350 GeV run. In this
case, the precision achievable at lepton colliders is significantly better than the HL-LHC
one. The combination of the LHC and lepton collider data can still allow for a significant
improvement in the constraints if limited integrated luminosity can be accumulated in
the 350 GeV runs (see Table 1). With 1.5 ab≠1 collected at 350 GeV, on the other hand,
the lepton collider measurements completely dominate the bounds.

Similar results are obtained for the low-energy ILC benchmarks. In this case, the
lower integrated luminosity forecast at 250 GeV (2 ab≠1) can be compensated through the
exploitation of the two di�erent beam polarizations P (e≠, e+) = (±0.8, û0.3). The only
di�erence with respect to the circular collider case is the fact that the 250 GeV run fit
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CLIC: 350GeV(500/fb) +1.4TeV(1.5/ab)
+3TeV(2/ab), with unpolarized beams

Figure 10: Chi-square as a function of ”Ÿ⁄ for the high-energy ILC (left) and CLIC (right)
benchmarks. The results are obtained through a global analysis, profiling over all other EFT
parameters.

68 %CL 95%CL
ILC up to 500 GeV [≠0.27, 0.25] [≠0.55, 0.49]

ILC up to 1 TeV [≠0.18, 0.20] [≠0.35, 0.43]

CLIC [≠0.22, 0.36] fi [0.91, 1.45] [≠0.39, 1.63]
+Zhh [≠0.22, 0.35] fi [1.07, 1.27] [≠0.39, 1.56]

2 bins in ‹‹̄hh [≠0.19, 0.31] [≠0.33, 1.23]
4 bins in ‹‹̄hh [≠0.18, 0.30] [≠0.33, 1.11]

Table 4: Precision on the determination of ”Ÿ⁄ obtained through a global fit including pair- and
single-Higgs production channels for several benchmark scenarios at ILC and CLIC.

poorer than the one expected at high-energy lepton colliders, so that the latter dominate
the overall fit and only a mild improvement is obtained by combination.

We saw that allowing for other EFT deformations beside ”Ÿ⁄ does not worsen the
global fit significantly. This result, however, was by no means guaranteed. To stress this
point, we display in Fig. 11 the profiled ‰2 obtained by artificially rescaling the precision
in single Higgs measurements. The ILC (up to 500 GeV, left panel) and CLIC (no binning
in Mhh, right panel) benchmarks are used as examples. For each collider, we show the
results of the exclusive ”Ÿ⁄ analysis of the Higgs pair production measurements (solid
black curve) and of the global analysis (dashed blue/cyan). The additional dashed curves
correspond to global fits in which the precision in single Higgs and diboson measurements
is rescaled by factors ranging from 0.5 to 10. It can be seen that the global fit is sizably
a�ected by such a rescaling, in particular the fit precision is significantly degraded if
single Higgs measurements become worse. This result shows that a comprehensive global
analysis of the single Higgs measurements is crucial for obtaining robust constraints on
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COST REDUCTION IS IMPORTANT
ILC Cost-Reduction R&D in US-Japan Cooperation

on SRF Technology
Based on recent advances in technologies;

– Nb material/sheet by direct-slice
- w/ optimum Nb purity and clean surface 

– SRF cavity fabrication for high-Q and high-G 
-w/ a new “N Infusion” recipe demonstrated by Fermilab

New potential breakthrough: very high Q at very high 
gradients with low temperature (120C) nitrogen treatment

4/12/16Alexander Romanenko | FCC Week 2016 - Rome34

- Record Q at 
fields > 30 
MV/m 

- Preliminary 
data indicates 
potential 15% 
boost in 
achievable 
quench fields

- Can be game 
changer for ILC!LC community meeting (Apr. 8,2019) Shin 

MICHIZONO
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Vacuum furnace for N-infusion (KEK)
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb

�1 of total integrated lumi-
nosity at

p
s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the E/
T

cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the ±1� uncertainty band around the
expected exclusion.

Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb�1 10 fb 650 GeV
LHC 14 TeV 300 fb�1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab�1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab�1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab�1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
compute the efficiency for the following two cuts:

– Require that both tops have pT > 500 GeV (97%),
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It is certainly great if we have one 
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2 Objectives 
The objective is to develop, build and operate a 100 TeV hadron collider, with an integrated luminosity at 
least a factor of 5 larger than the HL-LHC, to extend the current energy frontier by almost an order of 
magnitude. The mass reach for direct discovery will approach several tens of TeV, allowing the production of 
new particles whose existence could be indirectly predicted by precision measurements during the earlier pre-
ceding e+e– collider phase. This collider will also measure the Higgs self-coupling precisely and thoroughly ex-
plore the dynamics of electroweak symmetry breaking at the TeV scale, to elucidate the nature of the elec-
troweak phase transition. WIMPs as thermal dark matter candidates will be discovered, or ruled out. 
As a single project, this particle collider facility will serve the global physics community for about 25 years 
and, in combination with a lepton collider, will provide a research tool until the end of the 21st century.  

2.1 Scientific Objectives 
The European Strategy for Particle Physics (ESPP) 2013 unambiguously recognized the importance of “a 
proton-proton high-energy frontier machine…coupled to a vigorous accelerator R&D programme…in 
collaboration with national institutes, laboratories and universities worldwide”. Since its inception, the in-
ternational FCC collaboration has therefore delivered a hadron collider conceptual design (FCC-hh) that 
best complies with this guideline and that offers the broadest discovery potential. Together with a heavy ion 
operation programme and with a lepton-hadron interaction point, it provides the amplest perspectives for research 
at the energy frontier. The visionary physics programme of about 25 years described in this section requires colli-
sion energies and luminosities that can only be delivered, within a reasonable amount of time, by a circular collider 
with four experimental interaction regions. 
To be able to definitely elucidate electroweak symmetry breaking, to confirm or reject the WIMP dark 
matter hypothesis and to directly observe new particles signalled indirectly by, e.g., the precision study 
of Higgs properties, the energy reach of the particle collider must be significantly higher than that of the LHC, 
i.e. making a leap from ten TeV to the 100 TeV scale. 

Since cross sections for the production of a state of mass M scale 
like 1/M2, the integrated luminosity should be 50 times that of the 
LHC, at least 15 ab-1, to be sensitive to seven times larger masses. 
The FCC-hh baseline design aiming at 20-30 ab-1 exceeds this tar-
get. It is sufficient to almost saturate the discovery reach at the 
highest masses. A further luminosity increase by a factor of 10 
would only extend it by < 20%. Fig. 1 shows discovery reach ex-
amples for the production of several types of new particles includ-
ing Z' gauge bosons carrying new weak forces and decaying to var-
ious SM particles, excited quarks Q*, and massive gravitons GRS 
present in theories with extra dimensions. Other scenarios for new 
physics, such as supersymmetry and composite Higgs models, will 
likewise see a great increase of high-mass discovery reach. The top 
scalar partners will be discovered up to masses of close to 10 TeV, 
gluinos up to 20 TeV, and vector resonances in composite Higgs 
models up to masses close to 40 TeV. 

Until new physics is found, two key issues, that will likely remain open after the HL-LHC, are at the top of the 
priority list of the FCC-hh physics objectives: how does the Higgs couple to itself? What was the nature of the 
phase transition that accompanied electroweak symmetry breaking and the creation of the Higgs vacuum 
expectation value? Today, neither the fundamental origin of the SM scalar field nor the origin of the mass and 
self-interaction parameters in the Higgs scalar potential are known. The next stage of exploration for any high-
energy physics programme is to determine these microscopic origins. The puzzle of the Higgs potential can be 
resolved, if there is an additional new microscopic scale involving new particles and interactions near the electro-
weak scale. With more than 1010 Higgs bosons produced at the design luminosity, see Fig. 2, FCC-hh can comple-
ment an intensity frontier lepton collider by bringing the precision for several of the smallest Higgs couplings (γγ, 
Ζγ, μμ), and for the coupling to the top below the percent level. The Higgs self-coupling can be measured with a 
precision of around 5%. Combined with the direct search potential for scalar partners of the Higgs boson, this will 
permit establishing the possible existence of conditions that allowed the electroweak phase transition in the 

Figure 1: Discovery reach for heavy resonances. 

FCC-hh “pipetron taking a shape” 

See http://www.slac.stanford.edu/pubs/snowmass96/PDF/ACC049.PDF for pipetron 
(written by Ernst Malamud. ) 

He, by the way, was involved  E-36 the first  
collaboration with Soviet Union in Fermilab, in 1972

From FermiLab Library
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BUT IT IS NOT CLEAR IF WE SATISFY

104 106 108 1010 1012 1014 1016 1018
110

120

130

140

150

160

Degenerate SUSY scale in GeV

H
ig
gs
m
as
si
n
G
eV

High-scale SUSY

tanb = 50
tanb = 4
tanb = 2
tanb = 1

Observed Mh

Stop mixing:
Upper: maximal
Lower: minimal

exp

104 106 108 1010 1012 1014 1016 1018
110

120

130

140

150

160

Degenerate SUSY scale in GeV
H
ig
gs
m
as
si
n
G
eV

Split-SUSY

M1 = M2 = M3 = m = 1 TeV

tanb = 50
tanb = 4
tanb = 2
tanb = 1

Observed Mhexp

Fig. 3: Higgs mass predictions as a function of the supersymmetry breaking soft mass scale and the Higgs sector
parameter tan �, taken from [51]. In the High-Scale scenario all soft masses µ, fM1/2, em0 are varied together,
whereas in the Split SUSY scenario µ, fM1/2 are kept at 1 TeV and only the scalar soft masses em0 are varied.

value of the scalar soft masses. Thus the required scalar soft mass values shown in Fig. 3 serve as an
approximate upper limit for theories beyond the MSSM.

To summarize, the measurement of the Higgs mass has now provided information that is key to
understanding the expected mass ranges of superpartners relevant to a 100 TeV collider, particularly for
the stop squarks. Although scalar masses may be as large as em

0

⇠ 10

8 TeV, for a broad range of parame-
ter space, if it is the case that tan � > 4 this upper bound is reduced significantly to em

0

. O(10’s TeV).
All told, the observed Higgs mass may in some cases already point towards scalar superpartners within
the expected reach of a 100 TeV collider.

It should also be noted that an appealing feature of superysmmetric models is that electroweak
symmetry breaking may be driven radiatively upon RG evolution from high to low scales [54–58]. This
attractive feature may not be possible in all scenarios, including the Mini-Split models, depending on
parameter choices.

3.1.4 Naturalness and the Hierarchy Problem
Finally, we arrive at a question that has been a driving force within fundamental physics research, and
we find a supersymmetric answer to this question in which one of the most magical aspects of supersym-
metry comes to the fore. Briefly, before considering the hierarchy problem in detail, it is worthwhile to
explain why this central feature of supersymmetric theories has been left to the end of this section. The
reason is twofold. First, as we will see, a total supersymmetric resolution of the hierarchy problem looks
increasingly under tension from LHC measurements, hence this motivation for supersymmetry is per-
haps waning relative to the others, at least in its purest form, and this trend may continue with additional
LHC data. Secondly, this discussion was deliberately left until the end to reinforce the notion that it is
not necessary to rely on naturalness arguments in order to discuss supersymmetry as a well-motivated
new spacetime symmetry, or as an interesting phenomenological framework which may lie at the core of
deep questions in fundamental physics concerning dark matter and the unification of the forces.

If the Standard Model of particle physics could be taken in isolation it would be a well-defined
quantum field theory with the Higgs mass as a renormalized input parameter, which could in principle
take any value desired. However, this is not the case and the Standard Model must itself be viewed as a
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GAUGE COUPLING UNIFICATION WITH SUSY AND SUSY SCALE? 

Figure 5: The Higgs mass (here chosen to be 125.5 GeV) constrains the scalar and fermion masses
to be in the shaded region, for varying tan �. The green bands are the 1� error from the top mass
measurement for the given value of tan �. Gauge coupling unification constrains the parameters
to be to the left of the solid bordeaux (1�) or dashed bordeaux (2�) lines as described in the text.
This plot was generated using the results of [9].

range from 10 TeV to 105 TeV. Figure 4 exhibits the relation between m0 and tan � fixing the
Higgs mass to its observed value. Note that heavy scalar masses above 103 TeV are only possible
for a limited range of small tan � . 2, whereas any value of tan � & 3 implies scalar masses
less than 100 TeV. This is a potentially exciting low mass range suggesting that the gauginos
and higgsinos may be LHC-accessible, independently of the WIMP miracle. The reason is that
in many models of SUSY breaking the gauginos are much lighter than the scalars, as they are
protected by R-symmetry. In fact one has to work hard to ensure that the SUSY and R-breaking
scales coincide. In simple models of anomaly mediation, for example, the gauginos are one loop
lighter than the scalars. Indeed, the range of m0 indicated by the Higgs mass is suggestive of a
one- or two-loop separation between scalars and gauginos.

Another constraint comes from unification, which prefers low values for the µ parameter. This
is underlined in Fig. 5, where we show the correlation between the scalar and the fermion masses
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Fig. 13: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the 5 �

discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is
assumed and pile-up is not included.

an event preselection, rectangular cuts on one or more variables are optimized at each point in parameter
space to yield maximum signal significance. Specifically, we simultaneously scan a two-dimensional
set of cuts on E/T and HT , where E/T is the magnitude of the missing transverse momentum and HT is
defined as the scalar sum of jet pT . Following a standard four-jet pre-selection, the following cuts are
applied:

– E/T /
p

HT > 15 GeV1/2

– The leading jet pT must satisfy pleading
T < 0.4 HT

– E/T > (E/T )optimal

– HT > (HT )optimal

The discovery reach and limits for all several future collider scenarios in the full meg versus me�0
1

plane can be seen in Fig. 13. For a 100 TeV collider with 3000 fb

�1, the limit with massless neutralinos
is projected to be 13.5 TeV (corresponding to 60 events). The 100 TeV proton collider with 3000 fb

�1

could discover a gluino as heavy as 11 TeV if the neutralino is massless, while for me�0
1
& 1 TeV the

gluino mass reach rapidly diminishes.
A separate analysis is used to target the compressed region of parameter space of this simplified

model, where:
meg � me�0

1
⌘ �m ⌧ meg. (11)

For models with this spectrum, the search strategy of the previous section does not provide the op-
timal reach. With compressed spectra the gluino decays only generate soft partons, thereby suppressing
the HT signals and reducing the efficiency for passing the 4 jet requirement. A more effective strategy
for compressed spectra searches relies instead on events with hard initial state radiation (ISR) jets to
discriminate signal from background.

The dominant background is the production of a Z boson in association with jets, where the Z
boson decays into a pair of neutrinos (Z ! ⌫⌫), leading to events with jets and a significant amount
of missing transverse energy. Subleading backgrounds are the production of a W boson which decays
leptonically

�
W ! ` ⌫

�
in association with jets, where the charged lepton is not reconstructed properly.

Finally, when considering events with a significant number of jets, t¯t production in the fully hadronic
decay channel

�
t ! b q q0

�
can be relevant.

In this study, we will apply two different search strategies that are optimized for this kinematic
configuration and will choose the one that leads to the most stringent bound on the production cross
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assume gauge coupling Unification
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(but  threshold correction would change  

the picture completely. 



REACH DEPENDS ON SYSTEMATICS
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Fig. 46: Reach of disappearing tracks (left) and monojet (right) searches [348].

�
0

plus very soft pions, which are not reconstructed at the LHC, with a decay length at rest of ⇠ 6 cm.
Since current detectors do not reconstruct tracks shorter than O(30) cm, the bulk of the produced �±

contributes to missing transverse energy in the same way of �
0

. Still, a fraction of the �± can travel far
enough to leave a track in the detector, and then decay to �

0

plus soft pions within it, thus yielding a
disappearing track signal that has no background within the SM [362].

The current best probe of this model at colliders is indeed given by the ATLAS [346] and CMS
[347] searches for disappearing tracks, which obtained the bound

M� > (260 � 270) GeV. (39)

In ref. [348], the reach of the ATLAS search for disappearing tracks is extrapolated to the HL-
LHC, as well as to the 100 TeV proton collider, for both 3 and 30 ab�1 of integrated luminosity (see
also ref. [80]). The result of this procedure is shown in the left-hand plot of fig. 46. The background to
this search comes from detector effects, and the red bands in the reach, for any given future benchmark,
correspond to a conservative quantification of the uncertainty coming from our extrapolation. In the right-
hand plot we show, for comparison, the expected reach in the “standard” monojet channel. Here the blue
bands represent how the reach is expected to change according to the control that will be achieved over
the systematics. The reach of other channels like vector boson fusion [86,348] and monophoton [348] is
somehow weaker, but it will provide a useful complementarity. Both for disappearing tracks and for the
monojet searches we find a very good agreement with the results of ref. [80], and we refer the reader to
ref. [348] for more details.

While the region interesting for thermal WIMP DM is out of reach at any conceived future LHC
stage, the 100 TeV collider has largely the potential to probe it, and say a final word over the existence
of a pure-Wino (independently of DM). The only channel with the potential to discover thermal DM
Winos is that of disappearing tracks, and it would benefit, at any future collider, from the capability of
reconstructing tracks below the current length of O(30) cm.

Relation with future lepton colliders. Given that � is a full EW multiplet, its contributions to
EWPT are very suppressed, at the level of W, Y ⇠ 10

�7 [335]: this sensitivity target is not touched by
LEP2 [363], and looks out of reach at any proposed future lepton collider (see ref. [364] for the expected
reaches of high energy positron collider and CPEC).
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Great progress in last 20 years in the field of QCD:  maching,  jet physics, N^nLO 
To use full luminosity of FCC-ee,  EW correction also have to calculated extensively.



ON CONVINCING OTHER  FIELDS

• Big picture ( how higgs  and  dark matter involved in the model, 
Baryon and lepton number), curiosity driven( long lived, 
invisibles, elephants?…)   Physics output  is important. 

• New projects require real international involvements. Express  
International interest/organization/management. We have strong 
record on that.  

• Cost  Reduction/Environmental issue.  

• Understand/Support/Promote Other scientific  field, because 
they are equally important. 

That is it! 


